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Preface

The automotive industry is experiencing a considerable “stress period”, which can lead 
to important changes in the whole industry. Many aspects contribute to this situa-
tion, starting from the global recession (unemployment rates, slowing growth, etc.) to 
credit meltdown (dependency of car sales on credit, OEM re nancing, etc.) and  nish-
ing with globalization aspects (global sourcing, foreign investments, etc.) and “green 
challenges” (both for the industry and the  nal products).

Moreover, the global market developments are in uencing the whole automotive in-
dustry in diff erent  elds (volumes, technologies, regional aspects), while the environ-
mental compatibility of car power-trains will lead to huge investments needs for the 
innovation of many diff erent technologies.

In this complex scenario, regional environmental regulations (both on production pro-
cess and on  nal product) will have great in uence on further technological develop-
ments. For example, Japan and Europe are world leaders with the most severe stan-
dards in terms of gas, fuel and oil economy, while other emerging economies are facing 
right now this kind of problem. This obviously means that the approaching techniques 
to new vehicle standards are quite diff erent, and emission targets and measures vary 
heavily depending also on industry/consumers incentives that will play a big role in 
the future E-mobility scenario.

In this new scenario the automotive industry will not only be characterized by original 
and historical OEMs, but entirely new players will enter this industry area. Non-OEM 
players will introduce skills related to information systems and connectivity, new com-
ponents, new systems or innovation related to energy supply in order to provide solu-
tions directly connected with the end customer (just think about electric vehicles).

Customers are becoming the main factor of this small “revolution” that will lead OEMs 
to defeat their original market position and will be placed at the same level of standard 
suppliers in order to provide new solutions for the  nal customer. A clear example 
of this new perspective is the E-mobility scenario, where common projects between 
OEMs and power suppliers are driving innovation and new products.

In this new perspective, diff erent solutions will help OEMs to innovate this impor-
tant industry and to face the challenges that new markets, regulations, standards 
and technologies are introducing. The possible areas of interest will span from en-
gine cooperation, platform and process sharing, development of new business  elds, 
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to joint ventures with electric companies and important strategic partnerships with 
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Data Mining and Intelligent Agents for 
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Pavlos Spanidis2, Maria Gemou2 and George Hassapis3 
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Charilaou – Thermi Rd., P.O. Box: 60361, P.C.: 57001, Thermi, Thessaloniki, 

2Hellenic Institute of Transport, Centre for Research and Technology Hellas, 6th km 
Charilaou – Thermi Rd., P.O. Box: 60361, P.C.: 57001, Thermi, Thessaloniki, 

3Department of Electrical and Computer Engineering, Faculty of Engineering, Aristotle 
University of Thessaloniki, P.C.:54124 , Thessaloniki, 

 Greece 

1. Introduction  
Mass customisation has been said to be the new frontier in business competition (Pine, 
1992). The objective of mass customisation is to deliver goods and services that meet 
individual customers’ needs with near mass production efficiency (Tseng & Jiao, 2001). 
Currently, only few automotive industries have deployed mass customisation systems in 
their product design and manufacturing processes. In the current paper, we present such a 
mass customization system, designed as an agent-oriented architecture which proposes to 
the vehicle customers (of car and truck segments) personalised vehicle configurations 
according to their personal affective needs.  
Design for performance (i.e. functional design) and design for usability (i.e. ergonomic 
design) no longer empower a competitive edge because product technologies turn to be 
mature, or competitors can quickly catch up (Khalid & Helander, 2004). Affective design has 
become very important in prescribing that designed objects have a meaning that goes 
beyond their functional needs (Khalid et al., 2006). Customers actively seek design features 
that are important for their emotional satisfaction, and vehicle design must therefore 
address customer affective needs. Affective needs are defined as user requirements for a 
specific product, driven by emotions, sentiments and attitudes (Khalid et al., 2006). 
Understanding customer affective needs is important to ensure a good fit of affective and 
functional requirements to design parameters.  
Several pieces of research have been presented for supporting affective design such as 
Kansei engineering which has been well recognized as a technique of translating consumers’ 
subjective impressions about a product into design elements (Nagamashi, 1989). (Ishihara et 
al., 1995) apply neural network techniques to enhance the inference between Kansei words 
and design elements in Kansei design systems. (Matsubara & Nagamachi. 1997) propose to 
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develop hybrid expert systems for Kansei design support. (Jiao, 2007) proposes an affective 
design framework based on ambient intelligence techniques to facilitate decision-making in 
designing customized product ecosystems. In the current paper, a new research focus and 
perspective that integrates cognition/thinking and emotion/affect in uncovering customer 
needs is deployed, the Citarasa Engineering (CE) (Khalid et al., 2006). It is developed for the 
purpose of supporting affective design as an alternative to existing methods such as Kansei 
Engineering (Nagamashi, 1989). Citarasa refers to a Malay word which means emotional 
intent or a strong desire for a product. For the purpose of discovering the mapping 
relationship between customers’ affective needs, defined by their citarasa, and the design 
parameters that characterize the design elements of vehicles, data mining techniques were 
deployed.  
Data mining (DM) enables efficient knowledge extraction from large datasets, in order to 
discover hidden or non-obvious patterns in data (Witten et al., 2005). Our motivation for 
using DM was based on the hypothesis that the application of the appropriate DM 
technique on customer surveys could form a suitable mechanism for the knowledge 
extraction representing the correlation between customer affective needs and design 
parameters related to the various design elements of vehicles. The extracted knowledge was 
then used for the provision of personalised recommendations to customers in collaboration 
with the agent-based framework developed and via the web and VR based interfaces 
developed in the context of the CATER – STREP project (Annex I-“Description of Work”, 
2006). The latter constitutes the second part of the work held. The agent – based system 
developed interacts with different modules of the overall integrated system developed in 
CATER, in order to support the mass customisation supply chain including suppliers, 
factories, subcontractors, warehouses, distribution centres and retailers.  

2. Mining of customer survey data 
2.1 Data mining process 
The aim of the data mining process was to identify the mapping relationship between 
customer affective needs and vehicle configurations, with final goal to propose to new 
customers’ vehicle configurations according to their personal affective needs. Affective 
needs are described by the use of citarasa descriptors (Cd), which are keywords extracted 
through probe elicitation surveys and semantic based methods conducted in the scope of 
CATER (Annex I-“Description of Work”, 2006).  
We consider a vehicle configuration V  as a set of design elements: = 1 2[ , ,..., ]nV de de de .The 
term design element ( ide ) refers to the customizable vehicle parts such as steering-wheel, 
wheel-rim, mirrors etc. Each design element ide  is characterized by a set of design 
parameters ( ijdp ) such as color, shape etc. Thus, a design element ide  is represented as a set 
of design parameters, = 1 2[ , ,..., ]i i i inde dp dp dp . Each ijdp  has a set of possible values. For 
example the =11dp material  of the = −1de steering wheel  has the set of values: 
[ , min , ]vinyl alu ium wood . Different values of the design parameters result in different 
versions of the design elements, and consequently in different vehicle configurations. We 
construct a classification mechanism for predicting the values of each of the design 
parameters that satisfy customer affective needs. Specifically, we construct a classification 
mechanism for each of the design parameters ( ijdp ). Then, by the assistance of the agent-
based framework (section 3) we can propose to the customer vehicle configurations that 
correspond to the predicted design parameters, and therefore to the customer affective 
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needs. We deploy a classification approach based on association rules. Association rule 
discovery refers to the discovery of the relationships among a large set of data items 
(Agrawal et al., 1994), while classification focuses on building a classification model for 
categorizing new data. Let = 1 2[ , ,..., ]nI i i i be a set of items and let D be a set of records, 
where each record R is a set of items such that ⊆R I . An association rule is an implication of 
the form →X Y , where ⊂X I , ⊂Y I  and ∩ =∅X Y . X is the head of the rule and Y is the 
body. The confidence c of a rule is defined as the number of records that contain X  and 
also Y  ( ∩( )count X Y ) divided by the number of records in D that contain X  ( ( )count X ): 

  ∩
=

( )
( )

count X Yc
count X

  (1) 

Confidence can be interpreted as an estimation of the probability of ( | )P X Y . The support s   
of a rule is defined as the number of records that contain X  and also Y  ( ∩( )count X Y ) 
divided by the total number of records in D ( ( )count R ). 

 ∩
=

( )
( )

count X Ys
count R

  (2) 

Classification based on association rules (also known as associative classification, AC), is a 
relatively new classification approach integrating association mining and classification. Several 
studies (Li et al., 2001; Yin & Han, 2003 & Sun et al., 2006) have provided evidence that AC 
algorithms are able to extract classifiers competitive with traditional classification approaches 
such as C4.5. The main steps of an AC classifier are the following (Thabtah, 2007): 
Step 1. Discovery of all frequent rules. 
Step 2. The production of all class association rules (CARs) that have confidences above the 

minimum confidence threshold from frequent rules extracted in Step 1. 
Step 3. The selection of one subset of CARs to form the classifier from those generated at 

Step 2. 
Step 4. Measuring the quality of the derived classifier on test data objects. 
In our framework we deploy a variation of the CBA (Liu et al., 1998) algorithm, which is a 
typical associative classifier. CBA first generates as candidate rules all the class association 
rules exceeding the given support and confidence thresholds using the A-priori algorithm 
(Agrawal & Srikant, 1994). After the rule generation, CBA prunes the set of rules using the 
pessimistic error rate method (Quinlan, 1987). More specifically if rule’s pessimistic error 
rate is higher than the pessimistic error rate of rule then the rule is pruned. In the testing 
phase, the best rule whose body is satisfied by the test object is chosen for prediction. We 
use a variation of the CBA presented in (Coenen, 2004, b) which replaces the Apriori 
algorithm with the Apriori-TFP (Coenen et al., 2004, a) which utilizes a tree structure for 
more effective mining of the association rules. 
 In the following section, we present a case study on the application of the presented data 
mining process on data of car customer surveys. 

2.2 Case study on car customers 
The customer surveys which were conducted in the context of CATER project provided the 
data for our study. Those included interview surveys of 140 truck drivers and 261 car 
drivers from Europe and Asia (China, Finland, France, Germany, Greece, India, Italy, 
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needs are described by the use of citarasa descriptors (Cd), which are keywords extracted 
through probe elicitation surveys and semantic based methods conducted in the scope of 
CATER (Annex I-“Description of Work”, 2006).  
We consider a vehicle configuration V  as a set of design elements: = 1 2[ , ,..., ]nV de de de .The 
term design element ( ide ) refers to the customizable vehicle parts such as steering-wheel, 
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needs. We deploy a classification approach based on association rules. Association rule 
discovery refers to the discovery of the relationships among a large set of data items 
(Agrawal et al., 1994), while classification focuses on building a classification model for 
categorizing new data. Let = 1 2[ , ,..., ]nI i i i be a set of items and let D be a set of records, 
where each record R is a set of items such that ⊆R I . An association rule is an implication of 
the form →X Y , where ⊂X I , ⊂Y I  and ∩ =∅X Y . X is the head of the rule and Y is the 
body. The confidence c of a rule is defined as the number of records that contain X  and 
also Y  ( ∩( )count X Y ) divided by the number of records in D that contain X  ( ( )count X ): 

  ∩
=

( )
( )

count X Yc
count X

  (1) 

Confidence can be interpreted as an estimation of the probability of ( | )P X Y . The support s   
of a rule is defined as the number of records that contain X  and also Y  ( ∩( )count X Y ) 
divided by the total number of records in D ( ( )count R ). 

 ∩
=

( )
( )

count X Ys
count R

  (2) 

Classification based on association rules (also known as associative classification, AC), is a 
relatively new classification approach integrating association mining and classification. Several 
studies (Li et al., 2001; Yin & Han, 2003 & Sun et al., 2006) have provided evidence that AC 
algorithms are able to extract classifiers competitive with traditional classification approaches 
such as C4.5. The main steps of an AC classifier are the following (Thabtah, 2007): 
Step 1. Discovery of all frequent rules. 
Step 2. The production of all class association rules (CARs) that have confidences above the 

minimum confidence threshold from frequent rules extracted in Step 1. 
Step 3. The selection of one subset of CARs to form the classifier from those generated at 

Step 2. 
Step 4. Measuring the quality of the derived classifier on test data objects. 
In our framework we deploy a variation of the CBA (Liu et al., 1998) algorithm, which is a 
typical associative classifier. CBA first generates as candidate rules all the class association 
rules exceeding the given support and confidence thresholds using the A-priori algorithm 
(Agrawal & Srikant, 1994). After the rule generation, CBA prunes the set of rules using the 
pessimistic error rate method (Quinlan, 1987). More specifically if rule’s pessimistic error 
rate is higher than the pessimistic error rate of rule then the rule is pruned. In the testing 
phase, the best rule whose body is satisfied by the test object is chosen for prediction. We 
use a variation of the CBA presented in (Coenen, 2004, b) which replaces the Apriori 
algorithm with the Apriori-TFP (Coenen et al., 2004, a) which utilizes a tree structure for 
more effective mining of the association rules. 
 In the following section, we present a case study on the application of the presented data 
mining process on data of car customer surveys. 

2.2 Case study on car customers 
The customer surveys which were conducted in the context of CATER project provided the 
data for our study. Those included interview surveys of 140 truck drivers and 261 car 
drivers from Europe and Asia (China, Finland, France, Germany, Greece, India, Italy, 
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Malaysia, Netherlands, Singapore, Sweden, Switzerland, the UK). We present a case study 
on the car customer surveys data. 
Each individual car customer was asked to select among different versions of various design 
elements. The case study focused on the 4 design elements that the car customers were more 
interested to customize. Table 1 includes the design elements ( ide  (1st column) and their 
related design parameters ( ijdp ) (2nd column) that were included in this case study. 
 

Design elements Design parameters 
1de = wheels 11dp = material,  

12dp =number of spokes 

2de =seats 21dp =material, 22dp  = shape 

3de = steering – wheel  31dp =material,  

32dp =number of spokes 

4de =side mirror 41dp  = shape 

Table 1. Design elements and their related design parameters 

For each customer we were provided the citarasa descriptor (Cd) that described his/her 
affective needs, information regarding his/her selections on specific versions of design 
elements (and thus in specific values of design parameters) and demographic information 
such as the gender, the age, and the geographic region which according to the citarasa 
method should also be taken into account. Table 2 includes the respective variables. A 
snapshot of our complete dataset is presented in Table 3. Each row corresponds to an 
individual car customer response. For example, row 1 corresponds to a male car customer 
who comes from Asia, his age is above 55 and his affective needs are described by the  
 

Name Values 
Region Europe, Asia 
Gender Male, Female 

Age 18-24,25-54,55-above 

Table 2. Demographic information variables for car customers 
 

Re gion  Gender Age Cd  11dp  12dp  21dp  22dp 31dp  32dp  41dp  

Asia Male 55- Classic Alumi-
nium Five Poly- 

ester Flat Wood Three Angu-
lar 

Asia Male 55- Classic Alumi-
nium Five Poly- 

ester Flat Wood Four Angu 
-lar 

Asia Female 25-54 Modern Alumi-
nium 

Multi-
ple Canvas Wide Alumi-

nium Three Cur 
-vy 

Asia Female 25-54 Cool Alumi-
nium 

Multi-
ple Canvas Cur-

ved Vinyl Three Recta-
ngular 

Europe Female 25-54 Cool Alloy Six Canvas Cur-
ved Vinyl Multi- 

ple 
Recta-
ngular 

Table 3. Snapshot the car customers data set 
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citarasa descriptor (Cd) Classic. The rest of the columns correspond to his selection on 
specific design elements and design parameters. For example, in column 5 and row 1 the 
customer’s selection on the material of the wheels (Aluminium) is included.  
For each design parameter ijdp a classification based on association rules was constructed. 
As a result, 7 classification mechanisms were constructed to provide a mapping between 
customers’ affective needs and the specific design parameter of a design element. Towards 
this direction, the customer survey data set was divided to 7 subsets, each one related to a 
design parameter, which were provided as training data to the CBA algorithm. The support 
s  and confidence c  thresholds were set to 10% and 50% respectively. Table 4 includes the 
number of rules generated by the CBA algorithm for each design parameter ijdp . The 2nd 
row refers to the whole set of the generated rules while the 3rd row to number of rules that 
above the support and confidence thresholds. 
 

Design parameter 11dp  12dp  21dp  22dp  31dp  32dp  41dp  

Numbers of rules generated 141 97 144 84 123 44 110 
Number of rules above thresholds 
s=10% and c=50% 27 31 24 27 27 19 24 

Table 4. Number of rules generated for each design parameter 

Besides the classification purposes, the rules generated provided also a meaningful 
overview of the associations among data. Table 5 includes the rules generated for the dp32 
(which refers to the number of spokes of the steering-wheel) that were above the support  
 

No. 
rule Rule Confidence 

1 Region=Europe and Gender =Female and Cd =Classic  ->  Three   100.0% 
2 Region=Europe and Gender=Female and Cd=Sporty  ->  Three   100.0% 
3 Region=Asia and Gender=Female and Cd=Classic  ->  Four   100.0% 
4 Region =Europe and Age =18-24 and Cd =Cute  ->  Three   100.0% 
5 Region =Asia and Gender = Male and Cd =Cool  ->  Three  100.0% 
6 Region=Asia and Age =18-24 Cd =Classic  ->  Four   100.0% 
7 Region =Asia and Gender=Male and Cd= Modern  ->  Multiple   100.0% 
8 Region=Asia and Age =18-24 and Cd =Sporty->  Multiple 100.0% 
9 Age=55-above and Cd=Classic  -> Three     100.0% 
10 Age =55-above and Cd=Sporty  ->  Three   100.0% 
11 Age =55-above and Cd =Cute  ->  Multiple   100.0% 
12 Gender =Male and Age=18-24 and Cd =Cute}  ->  Three   100.0% 
13 Region=Europe and Cd =Classic  -> Three   91.66% 
14 Region =Europe and Cd= Sporty  ->  Three   83.33% 
15 Region =Female and Age=25-54 and Cd =Cool  ->  Four   83.33% 
16 Region =Europe and Age =18-24}  ->  Three   80.0% 
17 Region=Europe and Gender =Female and Cd =Cute  -> Three   80.0% 
18 Region=Asia and Gender=Female and Age=18-24  ->  Four   80.0% 
19 Default ->  Three   0.0% 

Table 5. Rules generated for the design parameter dp32 
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and confidence thresholds. For example, rule 1 implies that a female customer who comes 
from Europe, and her affective needs are described by the citarasa descriptor Classic she 
would be satisfied with a steering-wheel with three spokes. 

2.3 Evaluation 
The accuracy of the classifiers was assessed by a k -fold cross validation (Kohavi et al. 1995) 
process. According to this method, the dataset is divided into k  subsets. Each time one of 
the k subsets is used as the test set and the other − 1k  form the training set. The advantage 
of this method is that it does not depend on how the data gets divided as each one of the 
data instances takes part in the test set once and in the training set − 1k  times. The most 
commonly used value for k  ,which is used in our study, is 10. The accuracy ( AC ) of the 
classifiers is measured by the proportion of the total number of items that were correctly 
classified. It is determined using the equation (3):  

  +
=

+ + +
TP TNAccuracy

TP TN FP FN
   (3) 

The TP (True Positive) is the number of positive cases that were correctly classified. And the 
FP (False positive) is the number of negatives cases that were incorrectly classified as positive. 
In proportion, the TN (True negative) is defined as the number of negatives cases that were 
classified correctly and the FN (False negative) is the number of positives cases that were 
incorrectly classified as negative. Figure 1 includes the calculated predictive accuracy of the 
classifiers generated for each design parameter ijdp  .  
 

 
Fig. 1. Predictive accuracy of classifiers 
As it is depicted in Figure 1, most of the classifiers have achieved a level of predictive 
accuracy above 50%. The average accuracy of all classifiers is 55,23%. The generated 
classifiers form the prediction mechanism which generates for each design parameter a 
specific prediction based on the generated rules. Table 6 shows the predicted values for an 
individual customer. The example refers to a female car driver from Europe, who belongs to 
the age range of 25-54 and would like to have a “Cool” car.  
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Design 
parameter 

Predicted 
Values 

Design 
parameter

Predicted 
Values 

11dp  Aluminium 31dp  Wide 

12dp  Multiple 32dp  Four 

21dp  Aluminium 41dp  Angular 

22dp  Canvas   

Table 6. Predicted design parameters for a customer 

The predicted values are provided as input to the agent-based framework developed (see 
following Chapter) and are “interpreted” to configuration elements by the use of the 
configuration ontology. Finally, the complete vehicle recommendation is then presented 
visually to the user via web and VR based user interfaces. 

3. Agent-based framework 
3.1 Agent technology 
The agent – based system has been developed with a new technology of JADE which is 
called Web Service Integration Gateway (WSIG). The objective of WSIG is to expose services 
provided by agents and published in the JADE framework as web services, though giving 
developers enough flexibility to meet specific requirements. The process involves the 
generation of a suitable WSDL for each service-description registered with the Data 
Framework and also the publication of the exposed services in a UDDI registry. The Web 
Services are becoming one of the most important topics of software development and a 
standard for interconnection of different applications. 
The WSIG add-on of JADE supports the standard Web Services stack, consisting of WSDL 
for service descriptions, SOAP message transport and a UDDI repository for publishing 
Web Services using Models (Jade WSIG Guide 2008). As shown in Figure 2, WSIG is a web 
application composed of two main elements: 
• the WSIG Servlet, and, 
• the WSIG Agent. 
The WSIG Servlet is the front-end towards the internet world (Jade WSIG Guide 2008) and is 
responsible for:  
• Serving incoming HTTP/SOAP requests; 
• Extracting the SOAP message; 
• Preparing the corresponding agent action and passing it to the WSIG Agent Moreover 

once the action has been served; 
• Converting the action result into a SOAP message; 
• Preparing the HTTP/SOAP response to be sent back to the client.  
The WSIG Agent is the gateway between the Web and the Agent worlds (Jade WSIG Guide 
2008) and is responsible for: 
• Forwarding agent actions received from the WSIG Servlet to the agents actually able to 

serve them and getting back responses.  
• Subscribing to the JADE DF to receive notifications about agent registrations / de-

registrations. 
• Creating the WSDL corresponding to each agent service registered with the DF and 

publishes the service in a UDDI registry if needed. 
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Fig. 2. WSIG Architecture (Jade 2008) 

Two main processes are continuously active in the WSIG web application: 
i. The process responsible for intercepting DF registrations/de-registrations and 

converting them into suitable WSDLs. As mentioned, this process is completely carried 
out by the WSIG Agent.  

ii. The process responsible for serving incoming web service requests and triggering the 
corresponding agent actions. This process is carried out jointly by the WSIG Servlet 
(performing the necessary translations) and the WSIG Agent (forwarding requests to 
agents able to serve them).  

The FIPA (Foundation for Intelligent Physical Agents) compliant JADE/LEAP platform 
(Jade 2008) adopted allows for an architecture that is: 
• Distributed (different platforms); 
• Standards based (FIPA, HTTP, XML, RDF); 
• Process centric (agents); 
• Widely used in ICT (Information and Communication Technologies);  
• Open source (possibility of features addition); 
• Cross-platform (Operating System, e.g. Linux); 
• Variety of message transport protocols.  
JADE (Java Agent DEvelopment Framework) is a software framework fully implemented in 
Java language (Jade 2008). It aims at the development of multi-agent systems and 
applications confirming to FIPA standards for intelligent agents. It includes: 
• A runtime environment where JADE agents can “live” and that must be active on a 

given host before one or more agents can be executed on the host. 
• A library of classes that programmers can use to develop their agents.  
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• A suite of graphical tools that allows administrating and monitoring the activity of 
running agents.  

Each running instance of the JADE runtime environment is called a ‘Container’ as it can 
contain several agents. A set of active containers is called a ‘Platform’. A single special Main 
Container should always be active in a platform and all other containers register with it 
when they start. The Main Container differs from normal containers in the ability of 
accepting registrations from other containers. This registration can be done by the two 
special agents that start when the main container is launched. These are: 
• The Agent Management System (AMS) that provides the naming service and represents 

the authority in the platform. The Agent Communication Channel (ACC) is the agent 
that provides the path for basic contact between agents inside and outside the platform. 

• Standards The Directory Facilitator (DF) that provides a Yellow Pages service by means 
of which an agent can find other agents providing the required services. The standard 
specifies also the Agent Communication Language (ACL). Agent communication is 
based on message passing, where agents communicate by formulating and transmitting 
individual messages to each other.  

3.2 Agents in the overall CATER architecture 
As it has already been mentioned, the CATER architecture is based on agents. Figure 3 
shows the connectivity of the agents with the rest modules of the system. More analytically, 
the agent is interconnected with three main modules. These are namely: a) the Web 
interface, b) the Citarasa engine and c) the DIYD engine of the system. On the Web interface, 
the agent allows the user to register and/or login him/herself to the system.  Specific entries 
are requested by the user, such as the name and surname of the user, desired username and 
password and also the occupation, the region, the age and the gender.  
The occupation, the region, the age and the gender in specific, constitute the input that is 
required by the Citarasa engine in order to predict a vehicle configuration, customized to the 
specific user, classified also per Citarasa Descriptor (i.e. “Cute”, “Cool”, “Classic”, etc.). The 
prediction of the most suitable vehicle configuration is performed through the classification 
 
 

 
Fig. 3. Agent Platform internal diagram 
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are requested by the user, such as the name and surname of the user, desired username and 
password and also the occupation, the region, the age and the gender.  
The occupation, the region, the age and the gender in specific, constitute the input that is 
required by the Citarasa engine in order to predict a vehicle configuration, customized to the 
specific user, classified also per Citarasa Descriptor (i.e. “Cute”, “Cool”, “Classic”, etc.). The 
prediction of the most suitable vehicle configuration is performed through the classification 
 
 

 
Fig. 3. Agent Platform internal diagram 
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Fig. 4. Agent‘s conceptual architecture 

models generated by the data mining process (as described in section 2) which constitute the 
knowledge base of the Data Mining module of the Citarasa engine. All requested entries by 
each registered user are collected in the Citarasa engineering database.  
The agent is interconnected with the DIYD engine that constitutes the interface of the user 
with the Citarasa engine. The DIYD engine requests from the user (via the web interface ) to 
choose among a list of Citarasa Descriptors (i.e. “Cool”, “Cute”, “Classic”, etc.) (Figure 5) that 
according to his/her opinion characterise in the most felicitous way his/her overall 
preference regarding the vehicle s/he wishes to view and further configure. The DIYD 
engine, utilising the output of the Citarasa engine, finally provides to the user a suggested 
vehicle configuration, customised to his/her profile and declared preference, by the means 
of web or VR based interfaces (Figure 6).  
The agent – based system consists of several functions. Each function is responsible for a 
particular activity and these activities are accessible through a special XML file, the WSDL 
file. In this file, the client is able to find all the available activities that the agent can perform. 
Table 7 below contains the list of the major actions that the CATER agent performs.  
These functions are available through the World Wide Web. Any module that needs to 
interact with the CATER system has to follow the rules of the above functions in order to 
retrieve the required/requested results. 
It should be noted that the agent has been designed in such a way so as to support also the 
self training of the system. Every time a user completes his/her vehicle configuration 
process, the CATER agent stores this information. A specific number of new entries on the 
database trigger the update of the knowledge base of the DM module that is responsible for 
the vehicle configuration prediction recommended to the user. 
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Fig. 5. Selection among a list of Citarasa Descriptors via the web interface  
 

 
Fig. 6. Proposed configuration via the web interface 
  

Activity Function Description 
Registration setUser( ) This function has a list of attributes as input 

(name, surname, username, password, region, 
occupation, age, gender) and outputs “0” or “1” 
(false or true) which indicates the successful 
addition of the data in the database.  
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Activity Function Description 
Registration getUsernameExistance( ) This function examines if a specific username 

already exists in the database. It has one 
attribute as an input, the username and it 
outputs “1” or “0” for true or false respectively. 

Log In  getUserId( ) This function provides the ID number of the 
user. It has two attributes as input (username 
and password) and outputs the ID number of 
the user when the log in is successful or “1” if 
there is an error with the username and/or 
password.  

Log In  updateUser( ) This function is responsible for the user profile 
update. It gets one value as input (the 
username) and it returns “0” or “1” (false or 
true) which indicates the successful addition of 
the data in the database. 

Accessing 
CATER list 

setComponentValue( ) This is a function that stores the user’s history. It 
keeps the CATER components database 
updated depending on the choices-selections of 
the user. The function stores the user’s updates 
on a specific component with input attributes 
user ID, region, occupation, descriptor, 
component, component ID, attribute and 
outputs “1” or “0” (false or true) indicating the 
successful addition of the data in the table. 

Accessing 
CATER list 

getUserAttributes( ) This function collects all the attributes of a user. 
It requires the ID number of the user as input 
and it outputs a vector (an array of data) with 
the name, surname, username, password, 
region, occupation, age, gender. 

Accessing 
CATER list 

getComponentId( ) A function that returns the ID number of the 
vehicle-component combination according to the 
vehicle type (i.e. car or truck) and the component 
name (i.e. mirror, steering wheel, etc.). 

Accessing 
CATER list 

getActualAttribute( ) This function uses semantics (guided by 
ontology) for the mapping of predicted design 
parameters to actual elements which are 
available in the DIYD engine. It has two input 
attributes (the component ID and the extracted 
output) and returns the corresponding element 
of the DIYD Engine. 

Accessing 
CATER list 

getStatistics( )  This is a function that provides the percentage 
of the available choices of a descriptor according 
to the entered input (region, gender, age range 
and descriptor).  

Table 7. List of functions of the agent – based system of CATER 
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4. Conclusion 
This paper presented a data mining and agent-based framework based on citarasa principles. 
The methodology followed provided a mapping mechanism of customer affective needs 
described by their citarasa to design parameters related to vehicle design elements.  Results 
derived on the application of the methodology on customer survey data showed that the 
framework is capable of providing recommendations to the customers based on the 
generated mechanism. However, the need for more customer data and larger training 
datasets will be always a desirable option because it results in improvement of the data 
mining outcome and hence accuracy of user recommendations. Future experiments will be 
conducted in order to evaluate the generated mechanism and measure the improvement 
introduced, compared to the initially evaluated rules.  
In addition, the design and the development of a specific module of the CATER integrated 
system, namely the agent – based system of CATER which is responsible for the 
interconnection and interface of different modules of the system, aiming, finally, at 
proposing a personalised vehicle configuration to the customer is being presented in the 
current paper. It should be noted that the customer is able to further elaborate the proposed 
by the system vehicle configuration through the CATER configurators, if wishes so.  
The agents’ technology deployed is a FIPA compliant JADE/LEAP platform technology 
which has been indicated as the best solution for Client – Server communications (Jade 
2008). The functionality of the agent required the use of another add-on application of JADE 
which is called WSIG (Jade WSIG Guide 2008). This add-on transformed the agent’s 
functionality to web service in order to be available to anyone through the World Wide Web 
and made feasible the interface of CATER engines output through a web interface.  
The personalisation enabled by the CATER agent lies in the output of the data mining 
process described in this paper, and associates in practice the user profile, in terms of age, 
region, gender and the user needs (reflected through the Citarasa Descriptors) in order to 
predict the most suitable vehicle configuration per se (user).  
The communication of this result to the user, via web and VR interfaces, is again a 
responsibility of the CATER agent system. Finally, a valuable advantage of the CATER 
agent system is the ability to store the history of each user vehicle configuration tried. The 
history records are then utilised for the update of the prediction rules, and as such, of the 
progressing improvement of their accuracy.  
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1. Introduction 
The Foundation German-Dutch Wind Tunnels (DNW) was jointly established in 1976 by the 
Dutch National Aerospace Laboratory (NLR) and the German Aerospace Centre (DLR), as a 
non-profit organisation under Dutch law. The main objective of the organisation is to 
provide a wide spectrum of wind tunnel tests and simulation techniques to customers from 
industry, government and research. DNW owns the largest low-speed wind tunnel with 
open and closed test section options in Europe. Also the major aeronautical wind tunnels of 
the DLR and NLR are fully integrated and managed by the DNW organisation. The wind 
tunnels are grouped into two Business Units "Noordoostpolder/Amsterdam" (NOP/ASD) 
and "Göttingen und Köln" (GUK). 
DNW provides solutions for the experimental simulation requirements of aerodynamic 
research and development projects. These projects can originate in the research community 
(universities, research establishments or research consortia) or in the course of industrial 
development of new products. Most of the industrial development projects come from the 
aeronautical industry, but the automotive, civil engineering, shipbuilding and sports 
industries have also benefited from DNW’s capabilities.  
For efficient and flexible operations, DNW operates in a decentralised structure under a 
unified management and supervision. The seat of its Management is in Marknesse, at the 
location of its largest wind tunnel, the DNW-LLF. DNW’s Board, the supervisory body of 
the Foundation, consists of representatives of the parent institutes NLR and DLR, and is 
complemented by representatives of the relevant ministries from Germany and the 
Netherlands. 
In order to assure the compatibility of DNW’s development strategy with the long-term 
needs of the research and development market, an Advisory Committee consisting of high-
level representatives of participants in the market provides strategic advice and information 
to DNW. 

2. The wind tunnels of DNW 
The eleven wind tunnels of DNW include low speed, high speed, transonic and supersonic 
facilities. They are distinguished with three-lettered names. The following wind tunnels are 
also used for testing ground and rail vehicles: 
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KKK Cryogenic wind tunnel at Cologne, Germany. A closed circuit, continuous, low-
speed wind tunnel with a closed wall test section 

LLF Large low-speed facility at Marknesse, the Netherlands. A closed circuit, 
atmospheric, continuous low-speed wind tunnel with three closed-wall 
exchangeable test sections and an open jet 

LST Low-speed wind tunnel at Marknesse, the Netherlands. A continuous, atmospheric, 
low-speed wind tunnel with exchangeable test sections 

NWB Low-speed wind tunnel at Braunschweig, Germany. A continuous, atmospheric, 
low-speed wind tunnel with optionally a closed or a slotted test section with an 
open jet 

2.1 The DNW-LLF 
The LLF (Fig. 1) is situated near Marknesse, approximately 100 km north-east of 
Amsterdam. It is an atmospheric, single return wind tunnel with two exchangeable test 
section arrangements. It can also be operated in the open-jet mode, whereby the complete 
test section is removed and acoustic measurements in an anechoic environment can be 
executed. Each test section configuration exists of three elements: a nozzle which forms the 
connection between the contraction at the end of the settling chamber and the test section, 
the actual test section itself and the transition which forms the connection between the test 
section and the diffuser part of the wind tunnel. These three elements have an overall length 
of about 44 m. 
 

  
Fig. 1. Aerial view and layout of the LLF circuit 

 

 
Fig. 2. Test section arrangement (left) and overview of interchangeable floor sections (right) 
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There are two test sections with different dimensions. The largest one has a cross section of 
9.5 m x 9.5 m and the smallest one is convertible between a cross section of either 8 m x 6 m 
or 6 m x 6 m. These three test sections are further on referred to as the 9.5x9.5, the 8x6 and 
the 6x6 test section, respectively. Of the convertible test section all four walls have adjustable 
slots which when opened to their maximum results in 12% porosity. For the open jet 
arrangement the 8x6 nozzle is used together with the 9.5x9.5 transition. Converting the 8x6 
to 6x6 is achieved by mounting inserts in the 8x6 nozzle and moving in the two sidewalls. 
The 9.5x9.5 and the 8x6 test section have a length of 20 m; the 6x6 is 15 m long. Both test 
sections rest on air cushions for easy exchangeability.  
The air flow in the tunnel is generated by a single stage fan of 12.35 m diameter with eight 
fixed blades. The fan is driven by a variable speed synchronous motor located in the nacelle 
with a nominal maximum power of 12.65 MW at 225 rpm. 
The maximum wind speed in the 9.5x9.5 test section is 62 m/s, in the closed 8x6 test section 
116 m/s, in the open 8x6 test section 78 m/s and in the 6x6 test section 152 m/s. 
The test sections have removable and exchangeable floors (Fig. 2). One of the floor sections 
has slots (floor #1), one has a 5. 5m diameter turntable for use with the external balance 
(floor #2) and one has a 5 m diameter multi-purpose turntable (floor #3). 
The flow quality of the LLF is very high. The turbulence levels vary with wind speed and 
are different for the different test sections. At 150 km/h (42 m/s) the 8x6 test section has a 
turbulence level of less than 0.1 percent and the 9.5x9.5 test section of 0.25 percent. This is 
illustrated in more detail in Figure 3. 
 

 
Fig. 3. Turbulence levels 

 

 
Fig. 4. Setup with the external balance 
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Fig. 5. Sting support system (left) and truck setup in the 9.5x9.5 test section (right) 

LLF has two standard support systems (Fig. 4 and 5): 
• A sting support system, to which models are mounted via an internal balance. This is 

mostly used for aircraft and helicopter testing, but is also necessary for cars in 
combination with the moving belt (moving ground plane) 

• An external under-floor platform type balance with a model support by pads or special 
adapters. This is mostly the primary choice for cars and trucks 

3. Force and moment measurements 
Two test sections of 20 m length each are suitable for automotive testing at DNW. 
Full-scale cars and vans are often tested in the 8x6 closed test section, where up to 400 km/h 
wind speed can be reached. A car platform with adjustable pads is linked to an external 
underfloor balance for the measurement of six stationary load components, i.e., drag, side 
force, lift, and the moments in roll, pitch and yaw. The platform can be used in combination 
with a tunnel floor boundary layer control system which injects pressurized air into the 
sublayer upstream of the test vehicle to improve the road simulation conditions and can be 
used in both test sections. 
A sting system for internal balance (six-component) supported cars can be used in 
combination with a moving belt system for perfect road simulation and rolling wheels.  
Full-scale trucks and buses use the 9.5x9.5 closed test section, where the maximum wind 
speed of 200 km/h is more than enough. A truck platform is available in combination with 
loose air cushion elements to support the large and heavy vehicles. This setup provides 
three stationary load components, i.e. drag, side force and yawing moment by means of the 
external underfloor balance. 
The external balance (EXB) is a six-component platform balance, equipped with three 
horizontal load cells with a resolution of 0.15 N and three vertical load cells with a 
resolution of 0.30 N. This balance is installed underneath the test section. The test vehicle 
rests with its wheels on four small pads which are flush with the floor of the turntable and 
can be adjusted over a wide range to match track and wheelbase. The wheel pads are 
incorporated in a rigid supporting frame (car platform), which is connected to the metric 
part of the balance. When use is made of the 8x6 test section, the vertical distance between 
supporting frame and balance is bridged by a spacer. The balance assembly can rotate over 
± 180° in increments of ± 0.1°. 
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Fig. 6. Model on sting above moving belt 

   

 
Fig. 7. Truck in 9.5x9.5 test section 

4. Road simulation 
During wind tunnel tests the relative motion between vehicle and road and the rotation of 
the wheels is often disregarded. The road is then represented by the rigid floor of the test 
section and the vehicle rests with stationary wheels on the pads of the balance platform. 
The flow pattern around such a configuration is principally different from that on the road 
due to the grown boundary layer along the wind tunnel floor. The boundary layer thickness 
near the model may reach a thickness of half the ground clearance of a standard passenger 
car. This will affect the aerodynamic phenomena around the car. 
The effects from various ground simulation techniques at automotive testing in a wind 
tunnel have been discussed in years around 1990 in various papers of the Society of 
Automotive Engineers (SAE). Mercker and Knape (1989) discussed the ground simulation 
with a moving belt or with tangential blowing. Mercker and Wiedemann (1990) compared 
the results obtained at different ground simulation techniques. 
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Fig. 8. Effects from ground clearance (left) and rotating wheels (right) 

Another deficiency arises from the stationary wheels. Rolling wheels not only affect the flow 
over and around the wheels but also the overall flow pattern around the car.  
As long as the drag of the tested vehicle is relatively high, the error on the drag from the 
fixed ground floor and the stationary wheels is generally negligible. For vehicles with lower 
drag this error is not negligible, especially when the low drag is achieved by measures at the 
underbody of the vehicle. These effects are illustrated in figure 8. 
The results from wind tunnel tests can become more realistic when the effect from the 
boundary layer development along the wind tunnel floor is reduced by boundary layer 
suction or tangential blowing. Further improvement may be obtained with rotating wheels. 

4.1 Tangential blowing 
With tangential blowing, air is blown in the direction of the wind through a narrow slot in 
the wind tunnel test section floor. The blowing device consists of a slot adjustment 
mechanism and a tubular settling chamber. The principle is that so much air is added to the 
boundary layer that the momentum deficit in the boundary layer of the wind tunnel floor is 
reduced to zero. This can be reached exactly at only one downstream distance from the 
blowing slot. 
The system of the LLF is located 4.5 m upstream off the balance centre. The slot spans a 
length of 6 m and has a variable width between 0 and 5 mm. In order to arrive at a 
homogeneous spanwise velocity distribution at the exit of the slot, the settling chamber is 
divided into six individually controlled lateral sections, each provided with a porous 
smoothing plate. Pressure and temperature are monitored at the centre of the chamber. 
The momentum of the thin layer of blown air must be balanced with the momentum of the 
airflow in the tunnel. From calibration of the blowing device the required ratio Vj/V0 of the 
jet velocity Vj at the slot exit to the free stream velocity V0 is determined as function of the 
V0. 
Figure 9 shows the setup and calibration results of the tangential blowing system. With 
tangential blowing good results can be obtained, even for small ground clearances. 
However, some deformation in the velocity profile remains and the effects from rotating 
wheels are still ignored. 
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Fig. 9. Tangential blowing system with setup (left) and calibration results (right) 

4.2 Moving belt ground plane 
The most appropriate way to simulate the full-scale conditions is with a moving belt ground 
plane. The momentum loss in the boundary layer is almost completely absent over the 
complete length of the rolling floor and the rotation of the wheels can be enabled as well. 
However, the disadvantage is that the suspension of the vehicle in the test section is no 
longer simple.  
The moving belt at the LLF has a maximum width of 6.3 m and a flow exposed length 
between the two main rollers of 7.6 m. Two variable-speed drives of 85 kW each give the 
belt a maximum speed of 40 m/s. The belt is tensioned and tracked by means of a third 
roller. Its flatness is monitored during testing by a video camera and with the aid of a laser 
beam on the wind tunnel side wall. Even under most severe conditions when the vehicle 
exerts lift, the belt must remain very flat. To reduce friction, pressurized air is fed between 
belt and support plate. The upstream ground floor boundary layer is scooped off by raising 
the whole assembly 200 mm above the tunnel floor. The extracted air re-injects 
automatically at the rear of the belt assembly and through the test section breathers. 
The influence of the scoop and belt motion on the boundary layer properties has been 
calibrated by measuring the velocity profiles at the front and the rear of the belt. Beside the 
removal of the boundary layer it is essential that the static pressure in longitudinal direction 
remains constant over the length of a full size passenger car to avoid buoyancy effects in the 
drag data. This is effectively controlled by adjusting the rearward flaps of the belt. Figure 10 
shows the setup and some flow characteristics of the moving belt ground plane at the LLF. 

4.3 Rotating wheels 
The effects of rotating wheels on the measured aerodynamic forces can be investigated in 
combination with a moving belt ground plane that drives the wheels by friction. The car is 
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mounted to the available sting and forces are measured with an internal balance between 
sting and car. 
Shock absorbers and springs of each wheel are replaced by a dual-action pneumatic cylinder 
to counterbalance the wheel's weight but still be able to create an effective downward force.  
Rolling resistance of the wheels is determined from the internal balance measurement 
without wind. 
In general, the drag is reduced by wheel rotation, but the magnitude of the drag reduction 
depends strongly on the type of car and on the ground clearance of the vehicle. The closer to 
the ground, the more pronounced the effect of the rolling wheels will be; see figure 8. 
 

  
Fig. 10. Setup (left) and velocity profiles (right) of the moving belt ground plane 

5. Acoustic measurements 
The classical type of acoustic measurements with trucks in wind tunnels is based on the 
measurement of the noise inside the cabin, as induced by the airflow around the truck and 
measured with a small number of microphones or with a so-called acoustic head. These 
cabin noise measurements can be used for the assessment of the acoustic comfort for the 
truck driver. 
The transfer mechanism of the noise from outside the cabin towards cabin interior is often 
very difficult or impossible to determine. Typical exterior structures are mirrors, the 
sunscreen above the front window, wind shields, antennas and various spoilers.  
Instead of measuring interior cabin noise levels at various exterior configurations, it is more 
straightforward to measure the exterior sound production. This can be realized with an 
acoustic mirror or with an array of a large number of microphones. 
In an acoustic mirror system a single microphone is mounted in the focal point of a 
parabolic or elliptic acoustic mirror. Single-microphone measurements give overall noise 
levels and do not distinct between different noise sources. In a phased microphone system 
the location and strength of different noise sources can be measured by a phased array 
technique, whereby on software level the time series of the microphones are analyzed. 
Similar techniques are applied in radar technology and ultrasonic imaging. A description of 
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array signal processing is given by Johnson and Dudgeon (1993). A description of 
applications in a wind tunnel environment is given by Underbrink and Dougherty (1996), 
Piet and Elias (1997), Sijtsma (1997), Dougherty (1997) and Sijtsma and Holthusen (1999).  
Figure 11 illustrates the principles of the acoustic mirror and the phased microphone array. 
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Fig. 11. Acoustic source localization measurement techniques, mirror (left) and acoustic 
array (right) 

Microphone arrays or acoustic mirrors have become popular in wind tunnel measurements 
as a tool to locate sound sources. Microphone arrays have the advantage over acoustic 
mirrors of a higher measurement speed. Mirrors have to scan the whole test object point by 
point, while microphone arrays only need a short time to record the signals from which the 
aero-acoustic characteristics in a measuring plane can be determined. The process of 
scanning through possible source locations is performed afterwards by appropriate software 
running on powerful computer hardware. 
An additional advantage of a microphone array is the application inside the flow or in the 
wall of a closed test section. These in-flow measurements with microphone arrays are 
possible, when the self-noise of the array microphones, caused by the turbulent boundary 
layer above the array, is sufficiently suppressed. With a mirror, in-flow measurements are 
practically speaking impossible. 
 

   
Fig. 12. Test setup examples: full-scale wing in the LLF (left) and scaled truck model in the 
LST (right) 
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In a typical test an array of 1 m diameter, containing about 140 sparsely distributed 
microphones, may be mounted in or on the wall of the test section. 
The microphone array technique can be successfully applied in full-scale tests as well as 
model tests; see figure 12 for some examples. 
The array processing delivers as its main result so-called noise maps. Figure 13 presents 
some results for a scaled truck and for a full-scale truck. The two dimensional contour maps 
show the distribution of noise sources in a scanned area near the truck. The noise levels are 
represented by different colors. The noise maps deliver the location, frequency 
characteristics and relative strength of the noise source. Additionally the array processing 
delivers power spectra and overall power levels by integration over the scan area. Several of 
such scan areas can be defined and processed. One scan area could cover the whole model 
and other areas could only cover small details, like an outside car mirror, to allow detailed 
comparisons between different model configurations. 
 

    
Fig. 13. Microphone array tests results for a scaled truck model (left) and full-scale truck 
with projected noise map (right) 

6. Flow field measurements with a traversing rake of five-hole probes 
Quantitative flow field measurements can be executed by means of a traversing rake of 
multiple five-hole probes. Each five-hole probe can measure the local 3-D wind velocity 
vector. At each position of the rake the wind speed vector is measured at all probe positions. 
At DNW there are 18 probes at 15 mm stitch; so each time the data are read out information 
on a line of 255 mm length are gathered. The rake is normally mounted vertically and 
connected to a traversing mechanism which is moving at such a low speed that the local 
flow field is not affected. By repeating the readings during the scan after say every 7.5 mm 
displacement of the rake and repeating the scan at a vertical displacement of the rake of also 
7.5 mm, a block of measuring points is filled with a horizontal and a vertical stitch of 7.5 
mm. This is enough to observe flow phenomena on a rather small scale. Software tools may 
provide additional information, like the strength of the vorticity in the flow. A single scan of 
about 1 meter at a low traversing speed requires a measuring time of about 10 minutes. 
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The test technique is providing very nice results in as well a quantitative as a qualitative 
way. Only close to the surface of the test object the flow may become disturbed by the 
presence of the rake body close to the object. 
An example of the setup in the LST wind tunnel is shown in figure 14, together with some 
test results behind the wing tip of an aircraft model. 
 

         
Fig. 14. Test setup in the LST (left) and test results behind the wing tip of an aircraft model (right) 

7. Flow field measurements with PIV 
The flow field in the vicinity of a test object can be measured by means of Particle Image 
Velocimetry (PIV); see figure 15.  
 

 
Fig. 15. Experimental setup for PIV 
During PIV measurements the flow is seeded with small particles with a diameter in the 
order of 10 to 100 micrometers (a kind of a light smoke). With a laser two flashing light 
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In a typical test an array of 1 m diameter, containing about 140 sparsely distributed 
microphones, may be mounted in or on the wall of the test section. 
The microphone array technique can be successfully applied in full-scale tests as well as 
model tests; see figure 12 for some examples. 
The array processing delivers as its main result so-called noise maps. Figure 13 presents 
some results for a scaled truck and for a full-scale truck. The two dimensional contour maps 
show the distribution of noise sources in a scanned area near the truck. The noise levels are 
represented by different colors. The noise maps deliver the location, frequency 
characteristics and relative strength of the noise source. Additionally the array processing 
delivers power spectra and overall power levels by integration over the scan area. Several of 
such scan areas can be defined and processed. One scan area could cover the whole model 
and other areas could only cover small details, like an outside car mirror, to allow detailed 
comparisons between different model configurations. 
 

    
Fig. 13. Microphone array tests results for a scaled truck model (left) and full-scale truck 
with projected noise map (right) 
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planes are created shortly after each other, whereby the light is reflected by the particles. 
The images are analyzed with a software algorithm, identifying the location of the separate 
particles during the two images. Once this displacement is established, the corresponding 
flow speeds in the laser light plane can be calculated. From these wind vector data other 
characteristic parameters can be calculated, like the vorticity. 
The technique and application for a wind tunnel environment became to growth in the last 
decade of the 20th century. Various authors gave a general description of the principles and 
possible application at aerodynamic research in wind tunnels, like Willert and Gharib 
(1991), Adrian (1991), Hinsch (1993), Willert et al. (1996), Willert (1997), Kähler et al. (1998), 
Raffel et al. (1998), Ronneberger et al. (1998) and Kompenhans et al. (1999). 
Figure 16 shows a setup as applied for a wind turbine. A stereoscopic set-up of the cameras 
enables the determination of the three dimensional flow field characteristics. One camera 
was directed from above to the horizontal light sheet, the second camera was looking from 
underneath. This configuration was fixed and could be moved as a whole from one location 
to another. This fixed set-up of cameras and light sheet allows a system calibration in 
advance outside the wind tunnel and avoids time consuming re-calibration. 
 

 
Fig. 16. PIV set-up on a wind turbine 
PIV measurements result in vector maps of the velocities in the area where the cameras are 
focused to. Figure 17 shows some test results at two different setups: underneath a military 
aircraft and behind the tip of a wind turbine rotor. 
The application of PIV in large wind tunnels gives some specific challenges: 
• large observation areas requested, 
• large observation distances exist between camera and light sheet, 
• much time needed for the setup of the PIV system, 
• strict safety measures required for laser and seeding, 
• high operational costs of the wind tunnel. 
In spite of these stringent requirements, the PIV technique is very attractive in modern 
aerodynamic research. It helps in understanding unsteady flow phenomena such as shear 
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and boundary layers, wake vortices and separated flows. PIV enables spatially resolved 
measurements of the instantaneous velocity field within a very short time and allows the 
detection of large and small scale spatial structures in the flow. The PIV method can further 
provide the experimental data necessary to the validation of an increasing number of high 
quality numerical flow simulations. 
 

   
Fig. 17. PIV measurements: exhaust flow of a fighter engine (left) and tip vortex behind a 
wind turbine rotor (right) 

8. Deformation measurements 
Within wind tunnel investigations model deformation measurements are possible with 
techniques like Projection Moiré Interferometry (PMI), Projected Grid Method (PGM) and 
Stereo Pattern Recognition (SPR) system.  
SPR is an optical, non-intrusive method and requires a stereo setup of cameras; it is based on 
a three-dimensional reconstruction of visible marker locations by using stereo images. 
Stereo imaging and 3D-reconstruction can be used to determine object locations and their 
motion with time. There are two possible approaches. If the positions of two (or more) 
cameras and their optical characteristics are known exactly, a three-dimensional 
reconstruction is very straightforward. From two images of a certain marker on the object in 
three-dimensional space by two cameras, the location of this marker can be determined by 
regarding the images as a result of certain translations and rotations and a final projection 
on the camera image plane. After calculating transformation matrices for both cameras, 
derived from the exact set up of the camera positions, the transformation equations for each 
marker image can be constructed, resulting in an equation system that can be solved by a 
"least square"-method. A disadvantage of this direct method is that normally the camera 
positions are not known very exactly. Especially the direction of the optical axis of the 
cameras and the rotation about this axis can only be measured approximately. In this case a 
different approach can be used; see figure 18. 
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Fig. 18. Setup for SPR with six markers (left) and car roof deformation measurement results 
from PGM (right) 

The transformation matrices can be calculated if the locations of at least 6 markers are 
known exactly in 3-dimensional space and their images can be detected in both camera 
views.  
Tests have shown that an accuracy of 0.01% of the complete object space can easily be 
obtained. Measurement accuracy is better than 0.4 millimetres. 

9. Flow visualisation techniques 
A commonly used flow visualization instrument is a hand-held smoke rod. Oil is ejected 
through a heated, small tube, whereby the oil is evaporated. Using non-coloured oil results 
in white smoke, that follows the major flow streamlines and fills wakes and separation 
zones with smoke. 
 

     
Fig. 19. Laser stroboscope technique; setup with rotating mirror (left) and frozen flow field 
showing vortices (right) 

In combination with a laser light sheet the flow structure is made visible within that plane. 
A laser light sheet can be created when a laser beam is diverged through a circular cylindrical 
lens. It is also possible to reflect the laser beam on a rotating mirror. The continuously rotating 
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laser beam gives the same effect as a laser light sheet, provided that the rotational speed is 
high enough. By varying the rpm value of the mirror, stroboscopic effects are achieved and 
periodic flow phenomena can be analyzed. Figure 19 shows a sketch of the setup of the laser 
light sheet by means of a rotating mirror and an example of vortices visualized with this 
technique. 
Other techniques to visualize the flow are using tufts or oil on the surface of the test object. 
Tufts are small filaments of cotton or plastic, which are mounted on the surface with magic 
tape or alike. Tufts follow the local streamlines along the body or behave like small waving 
flags in separated flow regions. Depending on the material, the tufts may reflect ultraviolet 
light. Tufts are easy to mount and provide useful basic information. They can be used in a 
continuous way when the flow direction is changed. 
Another technique to visualize the flow is by using a kind of oil on the surface. Depending 
on the applied oil, transition zones from laminar to turbulent flow may become visible or 
the separation zones of the flow. Certain oils also reflect ultraviolet light, enhancing the 
pictures. 
Disadvantages of using oil are among others the contamination of the wind tunnel and the 
test time needed to establish a well-developed oil pattern. 

10. Wind tunnel blockage corrections 
Testing vehicles in a wind tunnel introduces disturbing effects from the finite dimensions of 
the airflow. In case of a ¾ open test section the flow from the exit nozzle may have some 
divergence, leading to a streamline divergence near the vehicle which is somewhat larger 
than in the unconfined real condition. This results in too low wind loads. In case of a closed 
test section the streamline divergence near the vehicle is reduced because of confinement by 
the wind tunnel walls. This results in an increase of the kinetic pressure at the tested object 
and thus an increase of the measured wind loads. 
Corrections are needed, especially for closed test sections and relative large vehicles 
compared to the wind tunnel cross section dimensions. 
In case of a closed test section it is possible to correct by measuring wall pressures in the 
vicinity of the vehicle. This is however rather elaborate and not common practice. More 
usual is to correct the reference kinetic pressure analytically, e.g. by a formula that 
incorporates the measured drag. This latter correction method is basically a base-pressure 
correction method that started with the work of Maskell (1963), Gould (1969) and Awbi 
(1978). An empirical blockage correction for trucks in the LLF wind tunnel is described by 
Willemsen and Mercker (1983). A description of a blockage correction method for 
automotive testing in a wind tunnel with closed test section is described by among others 
Mercker (1986).  
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1. Introduction 
At present production systems in car manufacturing processes are under high demand 
requirements and maintenance plans are of great importance in order to achieve the 
production objectives. The main goal of the maintenance is to increase the operativity of the 
plant and the machines involved in the manufacturing process, avoiding all unexpected 
stops. Preventive maintenance has been the solution adopted by most factories for years. 
Based on past experience or on machines suppliers specifications, the maintenance manager 
decides when to check or replace the machines or some of their components to guarantee 
their operation without faults until the next maintenance stop. This implies two kinds of 
costs for the factory: checking a lot of equipment (time and staff costs) and replacing 
components that may be in good conditions. 
That is why knowing the actual state of the different parts and machines of the factory is 
so important for a good management of the plant. The increasing automation of the plants 
allows to acquire, store and visualize lots of variables of the process. Most factories have 
nowadays SCADA systems that allow supervision of processes and equipment giving a 
valuable information about them. However it is not easy to manage this great amount of 
information for different reasons. First of all the sample rate of these variables usually 
hides their dynamic behaviour. Also the complexity of the processes makes it difficult to 
identify all the relations and dependencies between variables, so it is not possible to 
determine a wrong operation looking only the variation of a few variables without taking 
into account how the rest are changing. The number of variables and data acquired in the 
whole factory makes it impossible for a human supervisor to process all that information, 
relate it to past data and try to find out if something is going wrong. Although his 
experience will allow him to detect some problems it is evident that he needs some help to 
succeed in his work. 
Predictive maintenance is a methodology that improves systems availability and contributes 
to cost reduction and increase of useful life of production assets. It comprises different 
techniques to process acquired data from the factory to determine machines state and 
predict how they will work in the future. The variety of problems that must be solved makes 
the design of a predictive maintenance system be a very complex task where different 
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requirements and maintenance plans are of great importance in order to achieve the 
production objectives. The main goal of the maintenance is to increase the operativity of the 
plant and the machines involved in the manufacturing process, avoiding all unexpected 
stops. Preventive maintenance has been the solution adopted by most factories for years. 
Based on past experience or on machines suppliers specifications, the maintenance manager 
decides when to check or replace the machines or some of their components to guarantee 
their operation without faults until the next maintenance stop. This implies two kinds of 
costs for the factory: checking a lot of equipment (time and staff costs) and replacing 
components that may be in good conditions. 
That is why knowing the actual state of the different parts and machines of the factory is 
so important for a good management of the plant. The increasing automation of the plants 
allows to acquire, store and visualize lots of variables of the process. Most factories have 
nowadays SCADA systems that allow supervision of processes and equipment giving a 
valuable information about them. However it is not easy to manage this great amount of 
information for different reasons. First of all the sample rate of these variables usually 
hides their dynamic behaviour. Also the complexity of the processes makes it difficult to 
identify all the relations and dependencies between variables, so it is not possible to 
determine a wrong operation looking only the variation of a few variables without taking 
into account how the rest are changing. The number of variables and data acquired in the 
whole factory makes it impossible for a human supervisor to process all that information, 
relate it to past data and try to find out if something is going wrong. Although his 
experience will allow him to detect some problems it is evident that he needs some help to 
succeed in his work. 
Predictive maintenance is a methodology that improves systems availability and contributes 
to cost reduction and increase of useful life of production assets. It comprises different 
techniques to process acquired data from the factory to determine machines state and 
predict how they will work in the future. The variety of problems that must be solved makes 
the design of a predictive maintenance system be a very complex task where different 
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knowledge areas must be integrated. It is very important to know the state of the art in all of 
them and sometimes introduce innovations for applying the solutions to particular cases. 
Next sections explain the main components of a predictive maintenance system and how it 
was implemented in real industrial problems of the automotive industry. An effort has been 
made in order to choose case studies that offer a wide range of the possible techniques to 
use, combining classical solutions with newer ones. 

2. Structure of a fault detection system for the automotive industry 
The core of any predictive maintenance system is a fault diagnosis system able to detect 
failures not only when they are happening, but also a pre-failure behaviour. It is an 
advanced solution for the supervision level of the factory where in most cases only SCADAs 
and alarms based on variables values are considered. One of the main advantages of 
predictive maintenance is its ability to provide useful information to the human supervisor 
showing what the real state of a plant or machine is and helping him in the planification of 
the factory operation. It is also capable of substituting the human operator in some systems 
taking decisions such as stopping the operation in case of a critical fault or scheduling 
maintenance operations. 
The three main components for any fault diagnosis system are data acquisition, signal 
processing and decision making. These three components must be designed jointly because 
the requirements or outputs of one of them will affect the others. Their complexity level will 
depend on the application and how the symptoms of the faults can be found. 
Data acquisition is the first stage of every diagnosis system. This component consists of all 
the sensors, signal transmission systems, acquisition devices and storage equipment. 
Sensors are a key component of the fault detection system because they provide all the 
information the system will have to deal with, although in some cases information coming 
from production management systems can be useful. In some cases those sensors can be 
shared with other tasks such as control or supervision and they are included in the machine 
or plant during its design. But in most cases predictive maintenance is not taken into 
account during the design of the machines and new sensors are usually required. This 
occurs specially when predictive maintenance must to be applied to old machines because 
they start to be a bottle neck in the plant due to their unexpected faults. Electric current, 
voltage, accelerometers and temperature sensors are of common use for diagnosis systems. 
Some applications require more specific sensors, like photodiodes and spectrometers. The 
selection of the appropriate sensor and acquisition system can be determinant for the 
success of the application because they must guarantee that the collected data have the 
information of the state of the machine. Capture and synchronize data from sensors of 
different nature and variables with different dynamics can be an interesting problem to 
solve and sometimes requires specific programming or storaging methods designed ad-hoc. 
In the signal processing stage, signals acquired and/or stored by the data acquisition 
component are processed. This includes common signal treatment like filtering that is used 
to eliminate noise. However, the most important part in signal processing is feature 
extraction. Feature extraction consists in looking for a particular behaviour in the signals 
that allows to identify the faulty or pre-faulty states. There are a wide variety of feature 
extraction techniques and the one used depends on the problem at hand. For example, one 
of the most common feature extraction techniques is the Fourier Analysis, which gives 
information on the distribution of energy power associated to different frequency ranges in 
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the signals acquired by the sensors. This content changes when a fault occurs or is close to 
occur. Besides this, feature extraction techniques in the time domain are also useful. Some 
problems require the use of very specific feature extraction techniques, like the estimation of 
electron temperature. The final stage is the decision making where the features that have been 
extracted from the signals generated by the sensors, have to be classified in order to determine 
the state of the system. The classification is the base of the decision making process, so it has an 
important role in the fault diagnosis scheme. In some cases, classification can be done by 
merely checking the features values against a threshold, although selecting the threshold value 
could be a hard problem to solve. In other cases, more sophisticated non-linear classifiers, like 
neural networks, neuro-fuzzy systems or support vector machines have to be used. Besides 
this, features time evolution is also of great importance because it allows to perform trend 
analysis, which is one of the basis of the fault predictive capabilities of the fault detection 
systems. The lack of historical data is the main problem that must be solved when designing 
the decision making component. It can be sometimes a problem to decide what is the optimal 
classification method to use, and it is always an added difficulty to fix the parameters of the 
system. Usually conservative strategies are used. This leads to a great number of false alarms 
during the initial phases of the predictive maintenance system implementation. Human 
experts supervision and knowledge is one of the main supports for a good design of the 
decision making system and its configuration. 

3. Case studies 
3.1 Case study 1: Multitooth machine tool 
Machine tools represent one of the main examples of highly automated components 
(Altintas, 2000). In spite of this automation, the cutting process has an inherent degradation 
(Astakhov, 2004), which is one of the main problems to be overcome. Other aspects to 
consider are workpiece tolerance deviations, ensuring a correct evacuation of the chips, 
changing of worn tools and, if necessary, stopping the machine if abnormal working 
conditions appear (for example chatter). So, to achieve the desired level of autonomy for this 
kind of machines, it is necessary to develop the monitoring and diagnosis of the cutting 
process. Many different kinds of machine tools are used in the automotive industry. Among 
them, the so called Multitooth Machine Tools represent the most challenging ones, from the 
diagnosis point of view, due to high number of inserts susceptible to break, and the different 
machining operations integrated within the same tool. The tools analyzed in this chapter are 
used in the car industry for mass production of different mechanical parts, such as the 
crankshaft or the camshaft of car engines. These tools are complex ad hoc devices built with 
many cutting inserts (up to 250, depending on the machine) of different kinds (roughing and 
finishing) presented in Fig.1(b) and for different operations (turning, milling or broaching) 
within the same tool, as shown in Fig.1(a). The configuration of the tool is based on multiple 
tool holders specially designed for the particular operation of the mass production line. 
Such complexity is necessary to achieve the required high metal removal rate. 

3.1.1 Data acquisition in machine tool environment 
Regarding the main three components of a fault detection system (data acquisition, signal 
processing and decision making) an optimal selection of sensors is of paramount importance 
to obtain valuable information from the environment of the machine tool that should be 
correlated with the abnormalities to be detected. Different signals susceptible of 
 



 New Trends and Developments in Automotive Industry 

 

34 

knowledge areas must be integrated. It is very important to know the state of the art in all of 
them and sometimes introduce innovations for applying the solutions to particular cases. 
Next sections explain the main components of a predictive maintenance system and how it 
was implemented in real industrial problems of the automotive industry. An effort has been 
made in order to choose case studies that offer a wide range of the possible techniques to 
use, combining classical solutions with newer ones. 

2. Structure of a fault detection system for the automotive industry 
The core of any predictive maintenance system is a fault diagnosis system able to detect 
failures not only when they are happening, but also a pre-failure behaviour. It is an 
advanced solution for the supervision level of the factory where in most cases only SCADAs 
and alarms based on variables values are considered. One of the main advantages of 
predictive maintenance is its ability to provide useful information to the human supervisor 
showing what the real state of a plant or machine is and helping him in the planification of 
the factory operation. It is also capable of substituting the human operator in some systems 
taking decisions such as stopping the operation in case of a critical fault or scheduling 
maintenance operations. 
The three main components for any fault diagnosis system are data acquisition, signal 
processing and decision making. These three components must be designed jointly because 
the requirements or outputs of one of them will affect the others. Their complexity level will 
depend on the application and how the symptoms of the faults can be found. 
Data acquisition is the first stage of every diagnosis system. This component consists of all 
the sensors, signal transmission systems, acquisition devices and storage equipment. 
Sensors are a key component of the fault detection system because they provide all the 
information the system will have to deal with, although in some cases information coming 
from production management systems can be useful. In some cases those sensors can be 
shared with other tasks such as control or supervision and they are included in the machine 
or plant during its design. But in most cases predictive maintenance is not taken into 
account during the design of the machines and new sensors are usually required. This 
occurs specially when predictive maintenance must to be applied to old machines because 
they start to be a bottle neck in the plant due to their unexpected faults. Electric current, 
voltage, accelerometers and temperature sensors are of common use for diagnosis systems. 
Some applications require more specific sensors, like photodiodes and spectrometers. The 
selection of the appropriate sensor and acquisition system can be determinant for the 
success of the application because they must guarantee that the collected data have the 
information of the state of the machine. Capture and synchronize data from sensors of 
different nature and variables with different dynamics can be an interesting problem to 
solve and sometimes requires specific programming or storaging methods designed ad-hoc. 
In the signal processing stage, signals acquired and/or stored by the data acquisition 
component are processed. This includes common signal treatment like filtering that is used 
to eliminate noise. However, the most important part in signal processing is feature 
extraction. Feature extraction consists in looking for a particular behaviour in the signals 
that allows to identify the faulty or pre-faulty states. There are a wide variety of feature 
extraction techniques and the one used depends on the problem at hand. For example, one 
of the most common feature extraction techniques is the Fourier Analysis, which gives 
information on the distribution of energy power associated to different frequency ranges in 
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the signals acquired by the sensors. This content changes when a fault occurs or is close to 
occur. Besides this, feature extraction techniques in the time domain are also useful. Some 
problems require the use of very specific feature extraction techniques, like the estimation of 
electron temperature. The final stage is the decision making where the features that have been 
extracted from the signals generated by the sensors, have to be classified in order to determine 
the state of the system. The classification is the base of the decision making process, so it has an 
important role in the fault diagnosis scheme. In some cases, classification can be done by 
merely checking the features values against a threshold, although selecting the threshold value 
could be a hard problem to solve. In other cases, more sophisticated non-linear classifiers, like 
neural networks, neuro-fuzzy systems or support vector machines have to be used. Besides 
this, features time evolution is also of great importance because it allows to perform trend 
analysis, which is one of the basis of the fault predictive capabilities of the fault detection 
systems. The lack of historical data is the main problem that must be solved when designing 
the decision making component. It can be sometimes a problem to decide what is the optimal 
classification method to use, and it is always an added difficulty to fix the parameters of the 
system. Usually conservative strategies are used. This leads to a great number of false alarms 
during the initial phases of the predictive maintenance system implementation. Human 
experts supervision and knowledge is one of the main supports for a good design of the 
decision making system and its configuration. 

3. Case studies 
3.1 Case study 1: Multitooth machine tool 
Machine tools represent one of the main examples of highly automated components 
(Altintas, 2000). In spite of this automation, the cutting process has an inherent degradation 
(Astakhov, 2004), which is one of the main problems to be overcome. Other aspects to 
consider are workpiece tolerance deviations, ensuring a correct evacuation of the chips, 
changing of worn tools and, if necessary, stopping the machine if abnormal working 
conditions appear (for example chatter). So, to achieve the desired level of autonomy for this 
kind of machines, it is necessary to develop the monitoring and diagnosis of the cutting 
process. Many different kinds of machine tools are used in the automotive industry. Among 
them, the so called Multitooth Machine Tools represent the most challenging ones, from the 
diagnosis point of view, due to high number of inserts susceptible to break, and the different 
machining operations integrated within the same tool. The tools analyzed in this chapter are 
used in the car industry for mass production of different mechanical parts, such as the 
crankshaft or the camshaft of car engines. These tools are complex ad hoc devices built with 
many cutting inserts (up to 250, depending on the machine) of different kinds (roughing and 
finishing) presented in Fig.1(b) and for different operations (turning, milling or broaching) 
within the same tool, as shown in Fig.1(a). The configuration of the tool is based on multiple 
tool holders specially designed for the particular operation of the mass production line. 
Such complexity is necessary to achieve the required high metal removal rate. 

3.1.1 Data acquisition in machine tool environment 
Regarding the main three components of a fault detection system (data acquisition, signal 
processing and decision making) an optimal selection of sensors is of paramount importance 
to obtain valuable information from the environment of the machine tool that should be 
correlated with the abnormalities to be detected. Different signals susceptible of 
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(a) Layout of multitooth tools used in the car 

industry (b) Different inserts in the multitooth tool 

Fig. 1. Multitooth tools used in the car industry 
having correlation with tool wear and the breakage of inserts in the multitooth tool, are 
shown in Fig.2. Among others the following are the most common in the literature: 
Noise: can be measured in the environment of the tool using microphones (Fig. 2(a)). Al- 

though noise gathers information coming from the whole machine tool environment, 
this measure can be very valuable for the first analysis of the machining cycle through 
the analysis of the time-frequency representation like the spectrogram. 

Vibration: measured with accelerometers in one of the main shafts of the machine tool (Fig. 
2(b)). As the wear increases in the tool an abnormal increase in the vibration also 
occurs and can often lead to bad surface quality. 

Temperature: the increase of the tool wear causes an increase in the temperature due to an 
excessive friction. Using sensors like pyrometers, the temperature of the machined 
surface can be easily measured after the machining has been completed (Fig. 2(c)). 

Electrical power consumption: can be measured from the output signals of the frequency 
converters (for the usual case of AC drives) for every motor that moves the multitooth 
tool and moves the workpiece (usually rotation movement). Fig. 2(d) depicts the 
example of rms electrical power consumption of the two drives of an example tool: 
feed and rotation of the tool holder. These kind of signals show clearly the different 
parts of the cycle and the grouped attack of the inserts in the tool. 

In order to analyze the sensitivity of every recorded signal, the measurements have to be 
done over the useful life of several consecutive tools. After that, every set of signals is 
statistically analyzed to extract global information for comparison and to decide whether 
there is a correlation with the degradation of the tool, or other abnormalities that could have 
been recorded. In (Reñones, Rodríguez & Miguel, 2009) are presented the results of such 
analysis that lead to choose the electrical power consumption as the most appropriate signal 
for use in the diagnosis of the multitooth tool. This signal showed the best signal-to-noise 
ratio for the evolution of the wear and was the most cost-effective measure: non-invasive, 
moderate sensor cost (inexpensive if appropriate signals are available at the drive converter) 
and high reliability of the measure in comparison with other measures like noise and 
vibration, because of the high influence of the sensor location. Fig. 3 shows the evolution in 
electrical power consumption in a particular zone of the analyzed tool. It is clear the increase 
of the power due to the wear and the abrupt decrease after the tool reaches its useful life and 
it is changed by a new one. 
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Fig. 3. Evolution of the tool wear using the electrical power consumption. 

3.1.2 Signal processing of the electrical power consumption 
Once the electrical power consumption has been chosen as the desired signal for diagnosis 
of the tool, it is time to extract the part of the electrical power consumption that belongs to 
each insert or every group of inserts that attacks the workpiece simultaneously. This process 
is known as signal segmentation and can be formulated as the automatic decomposition of a 
signal into stationary or transient pieces with a length adapted to the local properties of the 
signal (Basseville & Nikiforov, 1993). 
Firstly, the number of segments that must be extracted has to be defined, taking into account 
different aspects of the machining process, such as the different kinds of cutting inserts, the 
workpiece material, changes in the cutting conditions, changes in the PLC programming, 
different mechanized zones of the workpiece and the layout of the tool. 
Among the different alternatives for making the segmentation of the electrical power 
consumption signals, the use of auxiliary signals not directly affected by the machining, 
such as, for example, the sampled speed reference of the machining cycle, or its acceleration, 
ensures a reliable segmentation avoiding false alarms in the detection of a fault in the tool. 
Once the different signal segments are extracted, the next step is to obtain the model for 
every segment that should be sensitive to electrical power consumption changes caused by a 
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Electrical power consumption: can be measured from the output signals of the frequency 
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parts of the cycle and the grouped attack of the inserts in the tool. 
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Fig. 3. Evolution of the tool wear using the electrical power consumption. 

3.1.2 Signal processing of the electrical power consumption 
Once the electrical power consumption has been chosen as the desired signal for diagnosis 
of the tool, it is time to extract the part of the electrical power consumption that belongs to 
each insert or every group of inserts that attacks the workpiece simultaneously. This process 
is known as signal segmentation and can be formulated as the automatic decomposition of a 
signal into stationary or transient pieces with a length adapted to the local properties of the 
signal (Basseville & Nikiforov, 1993). 
Firstly, the number of segments that must be extracted has to be defined, taking into account 
different aspects of the machining process, such as the different kinds of cutting inserts, the 
workpiece material, changes in the cutting conditions, changes in the PLC programming, 
different mechanized zones of the workpiece and the layout of the tool. 
Among the different alternatives for making the segmentation of the electrical power 
consumption signals, the use of auxiliary signals not directly affected by the machining, 
such as, for example, the sampled speed reference of the machining cycle, or its acceleration, 
ensures a reliable segmentation avoiding false alarms in the detection of a fault in the tool. 
Once the different signal segments are extracted, the next step is to obtain the model for 
every segment that should be sensitive to electrical power consumption changes caused by a 
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fault in the tool. Another goal of this step is to reduce the amount of information used in the 
following steps of the diagnosis scheme. There are different methods available to make such 
reduction (Reñones, Rodríguez & Miguel, 2009). Among them, the calculation of statistical 
parameters is a straightforward reduction of information. Only those which presented a 
greater sensitivity to the variations produced by the failures in the tool must be chosen in 
order to reduce the amount of data for detection of failures in each group of the tool. With 
the appropriate statistical parameters chosen, the change detection problem can be stated as 
the detection of a change in a set of random variables. The change detection is usually 
carried out using a so called stopping rule, as presented in (1); that is, a function of the 
random variables yk that exceed a preset threshold λ  in case of abrupt change. The 
parameter ta represents the estimated time of change at which the stopping rule is true for 
the first time (Basseville & Nikiforov, 1993). 

 { }1inf : ( , , )a n nt n g y y λ= … ≥  (1) 

This problem is frequently solved from a statistical point of view. In Fig.3 an example of 
abrupt change that must be detected can be seen. The following requirements must be taken 
into account to solve this change detection problem: 
• The segmentations or electrical power consumption trends are non-stationary, so an 

adaptive detection scheme is needed. 
• The changes must be reliably detected, and the false alarms due to occasional electrical 

power consumption changes must be avoided. 
• A mean time between false alarms (MTFA) must be fixed. 
• The change detection must be fast enough to avoid serious damage to the whole tool 

and machine. 
• The changes can be abrupt decreases (in case of breakage) but also abrupt increases due 

to the loss of an insert or an abnormal wear rate caused by the breakage of previous 
inserts. 

Among the different alternatives that can be used to detect abrupt changes (Reñones, 
Miguel & Perán, 2009), the algorithm based on an adaptive local linear model of electrical 
power consumption showed the best performance in terms of reliability, and an extremely 
low computational cost. The algorithm is based on the detection of linear regression outliers. 
In the present case, the outliers are recorded points with an electrical power consumption 
out of normal variation due to a breakage (abrupt decrease) or abnormal wear rate (abrupt 
increase). 
Due to the fact that the evolution of the electrical power consumption trends are not linear 
as the wear increases, this detection scheme must be implemented using a moving data 
window, let’s say of size L. 
The outlier detection algorithm is done through the calculation of statistical parameter ti de- 
fined in (2). This statistical parameter follows a Student’s t-distribution. Under no fault in 
the tool and hence no change in the electrical power consumption, the residuals ti should 
remain in the interval ±t(1 – α/(2L), L – 3) of confidence α. These bounds of the interval are 
also known as the critical level or threshold. 
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In order to adjust the algorithm in an optimal way, some performance measures must be done 
and it must be taken into account the variation range of the different parameters for the 
algorithm (window size L and the critical level or threshold). To make the detection robust, an 
additional parameter can be added, such as the amount of consecutive detected outliers. 
In quality control this is called a run test. In fact, this robust mechanism is not particular to 
this detection scheme and can be applied to other detection algorithms. 
In order to optimally adjust the parameters of the detection change algorithm, performance 
measures must be done, such as (Gusstafson, 2000): MTFA (Mean Time between False 
Alarms), MTD (Mean Time to Detection) and, MDR (Missed Detection Rate). 
The optimal algorithm adjustment is performed by fixing either the performance measure 
MTFA or MTD, and the parameters of the algorithm are chosen to minimize the other 
performance measures. The presented algorithm have been evaluated with data coming 
from the machining of more than 30000 workpieces. As the exploration of the whole range 
of parameters for the change detection algorithm is unapproachable, some restrictions and 
assumptions were added to cope with the problem. For the window size L, it seems 
reasonable to choose a value lower than the mean time between faults. For the test set used, 
it is approximately 300 workpieces, then the interval for this parameter was set as [40,100] 
workpieces.  
The run test, represented as R, influences the speed of detection. After studying historical 
data and taking into account the protection of the tool, an interval of [2,6] workpieces seems 
reasonable. The threshold interval was [2,7] and for the residuals was fixed as an interval 
with a confidence level from 0.1 to 0.001. Two tests have been done to study the relationship 
between the different parameters, where the threshold is varied in the preset interval and 
the other two parameters are fixed at the midpoint of their own interval. 
In Fig. 4 is presented an example of such performance measures. Detailed analysis of these 
graphics can be found in (Reñones, Miguel & Perán, 2009). It is straightforward to see that 
an increase in the threshold (horizontal axis of the graphics) leads to a more reliable 
detection (higher MTFA) but fewer faults are detected as shown in the third row of graphics. 
This exploration of parameters influence let to finally make an optimal adjustment in the 
parameters for the change detection in the different electrical power consumption trends for 
the different zones of the multitooth tool. 
The result of this step is a list of thresholds for every zone of the tool. Positive thresholds can 
be adjusted to detect abrupt increases of the electrical power consumption due to an 
abnormal wear rate (called as overload), and also abrupt decreases due to a breakage of one 
or more inserts in the tool. 

3.1.3 Decision making process for the machine tool diagnosis 
The last step of the methodology used to detect faults in the multitooth tool is the so-called 
Decision-making process as presented in section 2. In this step, using the information coming 
from the change detection algorithm and other information of the state of the system, an 
effective declaration of the fault in some zone in the tool is done. That means, for example, 
that the machine tool will be stopped at the end of the current cutting cycle, and the 
operator will fix the problem based on the information of the diagnosis system: the faulty 
zone of the tool and the type of fault (overload or breakage). 
The electrical power consumption signal gives the best signal-to-noise ratio to detect faults, 
as was presented in section 3.1.1. On the other hand, this signal exhibits sensitivity (abrupt 
changes in the signal) to other phenomena that may cause false alarms which must 
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fault in the tool. Another goal of this step is to reduce the amount of information used in the 
following steps of the diagnosis scheme. There are different methods available to make such 
reduction (Reñones, Rodríguez & Miguel, 2009). Among them, the calculation of statistical 
parameters is a straightforward reduction of information. Only those which presented a 
greater sensitivity to the variations produced by the failures in the tool must be chosen in 
order to reduce the amount of data for detection of failures in each group of the tool. With 
the appropriate statistical parameters chosen, the change detection problem can be stated as 
the detection of a change in a set of random variables. The change detection is usually 
carried out using a so called stopping rule, as presented in (1); that is, a function of the 
random variables yk that exceed a preset threshold λ  in case of abrupt change. The 
parameter ta represents the estimated time of change at which the stopping rule is true for 
the first time (Basseville & Nikiforov, 1993). 

 { }1inf : ( , , )a n nt n g y y λ= … ≥  (1) 
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low computational cost. The algorithm is based on the detection of linear regression outliers. 
In the present case, the outliers are recorded points with an electrical power consumption 
out of normal variation due to a breakage (abrupt decrease) or abnormal wear rate (abrupt 
increase). 
Due to the fact that the evolution of the electrical power consumption trends are not linear 
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In order to adjust the algorithm in an optimal way, some performance measures must be done 
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Fig. 4. Performance measures for the linear regression change detection algorithm with 
parameters: L ∈ [40,100], R ∈ [2,6] and λ ∈ [2,7]. 

be taken into account, such as a tool changed by a new one, changes in the material of the 
workpieces (foundry or steel), compensation adjustments in the inserts made by the 
operators to achieve the desired tolerances, the warm up process after a long stop, etc. To 
prevent false alarms caused by any of these events, it is necessary to protect or disable the 
change detection algorithm. Protective measures that can be taken to avoid false alarms are 
to use output signals from the PLC governing the machine tool (new tool, material change, 
etc), or to inhibit change detection when changes affect the whole recorded signal or there 
are sample points separated too much time. 

3.2 Case study 2: Car painting cabinet 
This case study shows a predictive maintenance system currently operating in an assembly 
car factory, specifically in painting cabinets section. It has been working for thirteen years 
now and serves as a valuable tool for anticipating to breakdowns all along the plant, 
optimizing equipment performance and reducing unplanned shutdowns and incidents. This 
predictive maintenance system is based on mechanical vibrations analysis techniques 
applied on the motor-fan sets operating in painting cabinets. 
The predictive maintenance for this kind of installations can be performed in two ways. 
With online analysis systems or with hand-held, walk-around vibration analyzers. For 
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extremely large operations and/or very expensive equipment, the first approach is the most 
cost effective and has repeatedly shown to saving money. 
The main advantage of an on-line dynamic vibration monitoring system is that the data 
acquisition is made continuously. This allows to check past values and to know the 
evolution of the state of the machine, providing a more reliable diagnosis that off-line data 
acquisition systems cannot offer. Most of the on-line systems use some kind of acquisition 
system architecture that involves input channels multiplexing many vibration sensors. This 
results in a scan rate that varies according to the system scheduler. Another advantage to an 
on-line dynamic vibration monitoring system is that there is no labour cost to acquiring the 
data and minimal labour cost for identifying machine faults. 
The disadvantages of these systems are that they are the more costly systems to implement and 
maintain as they include maintaining a full time vibration analyst, and installing a wired 
network to get the signals from the sensor to the analysis system. Furthermore, the software and 
hardware that make up the system typically require an extensive maintenance contract as well. 
Hand-held, walk around vibration analyzers only provide trending information to identify 
that a potential problem exists, and do not provide the detailed information necessary to 
determine the cause of the problem. The supervision is done only at specific moments and it 
does not provide a trend of vibration levels. Moreover, they require skilled vibration 
analysts to interpret the data and, without continuous monitoring, problems in between 
rounds could be costly. 

3.2.1 Problem description 
The plant under study consists of a series of motor–fans that keep painting cabinets under 
very strict temperature and humid conditions. In some cases air must be put into these 
cabinets and in some others air is taken out of them. The target is to keep working 
atmosphere under control in such a way that safety and sanitary conditions are guaranteed 
for the staff. Moreover, in order to achieve a good production quality, it is required that air 
inside the cabinets is at the right temperature, filtered and keeping an adequate relative 
humidity that prevents varnish thinners from evaporation. It is also necessary to extract the 
air from the cabinet, in order to eliminate polluting elements. 
For each motor-fan the fan is driven by an electric drive whose rotation movement is 
transmitted to the fan through a couple of pulleys, one attached to the fan and the other one 
to the drive, together with a belt. Both the electric drive and fan are mounted on an elastic 
structure that keeps the set isolated from the high frequency excitations of the structure and 
at the same time, this base structure is not affected by the mechanical vibrations coming 
from the electric drive and fan. 
This assembly plant is able to produce around 1.200 cars every day along three shifts, 
depending on demand needs. To achieve this, it is mandatory to ensure that every machine 
is working under optimal conditions avoiding unexpected breakdowns which could lead to 
stops and subsequent lost of production. Therefore, a predictive maintenance system is 
needed. A thorough analysis of the related machines has led us to consider the following 
sources of mechanical vibration that could be the cause of potential failures: 
1. Defect related mechanical vibrations: Unbalance, misalignment, looseness, defects in 

bearings, blade breakage and defects in belts. 
2. Mechanical vibrations related to natural frequencies: Natural frequencies of the base 

structure, natural frequencies from any part of the machine structure and natural 
frequencies from other elements outside the machine. 
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Fig. 4. Performance measures for the linear regression change detection algorithm with 
parameters: L ∈ [40,100], R ∈ [2,6] and λ ∈ [2,7]. 

be taken into account, such as a tool changed by a new one, changes in the material of the 
workpieces (foundry or steel), compensation adjustments in the inserts made by the 
operators to achieve the desired tolerances, the warm up process after a long stop, etc. To 
prevent false alarms caused by any of these events, it is necessary to protect or disable the 
change detection algorithm. Protective measures that can be taken to avoid false alarms are 
to use output signals from the PLC governing the machine tool (new tool, material change, 
etc), or to inhibit change detection when changes affect the whole recorded signal or there 
are sample points separated too much time. 

3.2 Case study 2: Car painting cabinet 
This case study shows a predictive maintenance system currently operating in an assembly 
car factory, specifically in painting cabinets section. It has been working for thirteen years 
now and serves as a valuable tool for anticipating to breakdowns all along the plant, 
optimizing equipment performance and reducing unplanned shutdowns and incidents. This 
predictive maintenance system is based on mechanical vibrations analysis techniques 
applied on the motor-fan sets operating in painting cabinets. 
The predictive maintenance for this kind of installations can be performed in two ways. 
With online analysis systems or with hand-held, walk-around vibration analyzers. For 
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extremely large operations and/or very expensive equipment, the first approach is the most 
cost effective and has repeatedly shown to saving money. 
The main advantage of an on-line dynamic vibration monitoring system is that the data 
acquisition is made continuously. This allows to check past values and to know the 
evolution of the state of the machine, providing a more reliable diagnosis that off-line data 
acquisition systems cannot offer. Most of the on-line systems use some kind of acquisition 
system architecture that involves input channels multiplexing many vibration sensors. This 
results in a scan rate that varies according to the system scheduler. Another advantage to an 
on-line dynamic vibration monitoring system is that there is no labour cost to acquiring the 
data and minimal labour cost for identifying machine faults. 
The disadvantages of these systems are that they are the more costly systems to implement and 
maintain as they include maintaining a full time vibration analyst, and installing a wired 
network to get the signals from the sensor to the analysis system. Furthermore, the software and 
hardware that make up the system typically require an extensive maintenance contract as well. 
Hand-held, walk around vibration analyzers only provide trending information to identify 
that a potential problem exists, and do not provide the detailed information necessary to 
determine the cause of the problem. The supervision is done only at specific moments and it 
does not provide a trend of vibration levels. Moreover, they require skilled vibration 
analysts to interpret the data and, without continuous monitoring, problems in between 
rounds could be costly. 

3.2.1 Problem description 
The plant under study consists of a series of motor–fans that keep painting cabinets under 
very strict temperature and humid conditions. In some cases air must be put into these 
cabinets and in some others air is taken out of them. The target is to keep working 
atmosphere under control in such a way that safety and sanitary conditions are guaranteed 
for the staff. Moreover, in order to achieve a good production quality, it is required that air 
inside the cabinets is at the right temperature, filtered and keeping an adequate relative 
humidity that prevents varnish thinners from evaporation. It is also necessary to extract the 
air from the cabinet, in order to eliminate polluting elements. 
For each motor-fan the fan is driven by an electric drive whose rotation movement is 
transmitted to the fan through a couple of pulleys, one attached to the fan and the other one 
to the drive, together with a belt. Both the electric drive and fan are mounted on an elastic 
structure that keeps the set isolated from the high frequency excitations of the structure and 
at the same time, this base structure is not affected by the mechanical vibrations coming 
from the electric drive and fan. 
This assembly plant is able to produce around 1.200 cars every day along three shifts, 
depending on demand needs. To achieve this, it is mandatory to ensure that every machine 
is working under optimal conditions avoiding unexpected breakdowns which could lead to 
stops and subsequent lost of production. Therefore, a predictive maintenance system is 
needed. A thorough analysis of the related machines has led us to consider the following 
sources of mechanical vibration that could be the cause of potential failures: 
1. Defect related mechanical vibrations: Unbalance, misalignment, looseness, defects in 

bearings, blade breakage and defects in belts. 
2. Mechanical vibrations related to natural frequencies: Natural frequencies of the base 

structure, natural frequencies from any part of the machine structure and natural 
frequencies from other elements outside the machine. 
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3.2.2 Predictive maintenance system 
The system consists of an industrial computer in charge of data acquisition, communication 
protocols and the calculation of spectra and alarms (DCS station in Fig. 5) to which up to 
four nodes are connected through a LAN. They are multiplexors and receive signals from 
accelerometers placed on the machines. Analysis and diagnosis tasks are carried out by 
means of a PC (MD station). This PC has a communication module that allows remote access 
to the data, so that it is possible to perform the same tasks from a remote computer, outside 
the factory. Fig. 5 shows the layout just described. 
 

 
Fig. 5. Predictive maintenance system schema 

In each motor-fan two accelerometers have been placed to register mechanical vibrations from 
the electric drive and the fan, which is the most sensitive part to be monitored in this case. The 
related bandwidth is 20 kHz, which is enough for the application under study. They have been 
placed in radial position, as close as possible to the bearings near the pulleys. 
The signals from the accelerometers reach one of the four multiplexors (nodes from Fig. 5) 
inside which they are displayed along 32 channels, and finally get to the industrial computer 
where they are registered and sent to the PC for further analysis. As soon as an abnormal 
value is detected, an alarm shows up on the screen so that subsequent actions can be taken 
in order to solve the problem arising. This scheme is the same for every motor-fan being 
monitored. 
The system is automatically registering data on a daily basis. At the same time, mechanical 
vibration levels, process variables and alarm levels are being checked for the plant. 
It is possible to register three kinds of data: gross scan, spectrum and time signal: 
Gross Scan: These data constitute a unique signal taken from a DC stationary signal o 
calculated from an AC dynamic signal, as for example, a RMS one. 
The gross scan measurement from each sensor is compared to a reference value that serves 
as an alert. After this, the measurement is used to update the related maximum and 
minimum values that will be finally registered in the database. Whenever any gross scan 
measurement exceeds the alert value, it is first registered in the database, then it is updated 
for the DCS, and finally, the related spectrum and time signal are recorded as alarm related 
data for the specific sensor. 
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Spectrum: They are calculated from a related time signal and further processed in order to 
get specific information at certain frequencies associated with the potential defects of the 
machine being monitored. In this case, this is done through what we call Analysis 
Parameters Set (APS). Gross scan data are registered for every signal once per each data 
registered cycle. Spectrum data are recorded for one or two signals once per each data 
acquisition cycle and time signals are registered simultaneously to the spectra. 
Time signal: This software allows the user to visualise data in the time domain, which can 
be very useful is specific situations, though no further analysis is being performed in the 
case under study. 
The system allows to define up to 12 parameters directly related to the frequencies or 
selected ranges of them that are of interest in order to characterize (detect) certain types of 
machine failures. There are many possibilities to choose different types of Analysis 
Parameter Sets and the most widely used are briefly described next: 
Total Energy: This value represents all of the energy of a signal. Because of the nature of the 

FFT, the first two points of the spectrum are excluded from this summation. 
Energy within a Frequency Range: The energy between the two specified points of a 

spectrum will be summed. 
Non-Synchronous Energy within a Frequency Range: The energy between the two 

specified points, which is not an integer multiple of turning speed, is summed. 
Synchronous Energy within a Frequency Range: The energy between the two specified 

points, which is an integer multiple of turning speed, is summed. 
Synchronous Peak: The signal is synchronously sampled to determine the energy at 

harmonic of running speed. In order to use this parameter, the sensor must have a 
tach pulse defined for it. 

HFD (5k-20kHz) High Frequency Detection: An additional collection of vibration data is 
made from which the energy from 5.000 Hz to 20.000 Hz is computed. HFD 
sometimes useful in detecting bearing faults at an early stage. 

RPM: This field displays the RPM for this sensor. A good way to ensure that the tachometer 
definition is set up correctly and the RPM ratio is correct is to compare the reported 
RPM with the expected value. 

3.2.3 Practical example 
Next, an example of a fault is showed. In this case, a progressive defect in the fan bearings 
has been detected. As soon as the pre-alarm level is reached all the related parameters are 
supervised, and once the system indicates the alarm level has been exceeded, the faulty 
bearings are replaced. This kind of fault is best detected using the energy within a frequency 
range parameter. For this kind of defect several frequency ranges have been selected in 
order to assess the degree of severity of the fault. When a bearing defect is first detected (just 
within a unique frequency range), the machine will still be able to work under acceptable 
conditions long before it is advisable to replace the damaged bearings. Therefore, when 
some ranges are affected simultaneously the fault is considered severe enough so as to 
recommend the replacement of the faulty pieces. Fig. 6 shows the trend followed by 
mechanical vibrations for five related consecutive frequency ranges. They all have the same 
performance, giving precise information on the very moment when the failure first 
appeared. Then, it became more and more important until the alarm level was reached, and 
finally it can be seen the level of vibration once the faulty bearings were replaced by means 
of a planned intervention, not affecting production by any means. 
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Spectrum: They are calculated from a related time signal and further processed in order to 
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machine being monitored. In this case, this is done through what we call Analysis 
Parameters Set (APS). Gross scan data are registered for every signal once per each data 
registered cycle. Spectrum data are recorded for one or two signals once per each data 
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Time signal: This software allows the user to visualise data in the time domain, which can 
be very useful is specific situations, though no further analysis is being performed in the 
case under study. 
The system allows to define up to 12 parameters directly related to the frequencies or 
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machine failures. There are many possibilities to choose different types of Analysis 
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Fig. 6. Fault detected in the bearings of the fan 

3.3 Case study 3: Electric motors diagnosis in non-stationary processes 
3.3.1 Predictive maintenance of electrical motors 
Electrical motors are one of the most crucial components of production, and many of them 
are of vital importance for factories to be operational. For this reason a great number of 
diagnosis methods have been developed during years in order to detect motor faults. Some 
of this methods can only be applied off-line because the motor needs to be disconnected and 
isolated. This is the case of hipot analysis, partial discharges, isolation test or surge 
comparison testing. These are well-known techniques in the field of maintenance of 
electrical motors and are widely used in industry, especially for high power machines. There 
are another group of techniques that can be used on-line such as thermography or vibration 
and spectral current analysis. All of them can be considered as predictive methods because 
allow to detect incipient faults and predict the time until a critical fault is declared. The 
problem with the off-line methods is that a fault can produce damages in the system before 
it is detected. This happens when its evolution is faster than the period between analysis. On 
the other hand, spectral analysis methods (current and vibration) allow on-line detection of 
mechanical faults besides electrical ones. Bearings faults, mechanical unbalance, eccentricity, 
windings or coils short-circuits and electrical unbalance are the faults than can be diagnosed 
using vibration or current spectrum. To obtain good results with these methods it is 
important to have the adequate precision in the analized spectrum, what is related mainly 
with the data acquisition rate, acquisition time and speed variation. Though there exist 
processing techniques to use spectral analysis in case of speed variation, they require the use 
of an encoder and have a limit in speed variation. 
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In this section, two industrial applications will be presented: 
• Diagnosis of DC motors of stamping presses 
• Diagnosis of master-slave synchronized AC motors in metal cutting machine 
In both cases it will be explained why it is not possible to use any of the previous detailed 
methods and how other fault detection techniques can be used instead. It is intended to 
show the application in the industry of methods validated in laboratory and widely present 
in scientific literature. 

3.3.2 Diagnosis of DC motors of stamping presses 
Stamping presses are machines used for metal processing with an important role in the 
automotive industry. They usually work forming a line of stamping presses in which the 
piece of metal is sequentially processed along it to acquire its final shape. The movement of 
the press punch is generated with an electrical motor and transmitted trough several gears 
that transform the rotation of the motor in a lineal displacement of the punch with the 
appropriate speed and force to process the metal. The high power of the motor makes that 
in many cases, specially in old machines, it be a DC motor. In these cases it is not possible to 
apply current spectral analysis because fault frequencies appear as side bands of the 
fundamental frequency of the AC motor. Vibration analysis could be used to diagnose faults 
in bearings or other mechanical faults but electrical faults need another diagnosis method.  
In this case a model–based diagnosis system were used to detect faults in motor windings. 
Model-based diagnosis uses the differences between the real system and a model of it to 
detect possible faults and locate their origin. Since it was first proposed by (Chow & 
Willsky, 1984), model–based diagnosis has been object of a great number of publications. 
Many theoretical and practical studies have been carried out along these years, but it is not 
easy to find it in the industry. The main reason for this is the complexity of most systems 
and machines and the difficulty to obtain a model that represents them in all the operating 
conditions. Multiple techniques and solutions have been proposed to solve non-linearity 
problems or model uncertainties. The advantage of applying model-based diagnosis to a DC 
motor is that it has a well-known linear model. In this case the difficulty is the identification 
of the model, because in an industrial environment it is not easy to develop all the required 
experiments and only production data were available.  
The motor model is defined using two electrical equations, one for field winding and 
another for armature winding: 

 · f
f f f f

di
U R i L

dt
= +  (3) 

 · a
a a a a

diU E R i L
dt

= + +  (4) 

being U the source voltage, i the current through the winding, R the winding resistance and 
L its inductance. Subscripts f and a refers to field and armature windings respectively. 
Finally, E is the electromotive force and it is proportional to the field current and motor 
speed ω: 

 fE K iω= ⋅ ⋅  (5) 
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Fig. 6. Fault detected in the bearings of the fan 

3.3 Case study 3: Electric motors diagnosis in non-stationary processes 
3.3.1 Predictive maintenance of electrical motors 
Electrical motors are one of the most crucial components of production, and many of them 
are of vital importance for factories to be operational. For this reason a great number of 
diagnosis methods have been developed during years in order to detect motor faults. Some 
of this methods can only be applied off-line because the motor needs to be disconnected and 
isolated. This is the case of hipot analysis, partial discharges, isolation test or surge 
comparison testing. These are well-known techniques in the field of maintenance of 
electrical motors and are widely used in industry, especially for high power machines. There 
are another group of techniques that can be used on-line such as thermography or vibration 
and spectral current analysis. All of them can be considered as predictive methods because 
allow to detect incipient faults and predict the time until a critical fault is declared. The 
problem with the off-line methods is that a fault can produce damages in the system before 
it is detected. This happens when its evolution is faster than the period between analysis. On 
the other hand, spectral analysis methods (current and vibration) allow on-line detection of 
mechanical faults besides electrical ones. Bearings faults, mechanical unbalance, eccentricity, 
windings or coils short-circuits and electrical unbalance are the faults than can be diagnosed 
using vibration or current spectrum. To obtain good results with these methods it is 
important to have the adequate precision in the analized spectrum, what is related mainly 
with the data acquisition rate, acquisition time and speed variation. Though there exist 
processing techniques to use spectral analysis in case of speed variation, they require the use 
of an encoder and have a limit in speed variation. 
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In this section, two industrial applications will be presented: 
• Diagnosis of DC motors of stamping presses 
• Diagnosis of master-slave synchronized AC motors in metal cutting machine 
In both cases it will be explained why it is not possible to use any of the previous detailed 
methods and how other fault detection techniques can be used instead. It is intended to 
show the application in the industry of methods validated in laboratory and widely present 
in scientific literature. 

3.3.2 Diagnosis of DC motors of stamping presses 
Stamping presses are machines used for metal processing with an important role in the 
automotive industry. They usually work forming a line of stamping presses in which the 
piece of metal is sequentially processed along it to acquire its final shape. The movement of 
the press punch is generated with an electrical motor and transmitted trough several gears 
that transform the rotation of the motor in a lineal displacement of the punch with the 
appropriate speed and force to process the metal. The high power of the motor makes that 
in many cases, specially in old machines, it be a DC motor. In these cases it is not possible to 
apply current spectral analysis because fault frequencies appear as side bands of the 
fundamental frequency of the AC motor. Vibration analysis could be used to diagnose faults 
in bearings or other mechanical faults but electrical faults need another diagnosis method.  
In this case a model–based diagnosis system were used to detect faults in motor windings. 
Model-based diagnosis uses the differences between the real system and a model of it to 
detect possible faults and locate their origin. Since it was first proposed by (Chow & 
Willsky, 1984), model–based diagnosis has been object of a great number of publications. 
Many theoretical and practical studies have been carried out along these years, but it is not 
easy to find it in the industry. The main reason for this is the complexity of most systems 
and machines and the difficulty to obtain a model that represents them in all the operating 
conditions. Multiple techniques and solutions have been proposed to solve non-linearity 
problems or model uncertainties. The advantage of applying model-based diagnosis to a DC 
motor is that it has a well-known linear model. In this case the difficulty is the identification 
of the model, because in an industrial environment it is not easy to develop all the required 
experiments and only production data were available.  
The motor model is defined using two electrical equations, one for field winding and 
another for armature winding: 

 · f
f f f f

di
U R i L

dt
= +  (3) 

 · a
a a a a

diU E R i L
dt

= + +  (4) 

being U the source voltage, i the current through the winding, R the winding resistance and 
L its inductance. Subscripts f and a refers to field and armature windings respectively. 
Finally, E is the electromotive force and it is proportional to the field current and motor 
speed ω: 

 fE K iω= ⋅ ⋅  (5) 
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Identifying a closed–loop system is difficult due to correlation between inputs and outputs 
what makes impossible to use some of the usual identification methods of linear systems. In 
this case, the armature and field source voltage are generated with a controlled rectifier so 
the feedback between output (speed) and input (voltage) is made controlling the firing 
angle. This means that during the period between commutations of the power electronic 
switches an RL circuit is established and it can be seen as an open–loop system between 
voltage and current. Fig. 7 shows measured voltage and current for field and armature 
windings. Induced voltage E can be easily calculated because it is the value of armature 
voltage when current armature is zero. From Equation 5, K can be obtained using measured 
field current and speed. The identification of R and L in each of the windings is made 
considering intervals of operation when a RL circuit between voltage and current can be 
assumed. In these intervals the relation between output (current) and input (voltage) is a 
first order system that can be easily identified calculating the attenuation and lag between 
signals. A mean of all the values of R and L is obtained as DC motor parameters. For 
parameter armature identification only data with ia >0 is used. In the case of field winding 
the continuity in if allows to use all the acquired data for identification. Parameter values are 
those showed in Table 1. 
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Fig. 7. Identification data for DC motor 
 

Ra 0.425Ω 
La 0.00233 H 
Rf 138.67Ω 
Lf 27.57H 
K 1.358 

Table 1. DC motor parameters 

Using the identified model it is possible to define two equations, called residuals, that take a 
value different from zero when a variation in the model happens. This two equations are: 

 1
f

f f f f
di

r U R i L
dt

= − ⋅ −  (6) 
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 2  a
a f a a a

dir U K i R i L
dt

ω= − ⋅ ⋅ − ⋅ −  (7) 

The system could have been completed with the mechanical equation of the motor including 
ω as a variable. As only electrical faults are going to be studied, it is assumed that there will 
be no faults in the encoder. The considered faults are: 
• Brushes faults: can be modelled as a decrease in the armature voltage source respect the 

measured voltage 
• Armature winding short-circuit: this can be turn-to-turn or commutator bar-to-bar 

faults. In both cases RL circuit change its parameters 
• Field winding shot-circuit: also a change in RL circuit is the result of the fault 
• Fault in armature voltage rectifier: one of the power switches fails and remains opened 
• Fault in field voltage rectifier: one of the power switches fails and remains opened 
These five faults have been simulated using the identified model of the motor fed with a 
controlled rectifier in each of the circuits. The simulation allows to observe how the 
residuals change with each of the faults. Six and seven intervals have been defined for the 
values of r1 and r2 respectively. The limits of intervals have been fixed using simulation 
results allowing the use of this two residuals as directional residuals to isolate four type of 
faults. This is shown in Fig. 8. 
 

Fault r1 r2
No fault 0 0
Ra increase 0 − 1, − 2
Ra decrease 0 + 2
La increase 0 − 1
La decrease 0 + 1
Brushes fault 0 − 2
R f increase − 2 + 1
R f decrease + 2 − 1
L f increase + 1 0
L f decrease − 1 0
Armature thiristor up 0 + 3
Armature thiristor down 0 + 3
Field thiristor up + 1 + 1
Field thiristor down + 1 + 1  

Fig. 8. Structural residuals for DC motor diagnosis 
A DC motor diagnosis system was also presented in (Isermann, 2006) using different 
approaches. Four structured residuals were defined to identify and isolate sensor and motor 
faults. The limitations in the system identification are the main difference between both case 
studies. So a different identification method has been proposed in this case and only two 
residuals have been included in the diagnosis system. This imply that sensor faults cannot 
be considered. 

3.3.3 Diagnosis of AC motors using space current vector 
In the case of AC motors, the use of a model-based diagnosis method is more difficult due to 
non-linearities. But other signal analysis techniques can substitute current spectral analysis 
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Identifying a closed–loop system is difficult due to correlation between inputs and outputs 
what makes impossible to use some of the usual identification methods of linear systems. In 
this case, the armature and field source voltage are generated with a controlled rectifier so 
the feedback between output (speed) and input (voltage) is made controlling the firing 
angle. This means that during the period between commutations of the power electronic 
switches an RL circuit is established and it can be seen as an open–loop system between 
voltage and current. Fig. 7 shows measured voltage and current for field and armature 
windings. Induced voltage E can be easily calculated because it is the value of armature 
voltage when current armature is zero. From Equation 5, K can be obtained using measured 
field current and speed. The identification of R and L in each of the windings is made 
considering intervals of operation when a RL circuit between voltage and current can be 
assumed. In these intervals the relation between output (current) and input (voltage) is a 
first order system that can be easily identified calculating the attenuation and lag between 
signals. A mean of all the values of R and L is obtained as DC motor parameters. For 
parameter armature identification only data with ia >0 is used. In the case of field winding 
the continuity in if allows to use all the acquired data for identification. Parameter values are 
those showed in Table 1. 
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Fig. 7. Identification data for DC motor 
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La 0.00233 H 
Rf 138.67Ω 
Lf 27.57H 
K 1.358 

Table 1. DC motor parameters 

Using the identified model it is possible to define two equations, called residuals, that take a 
value different from zero when a variation in the model happens. This two equations are: 

 1
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ω= − ⋅ ⋅ − ⋅ −  (7) 

The system could have been completed with the mechanical equation of the motor including 
ω as a variable. As only electrical faults are going to be studied, it is assumed that there will 
be no faults in the encoder. The considered faults are: 
• Brushes faults: can be modelled as a decrease in the armature voltage source respect the 

measured voltage 
• Armature winding short-circuit: this can be turn-to-turn or commutator bar-to-bar 

faults. In both cases RL circuit change its parameters 
• Field winding shot-circuit: also a change in RL circuit is the result of the fault 
• Fault in armature voltage rectifier: one of the power switches fails and remains opened 
• Fault in field voltage rectifier: one of the power switches fails and remains opened 
These five faults have been simulated using the identified model of the motor fed with a 
controlled rectifier in each of the circuits. The simulation allows to observe how the 
residuals change with each of the faults. Six and seven intervals have been defined for the 
values of r1 and r2 respectively. The limits of intervals have been fixed using simulation 
results allowing the use of this two residuals as directional residuals to isolate four type of 
faults. This is shown in Fig. 8. 
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Fig. 8. Structural residuals for DC motor diagnosis 
A DC motor diagnosis system was also presented in (Isermann, 2006) using different 
approaches. Four structured residuals were defined to identify and isolate sensor and motor 
faults. The limitations in the system identification are the main difference between both case 
studies. So a different identification method has been proposed in this case and only two 
residuals have been included in the diagnosis system. This imply that sensor faults cannot 
be considered. 

3.3.3 Diagnosis of AC motors using space current vector 
In the case of AC motors, the use of a model-based diagnosis method is more difficult due to 
non-linearities. But other signal analysis techniques can substitute current spectral analysis 
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when this cannot be used. Next example studies an AC motor in a cutting machine where 
speed variation is so high in such a short time that Fast Fourier Transform (FFT) cannot 
differentiate spectrum lines for fault detection. The cutting machine has two tilting knifes 
(one at the bottom and one at the top of the machine) that allow cutting trapezoidal pieces 
alternating between two angles of the knife. The reference position must be reached in one 
or two seconds. In this time both knifes must change their speed form zero to maximum 
speed and to zero again. Each knife is moved with an AC motor that are known as master 
and slave. The knifes are mechanically joined so the motors must be synchronized and 
generate always the same torque to avoid problems in the mechanical joint. Master motor 
receive the speed reference that makes possible to achieve the required angle in the specified 
time. This speed reference is prefixed as a function of the rotating angle and line speed (time 
to achieve the required angle), but there is no feedback of the knife angle during the 
movement. The controller of the master motor generates a torque reference -equal to the 
torque it is producing- that is used in the control of the slave motor. If the torque of both 
motors is not the same, it will originate medium-term mechanical faults. But the most 
obvious problem will be the oscillation in the knife control and the uncertainties in the 
cutting angle that this imply.  
To detect problems in the motor windings or in the inverter that controls the motors, current 
space vector analysis is used. Space vector is constructed from the three phase currents 
using the next equation: 

  

22 ( )
3S R S Ti i a i a i= + ⋅ + ⋅  (8) 

being 
2
3· .ja e
π

=  The result is a rotating vector that for a balanced system has a constant 
modulus equal to the amplitude of the current of each phase and whose rotating frequency 
is the frequency of the currents. When an electrical fault occurs in any of the windings it will 
produce an electrical unbalance whose effect is that current space vector will not be centered 
in origin or will loose constant modulus. The fault can be detected using the spectral 
analysis of the space vector modulus (Cardoso et al., 1999; Acosta et al., 2006) or pattern 
recognition of the space vector representation during one or several cycles (Nejjari & 
Benbouzid, 2000; Diallo et al., 2005). 
Fig. 9(a) shows a capture of the master and slave motor angle during 50 seconds of cutting 
process. In Fig. 9(b) a detail of the negative angles can be seen. This difference between 
angles is a repetitive pattern during the production of this type of piece. To find the origin of 
this problem current space vector is analized during the movement of the knife at t = 240s 
and t = 280s. Fig. 10(a) and 10(b) presents the three currents of master motor in each of the 
cases, Fig. 10(c) and 10(d) the current space vectors and Fig. 10(e) its modulus. As the 
desired movement of the knife is always the same (constant time and angle references) it is 
expected that the control actions were identical for every piece. This means that current 
consumption pattern during the movement of the knife should be repeated continuously. 
Two points have been selected along this movement to compare current space vector. These 
are noted as points C and D in Fig. 10(c), 10(d) and 10(e). Points A and B are the start and 
end of the movement in both cases. It can be seen that when the reference point is at the left 
side of the plane, the modulus of the current space vector is higher that when it is at the 
right side. This imply that for the same reference, the generated current and then the 
generated torque are different. The problem is that the expected torque in both cases is the 
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(b) Detail of negative angles 

Fig. 9. Master and slave angle for 25 pieces production 
same but not the actual torque. That is why the difference between master and slave angles 
varies along time depending on the origin and final point of the current space vector. 
The detected fault is caused by the unbalance of the electric circuit that can be caused by a 
fault in the motor windings or in the voltage source inverter. The other possible cause that is 
a fault in the current sensor is rejected because the sum of the three currents is zero. To 
identify the origin of the fault it would be necessary to find a constant speed and constant 
torque operation of the motor and then compare the pattern of the current space vector with 
known fault patterns. 
An example of operation with constant torque can be seen in Fig. 11 where it is constant 
during almost a cycle of the current signal. The current space vector (Fig. 11(d)) is again 
displaced to the left side of the plane. 
Taking into account all the data shown, it can be concluded that the origin of the fault is 
located in the voltage source inverter. Probably the actual duty cycle of one of the switching 
devices is slightly different to the desired, what makes that the voltage generated is not 
balanced. 
Looking at this example it can be understood that the main challenge to use current space 
vector for diagnosis is the automation of the method that could allow using it without 
expert supervision. If the process under research would be stationary, the task will be only a 
pattern recognition problem. In a case like the showed tilting knife, the pattern recognition 
should also have into account the torque variation. 
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when this cannot be used. Next example studies an AC motor in a cutting machine where 
speed variation is so high in such a short time that Fast Fourier Transform (FFT) cannot 
differentiate spectrum lines for fault detection. The cutting machine has two tilting knifes 
(one at the bottom and one at the top of the machine) that allow cutting trapezoidal pieces 
alternating between two angles of the knife. The reference position must be reached in one 
or two seconds. In this time both knifes must change their speed form zero to maximum 
speed and to zero again. Each knife is moved with an AC motor that are known as master 
and slave. The knifes are mechanically joined so the motors must be synchronized and 
generate always the same torque to avoid problems in the mechanical joint. Master motor 
receive the speed reference that makes possible to achieve the required angle in the specified 
time. This speed reference is prefixed as a function of the rotating angle and line speed (time 
to achieve the required angle), but there is no feedback of the knife angle during the 
movement. The controller of the master motor generates a torque reference -equal to the 
torque it is producing- that is used in the control of the slave motor. If the torque of both 
motors is not the same, it will originate medium-term mechanical faults. But the most 
obvious problem will be the oscillation in the knife control and the uncertainties in the 
cutting angle that this imply.  
To detect problems in the motor windings or in the inverter that controls the motors, current 
space vector analysis is used. Space vector is constructed from the three phase currents 
using the next equation: 
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being 
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=  The result is a rotating vector that for a balanced system has a constant 
modulus equal to the amplitude of the current of each phase and whose rotating frequency 
is the frequency of the currents. When an electrical fault occurs in any of the windings it will 
produce an electrical unbalance whose effect is that current space vector will not be centered 
in origin or will loose constant modulus. The fault can be detected using the spectral 
analysis of the space vector modulus (Cardoso et al., 1999; Acosta et al., 2006) or pattern 
recognition of the space vector representation during one or several cycles (Nejjari & 
Benbouzid, 2000; Diallo et al., 2005). 
Fig. 9(a) shows a capture of the master and slave motor angle during 50 seconds of cutting 
process. In Fig. 9(b) a detail of the negative angles can be seen. This difference between 
angles is a repetitive pattern during the production of this type of piece. To find the origin of 
this problem current space vector is analized during the movement of the knife at t = 240s 
and t = 280s. Fig. 10(a) and 10(b) presents the three currents of master motor in each of the 
cases, Fig. 10(c) and 10(d) the current space vectors and Fig. 10(e) its modulus. As the 
desired movement of the knife is always the same (constant time and angle references) it is 
expected that the control actions were identical for every piece. This means that current 
consumption pattern during the movement of the knife should be repeated continuously. 
Two points have been selected along this movement to compare current space vector. These 
are noted as points C and D in Fig. 10(c), 10(d) and 10(e). Points A and B are the start and 
end of the movement in both cases. It can be seen that when the reference point is at the left 
side of the plane, the modulus of the current space vector is higher that when it is at the 
right side. This imply that for the same reference, the generated current and then the 
generated torque are different. The problem is that the expected torque in both cases is the 
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(b) Detail of negative angles 

Fig. 9. Master and slave angle for 25 pieces production 
same but not the actual torque. That is why the difference between master and slave angles 
varies along time depending on the origin and final point of the current space vector. 
The detected fault is caused by the unbalance of the electric circuit that can be caused by a 
fault in the motor windings or in the voltage source inverter. The other possible cause that is 
a fault in the current sensor is rejected because the sum of the three currents is zero. To 
identify the origin of the fault it would be necessary to find a constant speed and constant 
torque operation of the motor and then compare the pattern of the current space vector with 
known fault patterns. 
An example of operation with constant torque can be seen in Fig. 11 where it is constant 
during almost a cycle of the current signal. The current space vector (Fig. 11(d)) is again 
displaced to the left side of the plane. 
Taking into account all the data shown, it can be concluded that the origin of the fault is 
located in the voltage source inverter. Probably the actual duty cycle of one of the switching 
devices is slightly different to the desired, what makes that the voltage generated is not 
balanced. 
Looking at this example it can be understood that the main challenge to use current space 
vector for diagnosis is the automation of the method that could allow using it without 
expert supervision. If the process under research would be stationary, the task will be only a 
pattern recognition problem. In a case like the showed tilting knife, the pattern recognition 
should also have into account the torque variation. 
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Fig. 10. Current Space Vector Analysis of master motor at different times 
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Fig. 11. Example of constant torque reference 

3.4 Case Study 4: Laser welding defect detection 
In this section, two approaches to the problem of defect detection in laser welding are 
presented. The first is based on analyzing the signal generated by a photodiode in both the 
time and frequency domain. The second consists of relating variations in the plasma 
electron temperature with weld quality. 
The methods presented have been tested in an industrial facility under real production 
conditions, exposing them to conditions more requiring than those found in laboratory 
experimentation. Detailed description can be found in (Saludes et al., 2010). 

3.4.1 Problem description 
Laser welding is used to weld the tailored welded blanks due to its advantages: a high 
processing speed, flexibility, low heat input and ease of automation. However, it is possible 
that some defects could appear in a laser welded seam that can also appear in seams welded 
using other techniques. 
The defects that have to be detected are lack of penetration, pores, inner pores, holes and 
drop–outs. 
The methods described here have been tested on an industrial facility equipped with a 
Trumpf Turbo 8000 CO2 laser with output power of up to 8000W and operated in a 
continuous–wave regime. The installation is completely automated and capable of welding 
up to 20,000 seams a day. 
The specimens welded in this installation were galvanized steel sheets whose thicknesses were 
different and, in both cases, less than 1 mm. Taking into account the sheets thickness and 



 New Trends and Developments in Automotive Industry 

 

50 

 
 

M
as

te
r C

ur
re

nt
s 

(A
)

100,00

-100,00

-80,00

-60,00

-40,00

-20,00

0,00

20,00

40,00

60,00

80,00

Time (s)
243,54242,5 242,8 243 243,2 243,4

M
as

te
r C

ur
re

nt
s 

(A
)

100,00

-100,00

-80,00

-60,00

-40,00

-20,00

0,00

20,00

40,00

60,00

80,00

Time (s)
281,74280,7 281 281,2 281,4 281,6

Phase R
Phase S
Phase T

 
                           (a) t = 240 s                                                             (b) t = 280 s 

 

D

C

B

A

Iq
 (A

)

100

-100

-80

-60

-40

-20

0

20

40

60

80

Id (A)
100-100 -80 -60 -40 -20 0 20 40 60 80

D

C
B

A

Iq
 (A

)

100

-100

-80

-60

-40

-20

0

20

40

60

80

Id (A)
100-100 -80 -60 -40 -20 0 20 40 60 80

 
                                     (c) t = 240 s                                                      (d) t = 280 s 

 

DC

Cu
rre

nt
 S

pa
ce

 V
ec

to
r M

od
ulu

s  
(A

)

110,00

20,00

30,00

40,00

50,00

60,00

70,00

80,00

90,00

100,00

Time (s)
1,040 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

t = 240
t = 280

 
(e) Current Space Vector Modulus 

 
Fig. 10. Current Space Vector Analysis of master motor at different times 

Monitoring and Fault Diagnosis in Manufacturing Processes in the Automotive Industry   

 

51 
M

as
te

r C
ur

re
nt

s 
(A

)

100,00

-100,00

-50,00

0,00

50,00

Time (s)
18,617,6 17,8 18 18,2 18,4

Phase R
Phase S
Phase T

(a) Three phase currents of master motor

 S
pa

ce
 V

ec
to

r M
od

ulu
s (

A)

100,00

25,00

50,00

75,00

Time (s)
18,617,6 17,8 18 18,2 18,4

(b) Current Space Vector modulus

A BTo
rq

ue
 R

ef
er

en
ce

 (V
)

10,00

-10,00

-5,00

0,00

5,00

Time (s)
18,617,6 17,8 18 18,2 18,4

(c) Torque reference generated in master control

B

A

Iq
 (A

)

100

-100

-80

-60

-40

-20

0

20

40

60

80

Id (A)
100-100 -80 -60 -40 -20 0 20 40 60 80

(d) Current Space Vector

 
Fig. 11. Example of constant torque reference 

3.4 Case Study 4: Laser welding defect detection 
In this section, two approaches to the problem of defect detection in laser welding are 
presented. The first is based on analyzing the signal generated by a photodiode in both the 
time and frequency domain. The second consists of relating variations in the plasma 
electron temperature with weld quality. 
The methods presented have been tested in an industrial facility under real production 
conditions, exposing them to conditions more requiring than those found in laboratory 
experimentation. Detailed description can be found in (Saludes et al., 2010). 

3.4.1 Problem description 
Laser welding is used to weld the tailored welded blanks due to its advantages: a high 
processing speed, flexibility, low heat input and ease of automation. However, it is possible 
that some defects could appear in a laser welded seam that can also appear in seams welded 
using other techniques. 
The defects that have to be detected are lack of penetration, pores, inner pores, holes and 
drop–outs. 
The methods described here have been tested on an industrial facility equipped with a 
Trumpf Turbo 8000 CO2 laser with output power of up to 8000W and operated in a 
continuous–wave regime. The installation is completely automated and capable of welding 
up to 20,000 seams a day. 
The specimens welded in this installation were galvanized steel sheets whose thicknesses were 
different and, in both cases, less than 1 mm. Taking into account the sheets thickness and 



 New Trends and Developments in Automotive Industry 

 

52 

according to (ISO, 1997), the minimum size of the defects is 200 μm. Beam–on–plate welding 
was carried out at a power ranging from 6 to 8 kW. The welding head displacement speed was 
between 6 and 10 m/min. The shielding gas used was Helium at a flow rate of 40 l/min. 

3.4.2 Radiation based methods 
Two 1.5 mm diameter optical fiber EH 4001 type were used to collect and transmit the 
plasma–emitted and melted–emitted radiation to two different photodiodes. The first was a 
Siemens SFH203FA IR sensor, sensitive to the 800–1100 nm range, intended to detect 
variations in the shape of the pool of molten material. The second was a Centronic OSD5,8-7 
Q UV and visible light detector, sensitive to the range 200–1100 nm. The signals generated 
were amplified by means of two Femto LCA-400K-10M amplifiers. A National Instruments 
PCI 6034E data acquisition board was used to measure and collect data using a PC with a 
sampling frequency of 10000 Hz. The detectors’ visual line was 25° above horizontal. 
3.4.2.1 Time domain method 
As the measured radiation is related to the melting of the welded metals, it is expected that 
defects in the welding process will produce changes in the signal to be analyzed. If the 
width and depth of the keyhole is constant, and the laser power is also constant, the 
quantity of melted metal at each point will be the same and the radiation produced will be 
constant throughout the process. In the case of a lack of penetration or porosity occurs at 
any point of the seam, the radiation will instantaneously decrease. 
Defect detection will be based on the idea that the changes in the signals generated by the 
photodiodes are related to the defects. Thus, the location of changes in the signals can lead 
to defect detection. This issue can be included in what is called detection of abrupt changes 
(Basseville & Nikiforov, 1993b). 
The algorithm used in this case is a CUSUM RLS adaptive filter that combines an adaptive 
least squares (LS) filter with a CUSUM test for change detection (Gusstafson, 2000). 
The time domain fault detection method is intended for finding small defects that can be 
present in the seam. These faults are typically holes, both trespassing and not trespassing, 
with sizes ranging from 0.5 mm to 2 mm. 
In order to simulate such kinds of defects, small scrapes have been removed from the edge 
of the thinnest of the workpieces to be welded. These scrapes have been done in such a way 
that they are not visible when the workpiece is looked at from above, i.e., from the side the 
laser hits the workpiece. Then, the workpieces have been welded under normal conditions. 
Afterwards, visual inspection has been carried out. Finally, the visual inspection findings 
have been compared to the ones obtained through the time–domain algorithm. The ratio of 
detected holes versus induced holes is 55.1% and the ratio of false alarms is 2.04%. The 
detected holes ratio seems to be very low but this can be explained by considering how the 
detection algorithm works. As it is based on a polynomial fit of the signal, to decide if a 
signal change is a fault or not, the number of valleys in the signal corresponding to holes 
will affect the threshold used. So the presence of various defects with great changes in the 
same signal can move the polynomial to a limit for which small holes with low changes do 
not overpass. If the number of seams with some hole detected is counted instead of every 
detected hole, the ratio of faulty seams detected is 100% and the false alarm ratio is 0%. 
3.4.2.2 Frequency domain method 
The authors found in previous work that, in the frequency domain, the signal energy de- 
creases significantly in the case of a partial penetration fault (Rodríguez et al., 2003). Based  
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Fig. 12. Features associated to faulty and non–faulty seams 
on this result, a method for detecting lack of penetration has been developed. The method 
comprises two parts. In the first, some features are extracted from the signals generated by 
both photodiodes. In the second, these features are classified by means of a multilayer 
perceptron neural network. The two steps are summarized below. 
1. Feature extraction. The signal coming from both sensors is divided into N equal–size 

segments and the Fast Fourier Transform (FFT) is used to perform a frequency domain 
transformation for each segment. Then, the RMS value for four frequency bands is 
obtained. Also, the RMS for the whole frequency range is computed. The bands range 
from 500 Hz to 1500 Hz and from 4000 Hz to 5000 Hz. The features can be seen in Fig. 12. 
Finally, a normalization for each segment is done obtaining the relative harmonic 
distribution for each frequency band. After all this calculation, four parameters for each 
sensor and for each segment are obtained: normalized and noise-free data of RMS 
values for the two frequency bands, global weld RMS and global noise RMS. 

2. Decision making. The extracted features are classified using a multilayer perceptron 
neural network (Haykin, 1999). 

The results obtained show that 93.9% of the normal seams were classified as normal and 
97.1% of the faulty seams were classified as faulty. 

3.4.3 Plasma electron temperature based method 
During laser welding, a plasma is formed inside the keyhole. The electron temperature is 
related to the energy of the electrons that are in the plasma. In the following sections, the 
estimation of the electron temperature and how to correlate it with weld quality is explained. 
3.4.3.1 Electron temperature estimation 
Plasma electron temperature Te can be determined by using the Boltzmann equation (Griem, 
1997), which allows the population of an excited level to be calculated by means of the 
equation (9): 
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according to (ISO, 1997), the minimum size of the defects is 200 μm. Beam–on–plate welding 
was carried out at a power ranging from 6 to 8 kW. The welding head displacement speed was 
between 6 and 10 m/min. The shielding gas used was Helium at a flow rate of 40 l/min. 

3.4.2 Radiation based methods 
Two 1.5 mm diameter optical fiber EH 4001 type were used to collect and transmit the 
plasma–emitted and melted–emitted radiation to two different photodiodes. The first was a 
Siemens SFH203FA IR sensor, sensitive to the 800–1100 nm range, intended to detect 
variations in the shape of the pool of molten material. The second was a Centronic OSD5,8-7 
Q UV and visible light detector, sensitive to the range 200–1100 nm. The signals generated 
were amplified by means of two Femto LCA-400K-10M amplifiers. A National Instruments 
PCI 6034E data acquisition board was used to measure and collect data using a PC with a 
sampling frequency of 10000 Hz. The detectors’ visual line was 25° above horizontal. 
3.4.2.1 Time domain method 
As the measured radiation is related to the melting of the welded metals, it is expected that 
defects in the welding process will produce changes in the signal to be analyzed. If the 
width and depth of the keyhole is constant, and the laser power is also constant, the 
quantity of melted metal at each point will be the same and the radiation produced will be 
constant throughout the process. In the case of a lack of penetration or porosity occurs at 
any point of the seam, the radiation will instantaneously decrease. 
Defect detection will be based on the idea that the changes in the signals generated by the 
photodiodes are related to the defects. Thus, the location of changes in the signals can lead 
to defect detection. This issue can be included in what is called detection of abrupt changes 
(Basseville & Nikiforov, 1993b). 
The algorithm used in this case is a CUSUM RLS adaptive filter that combines an adaptive 
least squares (LS) filter with a CUSUM test for change detection (Gusstafson, 2000). 
The time domain fault detection method is intended for finding small defects that can be 
present in the seam. These faults are typically holes, both trespassing and not trespassing, 
with sizes ranging from 0.5 mm to 2 mm. 
In order to simulate such kinds of defects, small scrapes have been removed from the edge 
of the thinnest of the workpieces to be welded. These scrapes have been done in such a way 
that they are not visible when the workpiece is looked at from above, i.e., from the side the 
laser hits the workpiece. Then, the workpieces have been welded under normal conditions. 
Afterwards, visual inspection has been carried out. Finally, the visual inspection findings 
have been compared to the ones obtained through the time–domain algorithm. The ratio of 
detected holes versus induced holes is 55.1% and the ratio of false alarms is 2.04%. The 
detected holes ratio seems to be very low but this can be explained by considering how the 
detection algorithm works. As it is based on a polynomial fit of the signal, to decide if a 
signal change is a fault or not, the number of valleys in the signal corresponding to holes 
will affect the threshold used. So the presence of various defects with great changes in the 
same signal can move the polynomial to a limit for which small holes with low changes do 
not overpass. If the number of seams with some hole detected is counted instead of every 
detected hole, the ratio of faulty seams detected is 100% and the false alarm ratio is 0%. 
3.4.2.2 Frequency domain method 
The authors found in previous work that, in the frequency domain, the signal energy de- 
creases significantly in the case of a partial penetration fault (Rodríguez et al., 2003). Based  
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Fig. 12. Features associated to faulty and non–faulty seams 
on this result, a method for detecting lack of penetration has been developed. The method 
comprises two parts. In the first, some features are extracted from the signals generated by 
both photodiodes. In the second, these features are classified by means of a multilayer 
perceptron neural network. The two steps are summarized below. 
1. Feature extraction. The signal coming from both sensors is divided into N equal–size 

segments and the Fast Fourier Transform (FFT) is used to perform a frequency domain 
transformation for each segment. Then, the RMS value for four frequency bands is 
obtained. Also, the RMS for the whole frequency range is computed. The bands range 
from 500 Hz to 1500 Hz and from 4000 Hz to 5000 Hz. The features can be seen in Fig. 12. 
Finally, a normalization for each segment is done obtaining the relative harmonic 
distribution for each frequency band. After all this calculation, four parameters for each 
sensor and for each segment are obtained: normalized and noise-free data of RMS 
values for the two frequency bands, global weld RMS and global noise RMS. 

2. Decision making. The extracted features are classified using a multilayer perceptron 
neural network (Haykin, 1999). 

The results obtained show that 93.9% of the normal seams were classified as normal and 
97.1% of the faulty seams were classified as faulty. 

3.4.3 Plasma electron temperature based method 
During laser welding, a plasma is formed inside the keyhole. The electron temperature is 
related to the energy of the electrons that are in the plasma. In the following sections, the 
estimation of the electron temperature and how to correlate it with weld quality is explained. 
3.4.3.1 Electron temperature estimation 
Plasma electron temperature Te can be determined by using the Boltzmann equation (Griem, 
1997), which allows the population of an excited level to be calculated by means of the 
equation (9): 
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where Nm is the population density of the excited estate m, N is the total density of the state, Z 
is the partition function, gm the statistical weight, Em the excitation energy, k the Boltzmann 
constant and Te the plasma electron temperature. Equation (9) can be used when the plasma is 
in local thermal equilibrium (LTE), a condition that is assumed to be valid when (Griem, 1997) 

 ( )312 1/21.6 10e eN T E≥ × Δ  (10) 

where Ne is the electronic density and ΔE is the largest energy gap in the atomic level 
system. Equation (10) can be determined by considering that a necessary condition for LTE 
is that the collision rate has to exceed the spontaneous emission by a factor of ten. The 
assumption of LTE implies that the different particles within the plasma have Maxwellian 
energy distributions. 
In optically thin plasmas, the intensity of a given emission line Imn induced by a transition from 
level m to level n, can be related to the population density of the upper level Nm through 

 mn m mn mnI N A hγ=  (11) 

where Amn is the transition probability, and hγm is the energy of such a transition. 
Combining equations (9) and (11), Te can be obtained from the following expression: 

 ln lnmn mn m

mn m e

I EhcN
A g Z kT

λ⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
 (12) 

The plot resulting from using various lines from the same atomic species in the same 
ionization state and representing the left–hand side of equation (12) versus Em has a slope 
inversely proportional to Te. This technique is usually referred to as a Boltzmann–plot. 
3.4.3.2 Spectroscopic lines identification 
There are several conditions spectral lines must fulfil in order to be valid candidates for 
electronic temperature estimation. Selected lines must verify that ΔE > kT on the upper 
energy levels to ensure they don’t belong to the same multiplet. Moreover, the line must be 
free of self–absorption; one can prove that this condition has been fulfilled by verifying that 
the optical depth (Griem, 1997) τ of the plasma for the selected spectral lines is τ < 0.1. 
Measurements were performed during normal welding. Radiation emitted by plasma plume 
was gathered by means of a 3 mm diameter optic fiber. This optic fiber fed light to a high 
resolution Oriel MS257 spectrometer fitted with an Andor ICCD–520 camera. The spectral 
lines suitable for electronic temperature estimation found in this way are shown in table 2. 
All the spectral lines shown in table 2 come from iron electronic transitions. The wavelength, 
transition probability, low level energy and its degeneration are all shown in this table. 
Wave- length is a measured feature, while the remainder come from the NIST (National 
Institute for Standards and Technology) atomic spectra database. 
The spectrometer used during on–line monitoring was an Ocean Optics HR4000, fitted with 
a 2400 lines/mm diffraction grating and a 5 μm aperture slit. The spectrometer features a 
3600 pixels CCD, a 0.05 nm spectral resolution and an 80 nm spectral range. Due to that the  
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λ (nm) Amn (s–1) Ek (cm–1) gk 

411.85 5.80 · 107 53093.52 13 
413.21 1.20 · 107 37162.74 7 
414.39 1.50 · 107 36686.16 9 
425.01 2.08 · 107 43434.63 7 
426.05 3.20 · 107 42815.86 11 
427.18 2.28 · 107 35379.21 11 
430.79 3.40 · 107 35767.56 9 
432.58 5.00 · 107 36079.37 7 
438.35 5.00 · 107 34782.42 11 
440.48 2.75 · 107 35257.32 9 
441.51 1.19 · 107 35611.62 7 
452.86 5.44 · 107 39625.8 9 

Table 2. Spectral lines associated to Fe I 
device is able to take data at a rate of 200 Hz and the welding speed ranges from 6 m/min to 
10 m/min, the distance travelled between spectra is two or three times the size of the 
smallest defect that must be detected. Since at least one spectrum must be gathered during a 
defect occurrence, this will be a drawback of the proposed method unless a strategy based 
on the synchronization of several spectrometers is adopted. 
3.4.3.3 Results 
The defect detection method based on electronic temperature has been tested in the 
industrial facility described in section 3.4.1. The conditions under which experiments were 
carried out are the same as those found during normal industrial production: electrical 
noise, mechanical vibrations and steel sheets to be welded covered by an oil film. During 
experiments, the laser power was set to 8000 W and welding speed was 4.5 m/s. 
Experiments can be classified into two classes: Those that have been performed during 
normal operation and those in which defects have been forced. 
Experiments carried out during normal operation are those in which the manufacturing 
cadence was the usual in the car factory where the experiments were done. The purpose of 
these experiments were twofold: to estimate the electronic temperature during normal 
operation and to observe its variation between seams. 
The electronic temperature variation between seams can be seen in Fig. 13(a), in which the 
electronic temperature of 70 consecutively welded seams is shown. The electronic 
temperature represented is the mean value of the temperatures estimated in 180 points 
along each seam. Moreover, the standard deviation is also represented by means of error 
bars. All the welds were made with the same process parameters. Worth to be noted is the 
sudden increment in the mean value of the electronic temperature in seam number 21, 
which decreases in seam number 40. The standard deviation remains constant along all the 
seams, although it can be seen that it is greater between seams numbers 39 and 40, just 
during a drop in the electronic temperature. The seams numbers 1 and 28 presents a huge 
standard deviation, but no differences were found in the seams, with respect to the other 
seams, that can explain this behaviour. A decreasing trend can be observed, specially from 
seam number 40. Again, no differences in quality terms, penetration depth in this case, were 
found. Since no changes in the process parameters were introduced, these fluctuations can 
only be related to some internal state of the laser welding machine. 
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where Nm is the population density of the excited estate m, N is the total density of the state, Z 
is the partition function, gm the statistical weight, Em the excitation energy, k the Boltzmann 
constant and Te the plasma electron temperature. Equation (9) can be used when the plasma is 
in local thermal equilibrium (LTE), a condition that is assumed to be valid when (Griem, 1997) 
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where Ne is the electronic density and ΔE is the largest energy gap in the atomic level 
system. Equation (10) can be determined by considering that a necessary condition for LTE 
is that the collision rate has to exceed the spontaneous emission by a factor of ten. The 
assumption of LTE implies that the different particles within the plasma have Maxwellian 
energy distributions. 
In optically thin plasmas, the intensity of a given emission line Imn induced by a transition from 
level m to level n, can be related to the population density of the upper level Nm through 

 mn m mn mnI N A hγ=  (11) 

where Amn is the transition probability, and hγm is the energy of such a transition. 
Combining equations (9) and (11), Te can be obtained from the following expression: 
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The plot resulting from using various lines from the same atomic species in the same 
ionization state and representing the left–hand side of equation (12) versus Em has a slope 
inversely proportional to Te. This technique is usually referred to as a Boltzmann–plot. 
3.4.3.2 Spectroscopic lines identification 
There are several conditions spectral lines must fulfil in order to be valid candidates for 
electronic temperature estimation. Selected lines must verify that ΔE > kT on the upper 
energy levels to ensure they don’t belong to the same multiplet. Moreover, the line must be 
free of self–absorption; one can prove that this condition has been fulfilled by verifying that 
the optical depth (Griem, 1997) τ of the plasma for the selected spectral lines is τ < 0.1. 
Measurements were performed during normal welding. Radiation emitted by plasma plume 
was gathered by means of a 3 mm diameter optic fiber. This optic fiber fed light to a high 
resolution Oriel MS257 spectrometer fitted with an Andor ICCD–520 camera. The spectral 
lines suitable for electronic temperature estimation found in this way are shown in table 2. 
All the spectral lines shown in table 2 come from iron electronic transitions. The wavelength, 
transition probability, low level energy and its degeneration are all shown in this table. 
Wave- length is a measured feature, while the remainder come from the NIST (National 
Institute for Standards and Technology) atomic spectra database. 
The spectrometer used during on–line monitoring was an Ocean Optics HR4000, fitted with 
a 2400 lines/mm diffraction grating and a 5 μm aperture slit. The spectrometer features a 
3600 pixels CCD, a 0.05 nm spectral resolution and an 80 nm spectral range. Due to that the  
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normal operation and those in which defects have been forced. 
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cadence was the usual in the car factory where the experiments were done. The purpose of 
these experiments were twofold: to estimate the electronic temperature during normal 
operation and to observe its variation between seams. 
The electronic temperature variation between seams can be seen in Fig. 13(a), in which the 
electronic temperature of 70 consecutively welded seams is shown. The electronic 
temperature represented is the mean value of the temperatures estimated in 180 points 
along each seam. Moreover, the standard deviation is also represented by means of error 
bars. All the welds were made with the same process parameters. Worth to be noted is the 
sudden increment in the mean value of the electronic temperature in seam number 21, 
which decreases in seam number 40. The standard deviation remains constant along all the 
seams, although it can be seen that it is greater between seams numbers 39 and 40, just 
during a drop in the electronic temperature. The seams numbers 1 and 28 presents a huge 
standard deviation, but no differences were found in the seams, with respect to the other 
seams, that can explain this behaviour. A decreasing trend can be observed, specially from 
seam number 40. Again, no differences in quality terms, penetration depth in this case, were 
found. Since no changes in the process parameters were introduced, these fluctuations can 
only be related to some internal state of the laser welding machine. 
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Fig. 13. Electron temperature results 
Besides the estimation of electronic temperature during normal welding, some experiments 
intended to generate defect have been carried out. The class of detect used in such 
experiments was holes and pores. The difference between a pore and a hole is that the 
former does not go through the seam while the latter does. 
In Fig. 13(b), the electronic temperature associated to a seam in which three holes were 
forced is shown. Worth of be noted are the three peaks that appear at the same positions the 
holes were induced. They can be seen at positions between 76 mm and 114 mm, 152 mm and 
190 mm and 228 mm and 266 mm in figure 13(b). 

4. Conclusions 
Fault detection methods in the automotive industry have a great complexity due to the 
differences between the different machines and processes involved. This complexity makes 
difficult or even impossible the human supervision of all the processes, although the 
available technology are of great help in this task. The difficulties found in process 
supervision came from the huge amount of variables that have to be taken into account and 
the overwhelming information available. 
Nowadays, the correct operation of any plant is more than keeping all the devices in good 
shape. It also means to know the state of all the devices and machines in order to avoid 
disruptions in manufacturing production originated by faults or unexpected stops. 
In this chapter, it has been shown that predictive maintenance can be applied to very 
different equipment. This maintenance approach provides the operator with valuable 
information about equipment status and its future behaviour. The implementation of any 
predictive maintenance strategy is subject to the importance of the process to be supervised. 
This also will determine the diagnosis to be performed. Moreover, the economical analysis 
of the design and implementation of the diagnosis system will determine the adoption of 
any predictive maintenance strategy. 
Any diagnosis system can be broken down into three main modules: data acquisition, signal 
processing and decision making. Through the case studies presented in this paper, several 
implementation ways of each component have been presented. 
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In this way, data acquisition has been illustrated by the case of a machine tool in which the 
data needed to perform diagnosis is the same data the controller commanding it uses. In this 
case no more sensors are required. The opposite situation is found in the case of laser welding. 
In this case, very specialised sensors, like spectrometers, are required to gather data. In the 
other two study cases, conventional sensors have been installed. Current transducers and 
accelerometers are common in industrial applications. Their costs depends on precision, range 
and other requirements. Acquisition hardware to which sensors will be connected is not 
usually a critical element. This is due to the variety of devices commercially available. 
However, it could be necessary to develop tailored solutions for specific applications, although 
it will never be the most critical step in the implementation of a diagnosis system. 
Through the case studies, several approaches to the signal processing module are shown. 
They range from classical frequency analysis to plasma physics. Also, complex techniques 
have been used to process signal in the time domain or to detect abrupt changes. The most 
suitable technique is always determined by the pursued target. In same cases it would be 
possible to chose between several techniques that pursues the same objective. This is the 
case of defect detection in bearings, where vibration analysis and current analysis are both 
suitable. Nevertheless, usually only one technique provides the information required to 
detect the defects. For this reason, the designer has to have a deep knowledge of the 
processing techniques in order to find the most suitable for the problem at hand. In some 
cases this will not be enough, and the designer has to develop the processing techniques. 
This is the situation in the study case related to the machine tool, where segmentation 
techniques had to be developed in order to find the exact defect location. 
Decision making usually is the most difficult step, due to the lack of information about system 
behaviour when it is in faulty state. This information can be gathered along time once the data 
acquisition and signal processing modules are installed. The most simple case presented is the 
motor–fans in a car painting cabinet. In this case, the decision making is carried out by means 
of a threshold set whose values are set through observation. This is a process that has to be 
repeated every time a major maintenance task is done. A very different situation is found in 
the case of laser welding, where decision making is performed by a machine learning method, 
like neural networks, whose training is done only when significant information has been 
collected. In this case there is no need for an operator performing supervision tasks. 
It is important to note that process expert knowledge is basic in the design of any diagnosis 
system. A deep understanding of the physical principles involved in the process is the main 
clue to choose the best strategy to extract features indicating the presence of a fault. The 
expert is who will be able to know or to deduce which signals are the most affected by the 
presence of a fault and how they can change in this situation. For example, part of the 
failures will have an effect on the signal harmonic content, while others will affect the 
evolution in the time domain. Moreover, they will play a key role when assessing any other 
kind of dependencies among the data. Frequently it is advisable to analyse correlations 
among variables or along the evolution of any variable in the time domain. This can be done 
by means of mathematical methods that can also offer information on the changes 
associated with failures. The expert will be able to confirm if that information is relevant or 
is just a mathematical result coming from particular cases. 
To sum up, automotive industry can improve their processes through predictive 
maintenance and the automatic defect detection methods that can be integrate into it. The 
vast majority of these techniques have reached a mature state and have been successfully 
implemented. There are also new promising techniques that can improve new processes in 
the automotive industry, like laser material processing. The implementation of any of these 
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Besides the estimation of electronic temperature during normal welding, some experiments 
intended to generate defect have been carried out. The class of detect used in such 
experiments was holes and pores. The difference between a pore and a hole is that the 
former does not go through the seam while the latter does. 
In Fig. 13(b), the electronic temperature associated to a seam in which three holes were 
forced is shown. Worth of be noted are the three peaks that appear at the same positions the 
holes were induced. They can be seen at positions between 76 mm and 114 mm, 152 mm and 
190 mm and 228 mm and 266 mm in figure 13(b). 

4. Conclusions 
Fault detection methods in the automotive industry have a great complexity due to the 
differences between the different machines and processes involved. This complexity makes 
difficult or even impossible the human supervision of all the processes, although the 
available technology are of great help in this task. The difficulties found in process 
supervision came from the huge amount of variables that have to be taken into account and 
the overwhelming information available. 
Nowadays, the correct operation of any plant is more than keeping all the devices in good 
shape. It also means to know the state of all the devices and machines in order to avoid 
disruptions in manufacturing production originated by faults or unexpected stops. 
In this chapter, it has been shown that predictive maintenance can be applied to very 
different equipment. This maintenance approach provides the operator with valuable 
information about equipment status and its future behaviour. The implementation of any 
predictive maintenance strategy is subject to the importance of the process to be supervised. 
This also will determine the diagnosis to be performed. Moreover, the economical analysis 
of the design and implementation of the diagnosis system will determine the adoption of 
any predictive maintenance strategy. 
Any diagnosis system can be broken down into three main modules: data acquisition, signal 
processing and decision making. Through the case studies presented in this paper, several 
implementation ways of each component have been presented. 
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Decision making usually is the most difficult step, due to the lack of information about system 
behaviour when it is in faulty state. This information can be gathered along time once the data 
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associated with failures. The expert will be able to confirm if that information is relevant or 
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To sum up, automotive industry can improve their processes through predictive 
maintenance and the automatic defect detection methods that can be integrate into it. The 
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techniques needs of qualified technicians whose knowledge and expertise will make 
possible success in their implementation. 
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1. Introduction    
The automotive industry is one of the most successful and dynamic environments playing a 
key role in the economic market. The actors involved in it assume different functions by 
which they collaborate and interact for the operations and processes of production and 
innovation. As a part of the product development process, the manufacturing and the after-
sales services are indeed connected and inter-dependencies occur among them for product 
development, customer satisfaction and economic performance. The management of the 
operations among the manufacturing and after-sales services is one of the most important 
bases for the development and life cycle management of the products.  
The operations and their management are established according to the purposes of 
collaboration and are updated continuously by creating and adding elements to improve 
them and to achieve continuous positive outcomes. Besides, the human capital involved in 
the operations also needs competences and skills improvement in order to be aligned with 
the operations and its management. Thus, in this chapter, we question the role of 
professional training that is leading to the development of the competences of the people 
involved in the operations and their management, and investigate on the concurrent role of 
both through the presentation of the information systems architecture connecting a large 
firm in the automotive industry with its after-sales services partners.  
First, we present the literature concerning the professional training to define it and to show 
the major role it plays as competences enhancer and developer, and the operations 
management to show that it is the focus of engineering and development. Then, we present 
the information systems architecture subject of the study, but before that we present the 
conceptual framework and research methodology. After that, we explain the need for 
strategic changes in the information systems architecture of the after-sales services, some 
issues for the changes, and initial proofs of the concurrent role of professional training and 
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sales services are indeed connected and inter-dependencies occur among them for product 
development, customer satisfaction and economic performance. The management of the 
operations among the manufacturing and after-sales services is one of the most important 
bases for the development and life cycle management of the products.  
The operations and their management are established according to the purposes of 
collaboration and are updated continuously by creating and adding elements to improve 
them and to achieve continuous positive outcomes. Besides, the human capital involved in 
the operations also needs competences and skills improvement in order to be aligned with 
the operations and its management. Thus, in this chapter, we question the role of 
professional training that is leading to the development of the competences of the people 
involved in the operations and their management, and investigate on the concurrent role of 
both through the presentation of the information systems architecture connecting a large 
firm in the automotive industry with its after-sales services partners.  
First, we present the literature concerning the professional training to define it and to show 
the major role it plays as competences enhancer and developer, and the operations 
management to show that it is the focus of engineering and development. Then, we present 
the information systems architecture subject of the study, but before that we present the 
conceptual framework and research methodology. After that, we explain the need for 
strategic changes in the information systems architecture of the after-sales services, some 
issues for the changes, and initial proofs of the concurrent role of professional training and 
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operations management. Then, we derive a matrix model showing the concurrent role of 
professional training and operations management, and finally as a conclusion we further 
model their concurrent role for after-sales optimization, and we propose some future 
directions for research.  

2. Professional training as competences developer and enhancer 
The professional training is related to the development of the learners’ capacities, 
competences and skills in the industrial and business environments. Those are managers, 
technicians, experts in specific fields and need to enrich their capacities for the ongoing high 
economic performance of their organizations. The professional training is subject to strategic 
regulations, learning strategies and actions that make it an important developer of 
competences and capacities (Paton et al., 2005); the professional training is a function of its 
regulations, structures, learning processes and experts (Figure 1). The training regulations 
are focused on the contribution to the economic performance of the organizations, thus, 
there are regulations leading to the intellectual capital protection and to the investigation on 
the needs of the trainees for the provision of the right professional training and according to 
their functions and roles. Besides, the organizations providing professional training must 
have the adequate resources in terms of human capital –experts- and technological 
infrastructures for a fast and high developed provision of learning (Allan & Chisholm, 
2008), and the learners must have good absorptive capacities to assimilate new knowledge 
and information to develop their competences (Cohen & Levinthal, 1990). 
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Fig. 1. The professional training success factors. 

The professional training can be either internal to the firms through the creation of corporate 
universities that are entities in charge of fostering individual and organizational knowledge 
(Allen, 2002) and developing the individual competences and skills (Baets & van der Linden, 
2003), and the creation of competences development projects and systems (Scalvenzi et al., 
2008; Corallo et al., 2010c) leading to the optimization of the engineering skills and to the 
competences’ development and enhancement of the managers at different levels in the 
business and industrial environments, or external to the firms through collaboration with 
higher education institutions, universities and competence centers for the participation of 
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the managers and technicians, as learners, in executive, technical and training programs 
dedicated to the development of new competences (Maglione & Passiante, 2009).  
Besides, the factors leading to the need for a continuous professional training is the 
dynamism and complexity of the industrial and business environments. Firms must have 
dynamic capabilities to improve (Teece et al., 1997) the managerial, engineering and 
technological competences according to the changes in the economic markets in order to 
pace with the complexity of information and knowledge for high competitive advantage 
and economic performance. The changes follow specific procedures and processes in which 
the human capital is also subject to competences improvements and development 
accordingly (Lepak & Snell, 1999). There are organizational learning processes (Argyris & 
Schon, 1996; Nonaka & Takeuchi, 1995) for the effective human capital management and 
development (Bontis & Serenko, 2009) and the professional training is one of them consisting 
of specific types of systems and tools. Technology-enhanced learning is one of the most 
important methods of learning based on information and communication technologies by 
which people can learn and acquire knowledge in an optimal manner (Ambjörn et al., 2008).  

3. Operations management as the focus of engineering 
The processes of interactions and communications taking place among different actors for 
the work activities are directly related to the operations management which consists in 
ensuring the ongoing processes of production of products and services and using different 
resources as technological supports for the purpose of customer satisfaction and high 
economic performance (Slack et al., 2007). The operations management differs from one type 
of work activity to the other since there are various functions involved in the product 
development process and lifecycle. This makes it multi-faceted and heterogeneous, and 
increases the interest of scholars on the investigation on its systems’ differences and 
similarities; There are for instance the ones dedicated to the design phase (Cisternino et al.,  
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the managers and technicians, as learners, in executive, technical and training programs 
dedicated to the development of new competences (Maglione & Passiante, 2009).  
Besides, the factors leading to the need for a continuous professional training is the 
dynamism and complexity of the industrial and business environments. Firms must have 
dynamic capabilities to improve (Teece et al., 1997) the managerial, engineering and 
technological competences according to the changes in the economic markets in order to 
pace with the complexity of information and knowledge for high competitive advantage 
and economic performance. The changes follow specific procedures and processes in which 
the human capital is also subject to competences improvements and development 
accordingly (Lepak & Snell, 1999). There are organizational learning processes (Argyris & 
Schon, 1996; Nonaka & Takeuchi, 1995) for the effective human capital management and 
development (Bontis & Serenko, 2009) and the professional training is one of them consisting 
of specific types of systems and tools. Technology-enhanced learning is one of the most 
important methods of learning based on information and communication technologies by 
which people can learn and acquire knowledge in an optimal manner (Ambjörn et al., 2008).  

3. Operations management as the focus of engineering 
The processes of interactions and communications taking place among different actors for 
the work activities are directly related to the operations management which consists in 
ensuring the ongoing processes of production of products and services and using different 
resources as technological supports for the purpose of customer satisfaction and high 
economic performance (Slack et al., 2007). The operations management differs from one type 
of work activity to the other since there are various functions involved in the product 
development process and lifecycle. This makes it multi-faceted and heterogeneous, and 
increases the interest of scholars on the investigation on its systems’ differences and 
similarities; There are for instance the ones dedicated to the design phase (Cisternino et al.,  
 
 

People
Operations 

strategy

Operations 
infrastructures

Business systems 
and processes

Operations 
management

 
 

Fig. 2. The operations management success factors 



 New Trends and Developments in Automotive Industry 

 

64 

2008, Corallo et al., 2009, Corallo et al., 2010a), to the manufacturing (Kundra et al., 1993), 
and the ones integrating different phases of the product development process (Corallo et al., 
2010b; Taifi et al., 2012). 
Various research organizations and centers study operations management and continuously 
provide standards of business operations, processes, and system engineering (Blanchard, 
2004). Operations management is a function of its strategy, infrastructure, business 
processes and systems, and the people involved in it (Angell & Klassen, 1999)  (Figure 2). 
Roadmaps and strategic guidelines are created (Adam & Swamidass, 1989) and used among 
professional, business and industrial networks developing or applying and collaborating 
through or for the operations management. For instance, as specific strategies, action 
research (Coughlan & Coghlan, 2002) and case research (Voss et al., 2002) provide diverse 
contributions to the systems and industrial engineering and by this participate to the 
development of the operations and their management. Also, the operations management 
uses the right technological infrastructures to achieve fast and optimal productions 
(Salvendy, 2001) as computer-aided tools for manufacturing or electronic data interchange 
systems or web and knowledge portals and applications, and the right organizational 
structures (Lucertini et al., 1995) connecting people involved in the operations and their 
management. For instance, there can be cross- functional groups or communities of practice 
(Taifi et al., 2011) dedicated to the operations and as mentioned above networks of research 
centers and universities for the development of the operations management.  

4. Research into the concurrent role of professional training and operations 
management in the automotive industry 
The purpose of this chapter is to investigate on the concurrent role of the professional 
training and operations management in dynamic environments –more precisely the 
automotive industry and to provide evidences about that. We focus on the interactions 
taking place among a large automotive company and its after-sales services partners –the 
dealers’ network- to achieve our research goals. The idea behind the choice of this type of 
interactions is the strategic role the after-sales services plays for their proximity with the 
customers, their market positioning (Alexander et al., 2002), and the rich environment 
surrounding them in terms of systems, tools and technologies. Besides, the after sales 
services are seen as a relevant resource of revenue and economic performance (Saccani et al., 
2007). In general, designing service systems requires a great knowledge about the specific 
details of each type of services to engineering them (Sakao & Shimomura, 2006), a services 
engineering strategy (Aurich et al., 2004) and a system strategy as well (Ramaswamy, 1996; 
Morelli, 2002).  
Also, in the research on service operations management, there is a need for further focus on 
it through the creation of a research agenda and framework (Roth & Menor, 2009) and 
linking it to other areas as human resources management (Johnston, 1999). Thus, the 
investigation on the professional training and the services operations management in this 
context of after-sales services and their concurrent role is more than a strategic topic, leading 
to awareness about the importance of connecting these two subjects in the industrial and 
business environment, and in the fields of research on competences development and 
services operations management for the after-sales services optimization (Figure 3). 
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Fig. 3. Research into the concurrent role of the professional training and operations 
management in the after-sales services.  
As the focus of services operations management in this research, the after-sales services are 
analyzed, explained in terms of operations and their management that is the operations 
management for the after-sales services and the professional training dedicated to the after-
sales services is also detailed, presented and explained. It is possible to investigate on the 
professional training dedicated to other functions and roles in the product development 
process but the focus of the chapter is the after-sales services to present the link among 
them; There will be some links presented in the operations management of the after-sales 
services with the manufacturing since for the provision of some after-sales services there is 
the need for the manufactured products’ components but we precise that we are 
investigating on the direct connections and not indirect connections of the operations 
management and professional training for the after-sales services optimization and thus 
customer satisfaction, high economic performance and sustainable competitive advantage.  
Thus, in the automotive industry, in year 2007, we first interacted with the managers of a 
large automotive industry for the acquisition of data through interviews concerning the 
information systems architecture in which the professional training and operations 
management is represented – the managers are key informants (Yin, 2003) and play a critical 
role in the success of of the research. They are the head of the Professional Training 
Department, the head of Quality–Technical Services Department, the manager responsible 
of the Product Support Unit and the manager responsible of the Service Engineering Unit. 
Second in order not to become dependent on a key informant, through a questionnaire, 
dedicated to a significant sample from the population of the after-sales services –the dealers, 
we investigated on their point of view concerning the professional training, the operations 
and their management and all dedicated to the after-sales services. We adopted these types 
of research methods and data collection methods so to have multiple sources of evidences 
and allow their convergence (Yin, 2003; Creswell, 2003). 

5. The information systems architecture among the large automotive firm and 
the after-sales services 
The basis of communication among the large automotive company and its after-sales 
services partners is a complex information systems architecture on which they share data 
and information about the after-sales services and the automotive products for a wide range 
of purposes that are knowledge codification, knowledge sharing, knowledge acquisition and 
knowledge creation. The information systems architecture consists in systems, tools, 
applications and web portals. These are mainly supported by information and 
communication technologies (ICT) and also face to face means of communication so the 
objective here is to see what these IT systems and tools are and how they are organized to 
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management for the after-sales services and the professional training dedicated to the after-
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process but the focus of the chapter is the after-sales services to present the link among 
them; There will be some links presented in the operations management of the after-sales 
services with the manufacturing since for the provision of some after-sales services there is 
the need for the manufactured products’ components but we precise that we are 
investigating on the direct connections and not indirect connections of the operations 
management and professional training for the after-sales services optimization and thus 
customer satisfaction, high economic performance and sustainable competitive advantage.  
Thus, in the automotive industry, in year 2007, we first interacted with the managers of a 
large automotive industry for the acquisition of data through interviews concerning the 
information systems architecture in which the professional training and operations 
management is represented – the managers are key informants (Yin, 2003) and play a critical 
role in the success of of the research. They are the head of the Professional Training 
Department, the head of Quality–Technical Services Department, the manager responsible 
of the Product Support Unit and the manager responsible of the Service Engineering Unit. 
Second in order not to become dependent on a key informant, through a questionnaire, 
dedicated to a significant sample from the population of the after-sales services –the dealers, 
we investigated on their point of view concerning the professional training, the operations 
and their management and all dedicated to the after-sales services. We adopted these types 
of research methods and data collection methods so to have multiple sources of evidences 
and allow their convergence (Yin, 2003; Creswell, 2003). 

5. The information systems architecture among the large automotive firm and 
the after-sales services 
The basis of communication among the large automotive company and its after-sales 
services partners is a complex information systems architecture on which they share data 
and information about the after-sales services and the automotive products for a wide range 
of purposes that are knowledge codification, knowledge sharing, knowledge acquisition and 
knowledge creation. The information systems architecture consists in systems, tools, 
applications and web portals. These are mainly supported by information and 
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objective here is to see what these IT systems and tools are and how they are organized to 



 New Trends and Developments in Automotive Industry 

 

66 

achieve the purposes of collaboration for the after-sales service and professional training, 
and to have a clear idea about the architecture. Thus, we present the types of ICTs used and 
the face to face mechanisms for the operations of after-sales services and for their 
management, and for the professional training, we present the areas, types of trainings 
provided, and the systems used. 
Following are the types of systems and tools used for the after-sales services operations 
management (Table 1): 
- The problem-diagnosis IT-tool: dedicated to the problem-diagnosis in the products’ 

repair activities. This tool supports the technicians in their work; it provides a diagnosis 
about a problem occurring in the product and the technicians can consult the adequate 
problem-solving instructions in the e-manuals or the insights in the e-services news –IT-
applications. 

- The problem-solving IT system: dedicated to the products’ problem-solving in the 
products’ repair activities. An efficient procedure is followed in which the dealer 
communicates, through an IT-application- on the integrative IT-system knowledge 
portal of the firm-, the product’s problem to the problem-solving IT system and this 
latter gives feedbacks to the dealer including repair packages consisting of the 
necessary equipment and special tools to be used. 

- The e-manuals: are digital manuals comprising the instructions for the repair solutions. 
The dealers can consult and download them on the IT-systems through the homepage 
of the service portal of the firm in order to repair the products of the firm and by this 
provide the after-sales services. The e-manuals contain technical data, procedures 
descriptions and diagnosis tests instructions. 

- The e-services news: as a digital regular newspaper, it provides news about new after-
sales services mechanisms or new products’ repair solutions, thus, spreading technical 
knowledge in the dealers’ network. 

 

 
Table 1. The types of systems and tools for the ASS operations management 
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- The spare parts system: consists in the ordering of the spare parts for the after-sales 
services on the service portal of the large automotive company. Then, this latter delivers 
it to the after-sales services firms.   

- Face-to-face support: consists in technical support provided to the dealers by the 
automotive firm for the investigation on repair solutions and in managerial support 
provided for the development of the after-sales services activities in general. 

Concerning the professional training, which is the other critical element of collaboration 
among the large automotive company and the after-sales services partners, the technicians 
are the main focus. The professional training gathers the learners in a face to face manner 
through courses with instructors and trainers or IT-based manner through web-based 
courses and tutorials. Thus, the technicians -the learners- acquire new capacities through the 
acquisition of knowledge about new concepts and make practical experiments in 
laboratories before starting the after-sales services activities. The main IT-support used for 
professional training is the e-Learn system which is located on the service portal of the 
‘Training Academy’ – The Professional Training Department of the large automotive firm 
and on which the technicians are subject to courses and online-learning. Besides, from the e-
Learn system, the after-sales services partners can also download documents they can can 
read as either a support for the face-to face/online theoretical courses or for the practical 
experiments.  
 

Professional training Definition

Technical competences Seminars, courses and practical experiments related to the development of the
technical competences for theafter-sales services.

Products’ components Seminars, courses and practical experiments related to the development of the
technical competences regarding the products’ components of the products.

Characteristics of the products’
components of each brand

Seminars and courses related to the development of the technical competences
regarding the characteristics of products components of each brand.

 
Table 2. The types of professional training for the after-sales services  

The professional training is taking place when new or complex products and after-sales 
services are created by the firm. The professional training is technical and regarding the 
development of the competences of the technicians and the automotive products (Table 2). 
The automotive products area courses for the after-sales services are designed according to 
each brand of the large automotive company products and are adapted to the specific 
characteristics of each brands’ products. These specific characteristics are on the products’ 
systems, engines and transmission and technologies of the products. And, the technical 
competences area for the after-sales services consist in various types of courses as follows:  
- Engines: which regard the development of the technical competences of the technicians 

on the engines of the products and also the development of their capacities for the 
provision of the after-sales services on these engines. 
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- The spare parts system: consists in the ordering of the spare parts for the after-sales 
services on the service portal of the large automotive company. Then, this latter delivers 
it to the after-sales services firms.   

- Face-to-face support: consists in technical support provided to the dealers by the 
automotive firm for the investigation on repair solutions and in managerial support 
provided for the development of the after-sales services activities in general. 

Concerning the professional training, which is the other critical element of collaboration 
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are the main focus. The professional training gathers the learners in a face to face manner 
through courses with instructors and trainers or IT-based manner through web-based 
courses and tutorials. Thus, the technicians -the learners- acquire new capacities through the 
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professional training is the e-Learn system which is located on the service portal of the 
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on the engines of the products and also the development of their capacities for the 
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- Transmission: which regards the systems and components of the transmission in the 
products, as the gear box and transmission systems. Thus, there are courses for the 
development of the technical competences and the capacities for the after-sales services 
on this. 

- Electronics: which are courses for the understanding of the electronic systems and 
components of the products as the airbag systems, the air-conditioning systems and 
info telematic systems and the development of the capacities for the after-sales services 
provision. 

- Diagnosis: this regards the development of the technical competences of the technicians 
regarding the diagnosis tool features and operations for problem-solving and also the 
development of their capacities to use it for the provision of optimal after-sales services. 

- Body: courses regarding the body of the product, thus for example the understanding of 
air and water leakage and also the methodologies for the provisions of the after-sales 
services to the body of the products.  

Finally, after the courses, there is the ‘Automotive Technician Accreditation’ which are 
assessments for the accreditation of the technical competences of the technicians about the 
products and their after-sales services. The results of the assessments provide to the 
technicians the accreditation proving their competencies. 

6. Strategic changes of the information systems architecture and issues 
The professional training and the ASS systems and tools used are continuously the subject 
of evaluations and re-engineering to sustain competitive advantage, customer satisfaction 
and economic performance. For this purpose, the after-sales services organizations also 
provide their point of view and satisfaction level concerning them. In general, the key 
elements to investigate on for the satisfaction level is the perceived ease of use and 
usefulness of the systems and tools, the computer self-efficacy of the technicians and the 
usefulness and quality of the professional trainings (Taifi, 2008, a;b). These elements 
contribute to the continuous re-engineering and development of the information systems 
architecture of the after-sales services. 
In 2007, the systems and tools used for the operations and management of the after-sales 
services were perceived as useful and easy to use by the dealers of the automotive company 
(Figure 4) (Taifi, 2008). As stated by a dealer: ‘without the IT-tools and systems, we cannot 
provide the after-sales services to the customers’. However, the objective of the large 
automotive company is to achieve a complete satisfaction of the dealers about the systems and 
tools, thus for example, it is also integrating the IT and social interactions awareness of the 
dealers in dealing with the after-sales services. That is, the awareness of the dealers about the 
importance of the continuous integration of high-technological tools and systems in their work 
activities for the after-sales services and also their awareness about the importance of 
continuous interactions among different small and medium- sized after-sales services 
organizations ranging from direct to indirect connections in the network for collaborations and 
operations management, and knowledge sharing and creation about the after-sales services. For 
example, in 2007, the automotive company created a strategic community (illustrated in Figure 
4) in which 50 expert after-sales services small and medium-sized organizations were invited to 
participate and share their expertise about the automotive products and after-sales services and 
by this to contribute to the new products and services development and their processes (Taifi, 
2007; Taifi and Passiante, 2010; 2011) in an incremental or radical manner (Figure 5). 
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Also, in 2007, concerning the professional trainings (Figure 4) (Taifi, 2008), their efficiency 
and quality were considered as satisfying and the expertise of the trainers as well. As stated 
by a dealer: ‘When I go to the professional trainings, I learn many new issues I did not know 
before’. However, the large automotive company keeps restructuring and reorganizing the 
content, processes of the trainings including the IT-based ones in an incremental or radical 
manner (Figure 5) and improves even the skills of the trainers according to the incremental 
or radical changes in the products and after-sales services activities. Here the development 
of the capacities of the trainers is also one of the most important factors of success of the 
professional training and for that, the large automotive firm continuously works on 
understanding and filling the gaps of the trainers’ skills to keep an efficient professional 
training provision. 
The professional training and operations management for the after-sales services are thus 
subject to changes that are either incremental or radical according to the after-sales services 
themselves in order to pace with the increasing complexity of the environment (Figure 5). 
These incremental or radical changes also show the concurrent role that the professional 
training and the operations management plays. Whenever there are incremental changes in 
the products or after-sales services, there are incremental changes in the operations 
management and in the professional training, and when there are radical changes in the 
products or after-sales services, there are radical changes in the professional training and in 
the operations management (Figure 6). Besides, each radical change lead to the start of new 
incremental changes in the professional training and operations management and as the 
complexity of the environment increases as there are more complex products and services 
and thus more complex incremental and radical changes in the professional training and 
operations management (Figure 6). 
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7. The concurrent role of professional training and operations management 
for after-sales services optimization 
The processes of interactions taking place among the large automotive firm and the after-
sales services organizations are leading to the achievement of the purposes of collaboration. 
The systems and tools used for the after-sales services and the professional trainings courses 
regarding the competences of the technicians for the after-sales services and the automotive 
products are directly connected. As long as there are after-sales services, there are the 
professional trainings and as long as there is a need for the development of the after-sales 
services partners competences and capacities, the professional training plays a major role. 
That is, the more the technological capacities and competences needed to provide the after-
sales services, the more likely the professional training will be complex and the less the 
technological capacities and competences needed to provide the after sales services, the less 
likely the professional training will be complex. We develop on when and whether the 
professional training should be complex or simple according to the after-sales services 
operations management complexity. This shows the concurrent role of professional training 
and operations management (Figure 7). 
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Fig. 7. What types of concurrent roles are there among the professional training and the 
operations management  

In order to provide successful professional training to the needed after-sales services, 
leading to customer satisfaction and high economic performance, there is a need for a 
complete focus on the technical competences of the technicians and the types of systems and 
tools used for the after-sales services and the products’ components. The more complex the 
operations management of the after-sales services are, the more complex is the method used 
for the professional training. Figure 7 shows the simultaneous, concurrent and tight links 
between operations management and professional training through the methods of 
professional training used for the operations management.  
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If the operations management of the after-sales services is simple, the professional training 
for it ranges from simple to complex contents accordingly. First, in Figure 7, through the 
development of new products and after-sales services, there is a need for seminars in the 
different areas whether the technical competences development or the automotive products’ 
components. That is, for example, as soon as there is a new product launched in the market, 
the technicians are subject to trainings in order to provide the adequate after-sales services 
or as soon as there is the launch of a new service and its system, the professional training is 
involved again for the development of the capacities of the technicians on it. When the 
operations management for the after-sales services is simple, the professional training is 
simple; Web-based courses and classes are preferred for the diagnosis IT-tool and problem-
solving system since they are IT-based and the technicians have the technological capacities 
to follow the IT-based professional trainings. 
Second, when the operations management is simple, the professional training can also be 
complex and there are two kinds of trainings showing that (cell I of figure 7). That is, for 
example there can be practical experiments for building competences on product’s 
components in which the technicians can learn practically on products’ components. The 
practical experiments are complex and require major efforts and concentration from both 
sides since the trainers have to continuously, during the practical experiments, follow the 
technicians and these latter have to base the practical experiments on the technical 
knowledge acquired during the seminars. This type of concurrent role of professional 
training and operations management can be mostly successful if continuously applied as 
above since both sides are using their knowledge and technical capabilities for the after-
sales services. The ones on the characteristics of the products’ components of each brand are 
also complex since they are consisting of more specific and detailed information and 
knowledge and are related to each product brand. This makes them more complex in 
comparison to other seminars since they require more precisions and more explanations and 
preparations for the characteristics are different from one product to the other. These 
seminars are complementary, necessary and strategic since the technicians in this case have 
all required knowledge about the products’ components and through the seminars acquire 
new knowledge about the specific characteristics.    
In cell II of Figure 7, both the professional training and operations management are 
complex. Their concurrent role is complex since the links among them are generic and in 
relation with all the other types of professional training and operations management. For 
example, the diagnosis IT-tool and problem-solving system are also related to the courses in 
which the technical competences of the technicians are developed about the products’ 
components. The technicians base their use of the diagnosis IT-tool and problem-solving 
system on the technical knowledge acquired during the professional training about these 
tools and systems and about the products’ components. The complexity of the concurrent 
role of professional training and operations management here is that first the technicians are 
subject to professional training related to products’ components and technical competences 
development. Second, they follow seminars for the optimal use of the IT-based system and 
tool for the after-sales services. Finally, the integration of the technical competences 
acquired and the knowledge about the use of the IT-system and tool lead to the building of 
new capacities and make this cell the most complex type of the concurrent role of the 
professional training and operations management for the after-sales services. 
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There is another example about the concurrent role of professional training and operations 
management for the after-sales services (Cell III of Figure 7) concerning the e-manuals and 
e-service news used as means and tools for the diffusion of the necessary updated data and 
information for the after-sales services. These are included in the operations management 
and are technical support contributing to solving the problems in cars. They are also a 
support for the professional training or vice versa that is the technicians, in order to 
understand them, have to follow the courses and practical experiments for the after-sales 
services and can use them not only for the after-sales services but also as a support for the 
professional training course. Thus, from here, we can also see the complex concurrent role of 
the operations management and the professional training.  

8. Conclusion and future directions 
The goal of this chapter was to explore what the concurrent role of professional training and 
operations management is. More precisely, to demonstrate it through the presentation of the 
information system architecture dedicated to the after-sales services. The idea was to 
connect the professional training and operations management in the automotive industry  
by presenting the case of this life-long sustainable collaboration among the large  
automotive company and the after-sales services firms, and their efforts to keep competitive 
advantage and customer satisfaction within the dynamic and complex environment that  
this is.  
The concurrent role of professional training and operations management have been 
demonstrated through the presentation of the professional training and operations 
management separately, the illustration of the information systems architecture that provide 
an overall more elaborated and clear schema and the derivation of the types of  strategic 
changes in it, and the study of the connections among professional training and operations 
management through the analysis of the complexity of the different types of links (Figure 8).  
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Most of the time, information system architectures are not only internal to firms but also 
inter-organizational and this chapter is providing the information systems architecture 
among two major players in the product and new product development processes and more 
precisely in the automotive industry that is a complex and dynamic industry. The 
information system architecture and the main subject of the chapter that is the concurrent 
role of the professional training and operations management provide IT-based commands 
and a new theory contributing to the inter-organizational processes of collaboration, the 
information systems fields of study, the product development and value chain processes of 
collaboration. 

Besides, the four types of concurrent role of professional training and operations 
management provided in this chapter shows that the link among them can go from simple 
to complex and give birth to different types of trainings adapted to the operations 
management of the after-sales services. The simultaneous role of the professional training 
and operations management is demonstrated through these types of relationships ranging 
from simple to complex and do show that these have an intertwined role playing a strategic 
role for customer satisfaction, high economic performance of both the firm and the after-
sales services and thus competitive advantage to them. The model contributes to the 
integration of different fields of research that are competences management, human 
resources management, and services operations-more precisely the after-sales services. 
Moreover, the strategic changes in the concurrent role of professional training and 
operations management are directly linked to the fields of research on the business 
processes re-engineering fields, innovation management and reforming the competences 
development management since the changes in the concurrent role are depending on the 
changes in the products and services and on the complexity of the environment firms to be 
continuously innovative thus create new knowledge for that. 
Finally, the after-sales services optimization, that is the main purpose of the concurrent role 
of professional training and operations management, is leading to the customer satisfaction, 
high economic performance and contributing to the sustainability of competitive advantage 
(Figure 9). For that, the concurrent role of the professional training and operations 
management rely on four main success factors that are the people involved in both the 
professional training and operations management, the strategy followed to design both of 
them, the processes and systems used that are mainly high-technological based and the 
structures created for the organization of the professional training, the operations and their 
management. These four success factors are strategic and contribute to all the areas in the 
disciplines of professional training and operations management research. 
The concurrent role of professional training and operations management is not limited to 
the relationships between manufacturing and after-sales services firm, thus this subject can 
be extended to the relationships among suppliers of products’ components, designers and 
manufacturing firms. Also, the book chapter subject can be investigated in other complex 
industries for the comparison of the strategies, processes and systems and the structures 
created or other elements constituting the concurrent role of professional training and 
operations management. It will be interesting to make research on the information and 
communication technologies used in other industries on the subject or on the relationships 
showing the concurrent role among different actors in other industries. 
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Fig. 9. The concurrent role success factors leading to after-sales services optimization 

9. References 
Adam, E.E. and Swamidass, P.M., 1989, Assessing Operations Management from a Strategic 

Perspective, Journal of Management, Vol. 15, N. 2, (June 1989), pp (181- 203). 
Alexander, W.L., Dayal, S., Dempsey, J.J. and Vander Ark, J.D. (2002), The secret life of 

factory service centers, The McKinsey Quarterly, Vol. 3, pp.106–115. 
Allan, M. And Chisholm, CU., (2008), Achieving engineering competencies in the global 

information society through the integration of on-campus and workplace 
environments. Industry and Higher Education, Vol. 22, N. 3, pp. 145-152. 

Ambjörn, N., Miguel-Angel, S. and Lytras, M., (2008), Learning processes and processing 
learning: from organizational needs to learning designs, Journal of Knowledge 
Management, Vol. 12, N. 6, pp. 5-14 

Angell, L.C. and Klassen, R.D. (1999), Integrating environmental issues into the mainstream: 
an agenda for research in operations management, Journal of Operations 
Management, Vol. 17, Issue 5, pp. 575- 598. 

Argyris, C. and Schön, D. 1996, Organizational learning II: Theory, method and practice, 
Reading, Mass: Addison Wesley. 



 New Trends and Developments in Automotive Industry 

 

74 

Most of the time, information system architectures are not only internal to firms but also 
inter-organizational and this chapter is providing the information systems architecture 
among two major players in the product and new product development processes and more 
precisely in the automotive industry that is a complex and dynamic industry. The 
information system architecture and the main subject of the chapter that is the concurrent 
role of the professional training and operations management provide IT-based commands 
and a new theory contributing to the inter-organizational processes of collaboration, the 
information systems fields of study, the product development and value chain processes of 
collaboration. 

Besides, the four types of concurrent role of professional training and operations 
management provided in this chapter shows that the link among them can go from simple 
to complex and give birth to different types of trainings adapted to the operations 
management of the after-sales services. The simultaneous role of the professional training 
and operations management is demonstrated through these types of relationships ranging 
from simple to complex and do show that these have an intertwined role playing a strategic 
role for customer satisfaction, high economic performance of both the firm and the after-
sales services and thus competitive advantage to them. The model contributes to the 
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(Figure 9). For that, the concurrent role of the professional training and operations 
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management. These four success factors are strategic and contribute to all the areas in the 
disciplines of professional training and operations management research. 
The concurrent role of professional training and operations management is not limited to 
the relationships between manufacturing and after-sales services firm, thus this subject can 
be extended to the relationships among suppliers of products’ components, designers and 
manufacturing firms. Also, the book chapter subject can be investigated in other complex 
industries for the comparison of the strategies, processes and systems and the structures 
created or other elements constituting the concurrent role of professional training and 
operations management. It will be interesting to make research on the information and 
communication technologies used in other industries on the subject or on the relationships 
showing the concurrent role among different actors in other industries. 
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Fig. 9. The concurrent role success factors leading to after-sales services optimization 
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1. Introduction 
Industrial work design is defined as a specification of work content, method and 
relationships to satisfy the requirement of the worker and the system. Industrial work 
design must be developed as an integrated whole, taking into consideration the inter-
dependencies among skills, organization and technology. On the other hand, the concept of 
job satisfaction is typically defined as an individual’s attitude about work roles and the 
relationship to worker motivation. There can be no job satisfaction where there is no 
motivation.  
The most important evidence that indicates the worsening conditions of an organization is 
the low rate of job satisfaction. Thus job satisfaction is the key to establishing a healthy 
organizational environment in an organization. Nonetheless, factors related to job 
satisfaction are relevant in the prevention of employee frustration and low job satisfaction 
because employees will work harder and perform better if they are satisfied with their jobs. 
Many factors affect job satisfaction according to Bowen et al, 1994, DeSantis and Durst, 1996 
and Gaesser and Whitbourne, 1985. Although numerous studies on the effect of job 
satisfaction in industries exist, findings were often specific to the particular investigation, 
and to date mainly consider individual components of the physical environment (Clegg et 
al, 1997). 
Nadin et al, 2001 stated that many researchers have suggested a number of workplace 
design strategies to improve the quality of the workplace. In contrast, Oldham, 1996 stated 
that little attention is given to the actual process of workplace design. Clegg, 1995 suggested 
that methods should be developed to facilitate this process; and to do so, a more thorough 
understanding is needed about how various factors affect industrial job satisfaction. 
Workplace design research can make progress by applying what is already known and by 
asking a more comprehensive set of research questions (Holman et al, 2002). An approach to 
the design of workplaces that is human centered is needed. This approach should 
adequately incorporate factors that contribute to the effectiveness of workplace design. 
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2. Background materials 
Ergonomically, job satisfaction can be affected by job characteristics, job environment, and 
job organization. The relationships between job satisfaction and these factors can be 
analyzed statistically using correlations to provide new insights into factors that affect job 
satisfaction in automotive industries. The Job Diagnostic Survey or JDS by Hackman and 
Oldham (1974) can be used as a tool to diagnose job characteristics, job environment and job 
organization. 

2.1 Job characteristics 
Hackman and Oldham (1974) divided job characteristics into five factors. They were skill 
variety, task identity, task significance, autonomy, and feedback from job.  
Firstly, skill variety was defined as the degree to which a job requires a variety of different 
activities which involve the use of a number of different skills and talents. Secondly, the 
degree to which a job requires completion of a “whole” and identifiable piece of work was 
defined for task identity. Thirdly, task significance was defined as the degree to which a job 
has a substantial impact on the lives or work of other people, whether in the immediate 
organization or in the external environment. Fourthly, the degree to which the job provides 
the employee substantial freedom, independence and discretion in scheduling the work and 
in determining procedures to complete it was the defined as autonomy. Finally, feedback 
from job was defined as the degree to which completing work activities required by the job 
results in the employee obtaining direct and clear information about the effectiveness of his 
or her performance. 

2.2 Job environment 
Air temperature, humidity, noise, and light were four environmental factors included that 
could influence job satisfaction. Parsons (2000) stated that environmental factors such as  
temperature and humidity can have important effects on psychological parameters such as 
level of arousal and motivation. To assess thermal comfort, JDS’s questionnaire developed 
adopts the definitions of Parson (2000) as “the condition of mind which expresses 
satisfaction with the thermal environment”. The reference to “mind” indicates that 
satisfaction is a subjective measure. However, warmth discomfort has been shown to be 
related to the stickiness caused by un-evaporated perspiration. Consequently, questions 
regarding thermal comfort addressed satisfaction and comfort.  
Noise levels can also affect worker satisfaction. The term comfort is not usually used when 
assessing the effect of noise on the occupants of the buildings. In practice, again according to 
Parsons, (2000), annoyance levels are the most useful criterion. Thus, questions regarding 
noise addressed annoyance and comfort.  
Lastly, Parsons (2000) stated that light can cause both discomfort and positive sensations. 
Questions regarding light addressed satisfaction and the degree of comfort in seeing the 
work task.  

2.3 Job organization 
Das (1999) stated that the organization factors such as workers’ participation in job related 
decision self-regulation and worker autonomy can affect job satisfaction. The questionnaire 
addressed respondents’ perception of these factors.  
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De Jong (1989) classified five factors for job organization and they were job rotation, work 
method, training, problem solving, and goal setting. Job rotation allows workers to rotate 
among jobs to increase variety. This technique has been widely used to increase the 
competence of workers and to reduce monotony (Helander, 1995). The objective of job 
rotation is to broaden an employee’s experience and to train backup staff to allow the 
company to cope with worker vacations and illnesses, and also with periods of increased 
production (The Ergonomics Group, 1986). 
Work method describes how tasks are being organized (Rouse et al., 1991) and according to 
Quirk (1999), the methods could include procedures, instructions and documentation that 
define how manufacturing steps or processes are accomplished. Training is defined as the 
systematic development of worker skills. Individuals need knowledge and skills to perform 
adequately on a given task (Stammers and Patrick, 1975). Problem solving describes how the 
workers handle work related problems by giving them the resources and authority to do so 
(Ugboro and Obeng, 2001), whereas goal setting is the process of developing, negotiating 
and formalizing the targets or objectives that an employee is responsible for accomplishing 
(Umstod et al., 1976). 

3. Case study: automotive industries in Malaysia 
A survey was done to discover new insights into factors that affect job satisfaction in 
automotive industries in Malaysia. The primary objective of this survey was to investigate 
how job satisfaction is affected by job characteristics, job environment and job organization. 
The methods used in this survey to address the objectives include questionnaire design, 
observation, measurements, and data collection. The job diagnostic survey (JDS) by 
Hackman and Oldham (1974) was used as a tool to diagnose job characteristics, job 
environment and job organization. The questionnaires used consist of a set of multiple-
choice items that use a seven-point Likert scale (Rodeghier, 1996). The relationships between 
job satisfaction and the tested factors were analyzed statistically using correlations. 

3.1 The survey 
The questionnaires were distributed to the subjects individually. Two automotive 
manufacturing industries (“Auto1” and “Auto 2”) were involved in the survey; 170 male 
subjects (ages 18 to 40 years) completed the survey, where 120 were from Auto1 and 50 were 
from Auto2. 

3.2 The questionnaires 
The questionnaires were organized into four sections covering:  
a. General background data: age, gender, years of employment, marital status and 

education levels. 
b. Job characteristics factors: skill variety, task identity, task significance, autonomy and 

feedback from the work.  
c. Environmental factors measured at each workstation: air temperature, humidity, noise 

in decibels (dB) and light in lux. 
d. Job organization: job rotation, work method, training, problem solving and goal setting. 

This section intends to determine how the respondents felt about the tasks being 
organized, the type of procedures being used, and the related work being loaded. 
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De Jong (1989) classified five factors for job organization and they were job rotation, work 
method, training, problem solving, and goal setting. Job rotation allows workers to rotate 
among jobs to increase variety. This technique has been widely used to increase the 
competence of workers and to reduce monotony (Helander, 1995). The objective of job 
rotation is to broaden an employee’s experience and to train backup staff to allow the 
company to cope with worker vacations and illnesses, and also with periods of increased 
production (The Ergonomics Group, 1986). 
Work method describes how tasks are being organized (Rouse et al., 1991) and according to 
Quirk (1999), the methods could include procedures, instructions and documentation that 
define how manufacturing steps or processes are accomplished. Training is defined as the 
systematic development of worker skills. Individuals need knowledge and skills to perform 
adequately on a given task (Stammers and Patrick, 1975). Problem solving describes how the 
workers handle work related problems by giving them the resources and authority to do so 
(Ugboro and Obeng, 2001), whereas goal setting is the process of developing, negotiating 
and formalizing the targets or objectives that an employee is responsible for accomplishing 
(Umstod et al., 1976). 

3. Case study: automotive industries in Malaysia 
A survey was done to discover new insights into factors that affect job satisfaction in 
automotive industries in Malaysia. The primary objective of this survey was to investigate 
how job satisfaction is affected by job characteristics, job environment and job organization. 
The methods used in this survey to address the objectives include questionnaire design, 
observation, measurements, and data collection. The job diagnostic survey (JDS) by 
Hackman and Oldham (1974) was used as a tool to diagnose job characteristics, job 
environment and job organization. The questionnaires used consist of a set of multiple-
choice items that use a seven-point Likert scale (Rodeghier, 1996). The relationships between 
job satisfaction and the tested factors were analyzed statistically using correlations. 

3.1 The survey 
The questionnaires were distributed to the subjects individually. Two automotive 
manufacturing industries (“Auto1” and “Auto 2”) were involved in the survey; 170 male 
subjects (ages 18 to 40 years) completed the survey, where 120 were from Auto1 and 50 were 
from Auto2. 

3.2 The questionnaires 
The questionnaires were organized into four sections covering:  
a. General background data: age, gender, years of employment, marital status and 

education levels. 
b. Job characteristics factors: skill variety, task identity, task significance, autonomy and 

feedback from the work.  
c. Environmental factors measured at each workstation: air temperature, humidity, noise 

in decibels (dB) and light in lux. 
d. Job organization: job rotation, work method, training, problem solving and goal setting. 

This section intends to determine how the respondents felt about the tasks being 
organized, the type of procedures being used, and the related work being loaded. 
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Before initiating the questionnaire sessions and as a reference for the analysis, the 
management was first interviewed and a checklist was made.  

3.3 The analysis 
The data were analyzed for correlations using the Spearman rank order correlation. To test 
the reliability of each question in the survey, reliability of factors tested in the survey was 
quantified using Cronbach’s α. This statistic is derived from the average correlations of all 
items on the scale, which will measure the internal consistency of the test scores. As a rule of 
thumb, values that are greater than 0.70 will indicate that the questions are reliable. 

4. Results and discussion 
The results were divided into several sections covering general background data, 
reliabilities measures, and correlations of job satisfaction with job characteristics, 
environment and job organization factors. 

4.1 General background data 
Eighty percent of the 170 respondents in both companies hold “Malaysian Certificate of 
Education” (SPM) equivalent to “O” levels; while others hold SPM certificate together with 
other skill certificates.  
Respondents in Auto1 were older and more experienced than those in Auto2. The 
respondents from Auto1 were 23 to 40 years old (mean = 31.3, s.d. = 3.9; 83% ≥ 26 years) 
with a mean of work experience of 10.6 years (s.d. = 3.8); those from Auto2 were 18 to 27 
years old (mean = 22.6, s.d. = 2.1; 10% ≥ 26 years) with a mean of work experience of 2.6 
years (s.d. = 1.8). In Auto1, 69% were married, but in Auto2 only 13% were married.  Ages 
were normally distributed but work experience was not.  
Work experience for Auto1 was negatively skewed but work experience for Auto2 was 
positively skewed. At Auto1, 90% of the respondents from Auto 1 had worked for there for 
more than 5 years, but at Auto2, only 10% had worked there for more than 5 years. These 
demographic differences between the plants may occur because Auto1 was established 
before Auto2. 

4.2 Reliabilities measure 
Cronbach’s α was derived from the average correlations between the Likert-scale 
assessments of all pairs of items (Rodeghier, 1996). Out of twenty-eight reliability measures 
in both companies, 18 had α > 0.7, 9 had 0.6 < α < 0.7 and one had α = 0.5 (Table 1). 
Therefore, the reliability measures were high for job factors in both companies, especially for 
skill, task identity, autonomy and feedback (0.69 <α < 0.88).  

4.3 The correlation coefficient 
Job satisfaction was significantly (p < 0.01) correlated with several job characteristics, 
environment and job organization (Figures 1 to 3). Eight factors had strong significant 
correlation in with job satisfaction Auto 1: skill variety, task identity, autonomy, light, job 
rotation, work method, training and goal setting. Four factors had strong significant 
correlation with job satisfaction in Auto 2: skill variety, humidity, job rotation and work 
method. 
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Tested Factors Auto1, n = 120 Auto2, n = 50 
Job factors 
Skill 0.77 0.79 
Task identity 0.76 0.69 
Task significance 0.61 0.63 
Autonomy 0.72 0.69 
Feedback 0.86 0.88 
Environmental factors 
Perception of temperature 0.72 0.69 
Perception of humidity 0.64 0.86 
Perception of noise 0.76 0.67 
Perception of light 0.78 0.64 
Job organization factors 
Job rotation 0.83 0.83 
Work method 0.89 0.88 
Training 0.83 0.50 
Problem solving 0.69 0.79 
Goal setting 0.90 0.82 
Job satisfaction  0.89 0.82 

Table 1. Reliability Measures (Cronbach’s α). 
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Fig. 1. Correlations of job satisfaction with five job factors 
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Fig. 2. Correlations of job satisfaction with four environmental factors. 
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Fig. 3. Correlations of job satisfaction with job organization factors. 

4.4 Effects of job characteristics, environmental factors, and job organization on job 
satisfaction 
The study detected significant positive correlations between job satisfaction and several job 
characteristics. This result was in agreement with those of empirical studies by Hackman 
and Oldham (1974) and Umstod et al., (1976). In this study, the correlations of job 
satisfaction with job characteristics were stronger than those observed by Hackman and 
Oldham (1974), possibly because the present study considered only automotive industries. 
One outstanding result was that job satisfaction was significantly correlated with skill in both 
companies. Generally, more than 80% of respondents agreed that they utilized moderate to 
very much skill. Based on this finding, they tend seem to appreciate skill variety, and this 
variety has a greater influence on job satisfaction than other job factors. Hackman and 
Oldham, (1974 and 1976) stated that skill, task identity and task significance are psychological 
factors that help workers see their work as meaningful. However, results from this study 
suggest that skill variety had greater effect on that matter than did other factors.  
Significant positive correlations occurred between job satisfaction and perception of all 
environmental factors as shown in Figure 2. The outstanding correlation for Auto1 was 
perception of light and for Auto2 was perception of humidity. The results indicated that 
environment conditions, especially temperature, humidity, noise and light affect job 
satisfaction in automotive industries. The management of both companies should attempt to 
optimize temperature, humidity and noise because measurements of these factors are 
outside the comfortable boundary and respondents are not satisfied with them. Standard 
environmental conditions (including temperature, humidity, noise, and light) for 
automotive industries in Malaysia must be revised to maintain workers’ health physically 
and mentally, thereby increasing productivity and job satisfaction as well as performance.  
Significant positive correlations were observed between job satisfaction and job organization 
factors. In Auto1, job satisfaction was strongly correlated with job rotation, work method, 
training and goal setting showed strong correlations with job satisfaction, but only 
intermediate correlation with problem solving. In Auto2, job satisfaction showed intermediate 
correlations with most job organization factors, except for the training factor, for which the 
correlation was low. The correlations for all factors were higher in Auto1 than Auto2.  
The findings indicated that job satisfaction is affected by job rotation, work method, 
training, goal setting and problem solving. More than 70% of the respondents in both 

Human Factors, Ergonomics Model and Application  
in Automotive Industries: Focus on Job Satisfaction   

 

85 

companies were satisfied with the implementation of job rotation, work method, problem 
solving and goal setting. In contrast, more than 80% of the respondents in Auto1 felt that 
they have moderate to adequate training and only 55% of the respondents in Auto2 felt the 
same way. In addition about 30% of workers in Auto2 felt that they have training 
opportunities, but only 5% respondents in Auto1 felt the same way. Management therefore 
should emphasize training opportunity, because the result reflected a decrease in job 
satisfaction with too training much Auto2. Moderate to adequate training will lead to higher 
job satisfaction (Gaziolu & Tansel, 2002). 

4.5 Effects of age, work experience and marital status on job satisfaction 
The correlations between job satisfaction, job characteristics and job organization factors are 
higher in Auto1 than in Auto2 (Figures 1 and 3). One possible explanation is that older, 
married and more experience workers in Auto1 were more satisfied with their work than 
the younger, single and less experienced workers in Auto2. Older, married and more 
experienced workers had higher levels of job satisfaction and are more committed than the 
younger, single and less experienced men; furthermore, younger, single and less 
experienced workers may still be deciding on a career and this may interfere with job 
satisfaction and organizational commitment (Bowen et al. 1994). Benin and Nienstedt (1985) 
found that job satisfaction influenced marital happiness and that the effects of job 
satisfaction and fulfillment interacted with the effects of marital happiness in producing 
overall happiness.  
Research on relationships between work satisfaction and marital characteristics is extensive 
and is primarily found in literature on marital satisfaction, work identity and satisfaction, 
and dual-career couples (Blair 1998, Ray 1990, Gaesser & Whitbourne 1985). These studies 
suggested that career and family lives are mutually entangled, and that to understand strain 
in one domain, information on both facets of an individual’s life is necessary (Ludlow & 
Salvat 2001). Therefore further research should be conducted into this interaction.  
Job satisfaction was also correlated with worker age. Studies in five different countries 
prove that older workers are more satisfied than their younger counterparts (Kaya 1995). 
The results also supported findings by Janson and Martin (1982) and McCaslin & Mwangi 
(1994) who found that older employees have higher job satisfaction than younger ones, and 
those by Lee & Wilbur (1985) which suggested that job satisfaction increases with age. One 
explanation for such a finding is that older employees are more able to adjust their 
expectations to the characteristics of their work (DeSantis & Durst 1996). The lack of job 
satisfaction amongst younger workers may cause them to be more mobile and seek new 
jobs. If this occurs in Auto2, the plant will experience a shortage of skilled and experienced 
workers.  
Work experience is only one of the many aspects related to length of employment that can 
be correlated with perceived job satisfaction. Bowen et al. (1994), McCaslin & Mwangi 
(1994), Manthe (1976), Boltes et al. (1995) and Bertz and Judge (1994) found that overall job 
satisfaction increased as the years of experience increased. 

5. Conclusions 
This study found that job satisfaction was significantly correlated with job characteristics, 
environment, and job organization. The strength of the correlation between job factors and 
job satisfaction was influenced by age, work experience and marital status whereas job 
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satisfaction was only significantly correlated with environmental and job organization 
factors. The environmental factors did affect job satisfaction and the strength of the 
correlation was influenced by the workers’ surroundings, depending on the function of the 
building. 
This study established that skill variety had an outstanding effect on job satisfaction in the 
automotive industries.  
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1. Introduction 
The automotive body repair and refinishing industry can be considered a subsystem within 
the complex automotive system. Daily around the world, this industry generates small 
amounts of pollutants and for that reason, this pollution is not usually considered in the big 
picture; however, the total environmental impact of a large number of these small 
generators might be significant. Occupational risks are other sustainability concerns in this 
industry, exposure to isocyanates and poor work conditions are often present because a lack 
of safety and health programs in place. 
There have been generated a lot of information about the occupational and environmental 
practices performed in auto body shops from transnational companies such as Ford, GM, 
Honda, General Motor, Toyota and others where workers performs in safer occupational 
and environmental settings, but little had been revealed about sustainability practices in 
small auto body shops from the developing world until researchers from the University of 
Sonora and the University of Massachusetts Lowell started a collaborative multi-tiered 
research in Mexico to fill this gap in the knowledge. 
This chapter is aimed at encouraging the implementation of a Sustainable Service Program 
(SSP) in the small auto body shops that holds the exciting potential of preventing, 
eliminating and/or reducing the environmental and occupational risks associated to this 
industry while enhancing and strengthening its economic growth.  
Evidently, none can expect the small auto body shops has the financial structure for hiring 
specialists in implementing strategic projects. Often, small auto body shops lack the 
resources to maintain formal management programs like those described in handbooks. For 
that reason, the Sustainable Service Program presented in this chapter has been tailored to 
being implemented at small and medium sized auto body repair where there is a general 
dearth of adequate managerial and engineering skills for the implementation of ultimate 
philosophies, techniques, procedures, and rules such as it is done in larger companies. The 
program was designing with the idea of helping owners in auto body shops who cannot 
afford expensive consultant fees, but have the support of a higher education institution, or 
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other non-profit organization, through a graduate student or an advanced undergraduate 
student enrolled in a sustainable development program. 
Before beginning a detailed description of the specific stages of the Sustainable Service 
Program, it is important to explore some important aspects of sustainability on this industry. 
In 1987, the Brundtland Commission defined Sustainable Development as “development that 
meets the needs of the present without compromising the ability of future generations to meet 
their own needs (WCED; 1987). This concept is conceived as a broad structural approach that 
takes into account economic, social, and environment aspects (Byrch et al., 2007).  
Cleaner production and pollution prevention are concepts used to contribute to sustainable 
development based on a prevention approach that looks for eliminating risks at the sources. 
Both concepts are found on literature interchangeably because both are grounded on aiming 
its efforts at the source of the problem. Bass (2005) documented that the United Nation 
Environment Program (UNEP) exported the term pollution prevention from North America 
to Europe in the second half of the decade of 80’s; yet, it is very usual to find the terms 
together such as noun “Cleaner Production and Pollution Prevention”.  
This approach calls for identifying operations and tasks that potentially could pollute the 
environment or could pose harm to workers, but where it is created “at the source”. On the 
contrary, the goal of control approach is isolate the worker or environment from the hazard 
and by this mean avoids the potential damage. For that reason, U.S. EPA (2005) prioritizes 
prevention over control initiatives.  
Professor Ken Geisser (2001) proposes dematerialization and detoxification as pathways of 
clean production to promote a sustainable material system that reduce the risks to 
environment and workers. These techniques results important in a cleaner pollution and 
pollution prevention program.  
Pollution prevention programs are usually perceived as a planning process to obtain 
environmental benefits. According to Bishop (2010) a careful planning is required to ensure 
the success of pollution prevention activities. Two decades ago, the U.S EPA outlined the 
major steps needed for planning and implementing a pollution prevention program (U.S. 
EPA; 1992); this outline has been used for implementing such kind of voluntary programs in 
the United States of America and world-wide.  
A critique to pollution prevention programs is their bias to environmental issues paying 
inadequate attention to social and economic initiatives such as all related to occupational 
health and safety. Environmental sustainability is necessary, but it is not enough for 
sustainable development. A sustainable program conceptually differs from a pollution 
prevention program on its purpose for potentially integrating economic, environmental, and 
social dimensions, which include occupational health concerns.  
Evidence of prevailing occupational and environmental work practices have been studied 
since a decade ago (Enander et al., 1998) especially about exposure to chemical hazards and 
solvents (Woskie et al., 2004 and Enander et al., 2004). Occupational health studies have 
been conducted mainly in developed countries such as United States, countries within 
Western Europe and Australia have (Redlich et al., 2001 and Alexanderson et al., 1987). 
Workers in automotive body shops daily use materials and products that may contain 
hazardous components such as isocyanates, solvents, heavy metals among others. The main 
effects of hazardous exposures are occupational asthma and other lung problems, as well as 
irritation of the eyes, nose, throat, and skin. (OSHA,2006). According to Di Stefano (2004) 
and Redlich (2006) spray painters are more likely to develop asthma compared to other 
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occupations. Pronk (2006) and Bello (2004) refers to isocyanates as one of the most common 
causes of occupational asthma in workers from industrialized countries. The major 
contributors of exposure to isocyanates group are the polyisocyanates which are 
inadequately regulated in many work places (Bello, 2004). The isocyanates exposure 
characterization is often limited to airborne exposure (Liu, 2000). In an epidemiological 
study conducted in New Haven, U.S. found hexamethylene diisocyanate (HDI) in the blood 
of auto body shop workers; although there were no records of asthma because this finding, 
workers reported respiratory problems (Redlich, 2001). The workers on shops faces are also 
exposed to numerous physical hazards such as burns, cuts from sharp objects, and injury in 
eyes (CESVI, 2006).  
Hazardous wastes in auto body shops are not insignificant (Enander et al., 2003); chemicals 
not only may harm workers but also they may pollute the environment. A report from the 
U.S Environmental Protection Agency (2000) estimate this industry emits 70,420 tons per 
year of volatile organic compounds (VOCs); from those, 11,155 tons per year were generated 
by small auto body shops. EPA also estimates that more of 150,000 workers in the U.S. auto 
body shops have been affected by toxic emissions (EPA, 2002). 

2. Methods 
As previously explained, the sustainable service program has its foundation on a multi-
tiered research. The first leg of the study consisted on surveying several Mexican auto body 
shops to characterizing this industry; researchers gather data about economics, 
demographics and dynamics trends, occupational and environmental work practices, 
regulatory framework and current practices, as well as identifying opportunities to improve 
actual occupational conditions and environmental performance.  
The study was conducted in the city of Hermosillo, the Capital of the State of Sonora, 
Mexico, which has experienced substantial economic growth and industrial development 
since 1986 when Ford Motor Co. opened a manufacturing plant in the city. The rapid 
industrial development was accompanied by a fast growth of automobile ownership. 
According to the 2004 Census, the number of cars on the road in Hermosillo increased from 
approximately 69,200 in 1989 to 214,000 in 2004, a 3 fold increase (INEGI, 2004) Traffic-
related auto accidents also increased by almost 30% from 4,880 in 1999 to 6,275 in 2003 
(INEGI,2004). In response to the high rate of auto accidents, the government of Sonora 
passed a new transit law in January 2006, which enforced third-party liability insurance for 
all auto operators with residence in Hermosillo. Because this reality; the increased number 
of cars on the road, accident rates, and the third-party insurance law; it is expected an 
increment on the job demand and the volume of services in auto body repair shops.  
This first phase of the study was based on an inductive reasoning; it consisted on observing 
specific work practices in 40 Mexican auto body shops; then, generating broader 
generalizations and theories to create, in the second phase, a Sustainable Service Program 
framework that responds to the necessities and characteristics of small sized auto body shops.  

3. Automotive refinishing industry’s profile  
The Mexican auto body industry is formed mainly of family-owned business that has little 
capital to invest in technology; the workers in these shops generally operate in unhealthy 
working conditions. The average shop is often set up on the back yard of the house, and 
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most of the pre-paint work is done either on the street, the yard, or an open bay area with a 
bare ceiling/cover for shade without little or no engineering controls for exposure. 
Improvised enclosure areas are used as spray booths. Such enclosures typically did not have 
sufficient light and artificial ventilation.  
The average shop has been on the market for 13 years and has a workload of 15 cars per 
month generating a current annual income of US$15,400. The average shop has four full-
time employees; the auto mechanics perform only engine repairs, whereas technicians, in 
addition to body work, typically perform all painting, unless it requires great specialty 
which it is done by specialized painters. Although technicians spend most of the time on 
pre-painting preparatory tasks, they preferred to refer to themselves as painters. Nearly all 
shops participating in the study were located in residential areas. 
The labor market relies on personal contacts in Sonora, Mexico to a far greater extent that in 
the US. The work as well as its management is organized differently as well.  
In spite of the fact that tasks in the Sonoran auto body shops are very similar to those 
described in the literature for the US auto body shops, services are often processed in 
batches (e.g. mechanical repairs of all cars, then bondo on all, then painting of all at once) 
rather than in a single car-full repair model.  
Work practices are tremendously variable, and written records are rarely maintained 
and/or inaccessible. It is common practice to hire outside dedicated spray painters to 
complete jobs as demand arises, especially for specialty jobs. Therefore, painters may work 
for two or more auto body shops during the same week and in the spare time work on 
second jobs. Tasks duration as everywhere varied largely depending on the extent of the 
car’s damage.  

4. Unsustainability patterns 
To ensure that the Sustainable Service Program is connected to the real world; the scheme 
presented has as a foundation the occupational and pollution prevention findings from this 
multi-tiered research that have been already published in peer-reviewed international 
journals (Velazquez et al., 2008 and Munguia et al., 2009). 
Key findings of previous tiers suggest the lack of good environmental and occupational and 
safety practices performed in the auto body shop industry. Today’s trends in auto body 
shops are going in an unsustainable direction, workers work in unhealthy and unsafe 
settings. In spite of working with well-known hazardous chemicals, notably isocyanates, 
methylene chloride, welding fumes, and chromium and lead, workers accept these risks as a 
part of their jobs.  
The Sonoran auto body workers usually wear disposable dust masks that offer no protection 
against solvent vapors and little protection from fine aerosols. Training program on 
occupational safety and hygiene are needed because the workforce lacks basic education 
and training on workplace hazards and safer work practices.  
Facilities did not have engineering controls and in the best situation, they were inadequate. 
As a family business, almost all participant shops were located on the back yard of their 
house, and the pre-paint task was done either on the street, the yard, or an open bay area 
with a primitive ceiling/cover for shade. Usually, owners improvise an enclosure area as 
spray booths. These areas do not count with sufficient light, and ventilation. 
Environmental practices in the Sonoran auto body shops were found inappropriate for 
reducing the impact of these small businesses on the environment. Much of the solvent is 
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emitted to the atmosphere as volatile organic emissions because the lack of enclosed gun 
cleaning systems. In addition, overspray isocyanates and base coat aerosols may be also 
released in the surrounding community. Liquid paint waste is typically dumped in the sink 
or soil, and solid hazardous waste is treated as regular municipal waste. In essence, these 
shops dump all their pollution in their own backyard. 
Housekeeping, handling and storage of materials were found to be significant associated 
with poor safety conditions. Solvent and isocyanates were commonly stored in inadequate 
containers which were either not labeled at all, or hand labeled with a marker.  
Changing these unsustainability patterns of service in the auto body industry would have 
implications for many different stakeholders in this process; yet, owners of shops have more 
accountability. They must assume the responsibility of the negative occupational and 
environmental effects of their current practices. 
The Sustainable Service Program is a management strategy for helping auto body shops to 
shift unsustainability patterns in this industry through a better understanding of the human 
health and environmental impacts of materials, processes, and activities. 

5. Sustainable service program 
The Sustainable Service Program reflects the philosophy of sustainable development 
understood as a broad structural approach that takes into account economic, social, and 
environment aspects. The program´s framework is based on a continuous improvement, the 
plan – do – check – act cycle, which identifies areas of opportunity and then, proposes ideas 
for solving problems. This iterative process must be repeatedly executed in order to achieve 
goals. With each succeed iteration, the organization advance toward sustainability.  
The Sustainable Service Program is an adaptation of classic Cleaner Production and 
Pollution Prevention Programs, but it focuses more on the particularities of a small service 
organization. Tangibility is perhaps the main difference between goods and services 
production; yet, the production of services requires goods that may impose harm to workers 
and environment; from this perspective, a Sustainable Service Program does not differ too 
much from cleaner production and pollution prevention programs because they are 
concerned with make interventions at the source.  
The ultimate goal of a Sustainable Service Program is to prevent, eliminate and/or reduce, 
at the source, the creations of risks or severe impacts that processes, operations or activities 
can impose to workers, environment, and society.  
Designing a Service Sustainable Program, exhibit in figure 1, involves five stages: 
management support, planning, implementing, checking, and acting. 

Stage 1: Management Support 
A typical recommendation when setting a program is to get management support because it 
is understood that without management support it is very hard to make changes. In succeed 
organizations, high administration set goals and policies, allocate resources and then, 
managers at all levels supervise working practices to make sure everything runs according 
their plan.  
Unfortunately, owners in small auto body shops have poor management styles and not to 
say poor sustainability knowledge. In consequence, gaining management support requires 
periodical visits to explain them how workers and environment are affected in other auto 
body shops around the world and how they can reduce these risks and impacts by 
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A Sustainable Service Program for the Automotive Refinishing Industry  

 

93 

emitted to the atmosphere as volatile organic emissions because the lack of enclosed gun 
cleaning systems. In addition, overspray isocyanates and base coat aerosols may be also 
released in the surrounding community. Liquid paint waste is typically dumped in the sink 
or soil, and solid hazardous waste is treated as regular municipal waste. In essence, these 
shops dump all their pollution in their own backyard. 
Housekeeping, handling and storage of materials were found to be significant associated 
with poor safety conditions. Solvent and isocyanates were commonly stored in inadequate 
containers which were either not labeled at all, or hand labeled with a marker.  
Changing these unsustainability patterns of service in the auto body industry would have 
implications for many different stakeholders in this process; yet, owners of shops have more 
accountability. They must assume the responsibility of the negative occupational and 
environmental effects of their current practices. 
The Sustainable Service Program is a management strategy for helping auto body shops to 
shift unsustainability patterns in this industry through a better understanding of the human 
health and environmental impacts of materials, processes, and activities. 

5. Sustainable service program 
The Sustainable Service Program reflects the philosophy of sustainable development 
understood as a broad structural approach that takes into account economic, social, and 
environment aspects. The program´s framework is based on a continuous improvement, the 
plan – do – check – act cycle, which identifies areas of opportunity and then, proposes ideas 
for solving problems. This iterative process must be repeatedly executed in order to achieve 
goals. With each succeed iteration, the organization advance toward sustainability.  
The Sustainable Service Program is an adaptation of classic Cleaner Production and 
Pollution Prevention Programs, but it focuses more on the particularities of a small service 
organization. Tangibility is perhaps the main difference between goods and services 
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and environment; from this perspective, a Sustainable Service Program does not differ too 
much from cleaner production and pollution prevention programs because they are 
concerned with make interventions at the source.  
The ultimate goal of a Sustainable Service Program is to prevent, eliminate and/or reduce, 
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can impose to workers, environment, and society.  
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implementing such a program. Cases studies from world-wide experiences showing 
example of good, or even bad, practices are excellent auxiliary materials to create sympathy 
for sustainability.  
In general, once owners are aware of the potential benefits of the sustainable program, they 
are interested in supporting changes and willing to establish a sustainable service program 
as a way to reduce its liability and promote sustainability. Additionally, the lack of 
managerial structure makes easier to start from the scratch which is very difficult in well 
established companies where organizational structures make decisions from top to down 
are hard to change. 
Sustainability commitment must be written on a formal document called mission statement; 
yet, it is very likely the lack of missions in auto body shops. Therefore, it is necessary to 
work in mission statement that will tell customers and groups of interest the inspiration and 
motivation of the auto body shop for sustainability. This statement will lead future practices 
not only about sustainability but also about general practices. A basic mission statement can 
be: 
“The name of the shop” is an auto body shop with more than 10 years of service to the community 
and is committed to promote Sustainable Development by preventing, reducing or eliminating the 
use of toxic substances that harm the environment or employees through a continuous improvement 
process. 
Like this mission statement can be many other, the importance is to prove a real 
commitment to take care of workers, environment, and society. Equally important is the 
definition of sustainability policies that basically are the means to successfully achieve the 
mission. A policy leads the aim of the goals and objectives and also the procedures to fulfill 
the goals.  
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In a typical auto body shop, there are several elements that prevent the establishment of 
sustainability policies perhaps the main obstacle is its informal organization where owners 
have the privilege of making all decisions in the shop; however, if the owner has a truly 
commitment to sustainability he/she will set policies to promote it.  
A sustainability policy can be as simple as: 
• Whatever possible, it will be bought ecological paint and goods used to repair cars.  
• All workers will wear personal protective equipment,  
• It is encouraged energy conservation initiatives, 
• And so on. 
Of course, there is a need for putting emphasis in the enforcement of polices in order to 
effectively promote sustainability. 
Stage 2: Planning  
At this point, it is necessary to address the efforts of the team to identify and document the 
core processes for delivering the service. The product of this stage is a detailed plan 
regarding future initiatives for improvement environmental and occupational conditions at 
the shop. The success of the Sustainable Service Program depends on a goon planning; for 
that reason, this is a critical phase of the program mainly during the first iteration when 
nothing or almost nothing is known or documented. 
Again, the logic to start this phase in a small auto body shops notoriously differ from big 
organizations because on these organizations high administration set the goals and 
objectives; then, it is assigned accountability to managers or supervisors to be sure that the 
goals and objectives are met. In small organization, the creation of the sustainability team is 
necessary before the establishment of objectives.  
The role of the consultant in this stage is to obtain information from the owner and workers 
and after that, write a formal document which is going to be the written plan. The leader 
asks the “what” and the “how” and the owner and the workers answer the questions 
according to their empirical knowledge. Observation of current practices during 
walkthroughs in the shop is another technique that results useful to identify sustainability 
opportunities. 
The sustainability team is constituted by the owner, the workers, and the graduate student 
that for her/his sustainability knowledge and skills plays the role of the leader as if he/she 
were an external consultant. It is a small team whose purpose is to do a diagnosis, set the 
objectives, look for opportunities, generate alternatives, and evaluate them to hierarchy. 
During the first iteration of the program, the leader works along with the owner and the 
workers overseen the process of creating, maintaining, monitoring, and evaluating the 
program to be sure it succeed; subsequently, for next iteration, the consultant must left the 
program on the hands of the owner and workers. If necessary, the consultant intervenes 
again in specific problematic during the second or following iterations; however, the goal is 
to eliminate the dependence of the auto body shop’s stakeholders by building their capacity.  
2.1 Situational Diagnosis 

The purpose of the diagnosis is identifying all data that could be helpful in reveal 
occupational and environmental risks as well as risks to society generated in the auto body 
shop as a foundation to set goals.  
Because at the beginning of the program, during the first iteration of the PDCA cycle, 
records are not available; it is necessary to conduct a detailed materials accounting and a 
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core processes for delivering the service. The product of this stage is a detailed plan 
regarding future initiatives for improvement environmental and occupational conditions at 
the shop. The success of the Sustainable Service Program depends on a goon planning; for 
that reason, this is a critical phase of the program mainly during the first iteration when 
nothing or almost nothing is known or documented. 
Again, the logic to start this phase in a small auto body shops notoriously differ from big 
organizations because on these organizations high administration set the goals and 
objectives; then, it is assigned accountability to managers or supervisors to be sure that the 
goals and objectives are met. In small organization, the creation of the sustainability team is 
necessary before the establishment of objectives.  
The role of the consultant in this stage is to obtain information from the owner and workers 
and after that, write a formal document which is going to be the written plan. The leader 
asks the “what” and the “how” and the owner and the workers answer the questions 
according to their empirical knowledge. Observation of current practices during 
walkthroughs in the shop is another technique that results useful to identify sustainability 
opportunities. 
The sustainability team is constituted by the owner, the workers, and the graduate student 
that for her/his sustainability knowledge and skills plays the role of the leader as if he/she 
were an external consultant. It is a small team whose purpose is to do a diagnosis, set the 
objectives, look for opportunities, generate alternatives, and evaluate them to hierarchy. 
During the first iteration of the program, the leader works along with the owner and the 
workers overseen the process of creating, maintaining, monitoring, and evaluating the 
program to be sure it succeed; subsequently, for next iteration, the consultant must left the 
program on the hands of the owner and workers. If necessary, the consultant intervenes 
again in specific problematic during the second or following iterations; however, the goal is 
to eliminate the dependence of the auto body shop’s stakeholders by building their capacity.  
2.1 Situational Diagnosis 

The purpose of the diagnosis is identifying all data that could be helpful in reveal 
occupational and environmental risks as well as risks to society generated in the auto body 
shop as a foundation to set goals.  
Because at the beginning of the program, during the first iteration of the PDCA cycle, 
records are not available; it is necessary to conduct a detailed materials accounting and a 
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work practice assessment. Once the first iteration is done and the cycle starts again, data are 
going to be useful as a preliminary assessment and then, another detailed assessment will be 
necessary under new conditions.  
Understanding how the service is done is indispensable to identify occupational and 
environmental risks. A service analysis is the first step to performance the service 
characterization; saying in other words, how inputs are used for producing the service. A 
material accounting is a complete inventory and assessment of all materials through the 
process from when they are bought to when they are released or disposal. It is important to 
be aware that although some materials are easy to track; others, like chemicals, are more 
difficult because they can be found as constituents in products, raw materials or be present 
as by-products.  
2.2.1 Purchasing, inventory and storage of chemicals 

The first target is aimed at identifying general aspects of the processes of purchasing, 
inventory and storage. The process of buying in shops is very simple; basically, the damage 
in the automobile determines how much to buy and the owners decide where to buy. 
Generally, they don’t have influence over aspect such quality, packaging or prices.  
The automotive refinishing industry usually buy products that contains hazardous 
chemicals such as isocyanates, solvents, and heavy metals which have the potential to 
pollute the environment and have adverse effects on workers’ health.  
Packaging used to contain paints and solvents requires special attention because this is 
disposal after single use increasing the generation hazardous waste that is hard to reuse or 
recycle. In addition, the absence of adequate labelling increases the chances of an accident.  
Owners must strive to avoid buying toxic and hazardous materials which most of the time 
are inherent in the materials used to produce the service such as paints and solvents. By 
toxic, it is understood any substance that pose a harm to humans and environment. 
It is desirable the use of minimum inventory level of toxic substances as in a just in time 
system; in addition, it is necessary to establish a storage procedure for hazardous substances 
aimed at avoid foreseeable circumstances that may results in potential problems such as 
spills, fugitive emissions, explosions, fire, or accidents.  
Toxic substances must be storage in secure containers and correctly labelled. Compatibility 
is the criteria for storage toxics substances; chemical with same characteristics are less 
susceptible to cause dangerous reactions if the container is accidentally torn; yet, the store 
procedure also has to consider the place when the chemicals are going to be stored to be 
sure they are going to be manageable, this includes a good housekeeping.  
2.2.2 Service characterization 

The service is analyzed by using a process flowchart containing symbols to identify the 
elements of a process; for instance: tasks with rectangles and flows with arrows. In auto 
body shop there are two core processes: painting and mechanic work; their flowcharts are 
shown at figure 2 and figure 3.  
Once the process has been depicted, the following step is to specify the work activities of 
workers. Ergonomics considerations are very important to describe the physical 
arrangement of work stations and tools used by workers to perform their tasks.  
Describing work methods is also important to identify occupational risks and also to know 
waste sources; the leader must ask and observe what is done and how the task is done. The 
intention is to create a process chart with a clear description of all activities in the core 
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Process Chart 

DESCRIPTION SYMBOL TIME DISTANCE OBS. 
Part Disassemble 
 

 40 min   
Part Repair  
 

 25 min   
Inspection  5 min

Part assembly 
 

 .5 min   
Sandin  10 min   
Mixing Bondo
 

 4 min   
Bondo application
 

 10 min   
Sanding with sandpaper #36  10 min   
Sanding with sandpaper #80 30 min

Drying  10 min   
Mixing body filler
 

 5 min   
Gun cleaning  3 min   
Spraying Body Filler 
 

 5 min   
Gun cleaning  3 min   
Drying  5 min   
Sanding with sandpaper 
#400 o #1200 

 60 min   
Cover with paper  20 min   
Mixing primer  5 min   
Gun cleaning 3 min

Priming  5 min   
Gun cleaning  3 min   
Part transport to the paint 
area 

 5 min   
Mixing base coat (color)  10 min   
Gun cleaning  3 min   
Spraying basecoat 10 min

Drying 60 min

Spraying basecoat  10 min   
Sanding basecoat  60 min   
Mixing clearcoat  10 min   
Gun cleaning 3 min

Sraying clearcoat 10 min

Uncover  5 min   
Drying  5 min   
Polish   30 min   
Final inspection  3 min
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processes with their time requirements. Often activities in auto body shops are non-
standardized and non-paced; therefore, characterizing these processes requires studying 
several services given in different automobiles because the damage varies from one car to 
another. Figure 4 shows a process chart for core processes in an auto body shop. The 
characterization of the service concludes studying the interaction of workers with equipment.  
2.2.3 Risks evaluation 

The service characterization allows a full understanding of the service and consequently, the 
identification of sources of occupational and environmental risks. The assessment includes 
not only the identification but also the evaluation of risks. Chemical, mechanical, physical 
and ergonomics hazards are often found in different magnitude at auto body shops; for the 
reason, it is necessary to conduct an assessment to estimate the probability to cause harm.  
Evidently, chemicals are the biggest concern because they can cause serious adverse health 
effect or even death. The assessment of chemicals hazards depend on their toxicity, the 
ability of a substance to produce an unwanted effect, and their hazardous, the probability 
that chemicals cause poisoning given certain conditions. The most common routes of entry 
in the shops are inhalation and skin absorption.  
Collecting sampling is required for measuring chemicals concentration in the air; results 
must met specific standards determined to provide a healthy work environment. Once 
chemicals are discarded, they have the potential to pollute the environment; therefore, it is 
also necessary to compliance with environmental standards. 
Other hazards at auto body shops includes cuts, heat , noise, and bad postures can cause 
fatigue and musculoskeletal disorders; each of these and other risks must be assess and 
compare against occupational standards to be sure their magnitude don’t represent a threat 
for workers.  
2.2.4 Controls methods Evaluation 

This assessment is conducted to identify and evaluate the engineering and administrative 
controls as well as personal protective equipment on place to protect workers from 
workplaces hazards.  
Engineering controls remove hazards from the work stations or isolate workers from the 
hazard to avoid damage. They are effective, but have the inconvenient of being expensive. 
Ventilation, barriers and enclosures are typical examples of engineering controls. 
Administrative controls are used as complement of engineering controls; they reduce the 
period of exposition of workers to hazards. It includes: training and education, job rotation, 
reducing the period of time of exposition to particular risks and other administrative 
alternatives. 
Personal protective equipment is required to provide protection for limited periods of 
working; often this method is ineffective because workers feel uncomfortable when 
performing their tasks. Yet, when other methods are not enough to control exposure it is 
recommendable to wear gloves, respiratory masks, goggles or other necessary equipment.  

2.2.5 External evaluation 

Service organizations requires interaction with the customers to produce the service; on this 
context, a Sustainable Service Program cannot not be created, maintained and operated in a 
vacuum; at the contrary, this must be linked to all stakeholders and other groups of interest 
even outside of the company.  
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Process Chart 

DESCRIPTION SYMBOL TIME DISTANCE OBS. 
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 40 min   
Part Repair  
 

 25 min   
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 .5 min   
Sandin  10 min   
Mixing Bondo
 

 4 min   
Bondo application
 

 10 min   
Sanding with sandpaper #36  10 min   
Sanding with sandpaper #80 30 min

Drying  10 min   
Mixing body filler
 

 5 min   
Gun cleaning  3 min   
Spraying Body Filler 
 

 5 min   
Gun cleaning  3 min   
Drying  5 min   
Sanding with sandpaper 
#400 o #1200 
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Part transport to the paint 
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Drying 60 min
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Sanding basecoat  60 min   
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processes with their time requirements. Often activities in auto body shops are non-
standardized and non-paced; therefore, characterizing these processes requires studying 
several services given in different automobiles because the damage varies from one car to 
another. Figure 4 shows a process chart for core processes in an auto body shop. The 
characterization of the service concludes studying the interaction of workers with equipment.  
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Evidently, chemicals are the biggest concern because they can cause serious adverse health 
effect or even death. The assessment of chemicals hazards depend on their toxicity, the 
ability of a substance to produce an unwanted effect, and their hazardous, the probability 
that chemicals cause poisoning given certain conditions. The most common routes of entry 
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for workers.  
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reducing the period of time of exposition to particular risks and other administrative 
alternatives. 
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working; often this method is ineffective because workers feel uncomfortable when 
performing their tasks. Yet, when other methods are not enough to control exposure it is 
recommendable to wear gloves, respiratory masks, goggles or other necessary equipment.  

2.2.5 External evaluation 

Service organizations requires interaction with the customers to produce the service; on this 
context, a Sustainable Service Program cannot not be created, maintained and operated in a 
vacuum; at the contrary, this must be linked to all stakeholders and other groups of interest 
even outside of the company.  
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External factors are those facts over which the auto body shop has not direct control such as 
the legal framework, clean technology, relations with neighbourhoods and civil protection 
groups, and so on. The external assessment is often ignored; however, owners need to be 
aware of external factors because they are constantly changing and might affect the 
business.  
2.2.6 Reporting 

The diagnosis has been satisfactorily concluded when the service has been characterized and 
most of the sustainability risks along the service have been identified and document in a 
baseline report. The mission, the goal and findings in this report are the basis for 
establishing objectives and targets. 
It is necessary to include in the report a prioritization of occupational and environmental 
risks based on some criteria such the feasibility to prevent, reduce or eliminate, the potential 
to harm workers or pollute the environment, risk magnitude, or any other criterion that the 
team consider useful. Compliance with National Official Standards is critical to prioritize 
the risks; if there are magnitudes above standards, an objective in the program must be to 
compliance with all standards.  
2.3 Set objectives and targets 

As mentioned lines above, the goal of the a Sustainable Service Program is to prevent, 
eliminate and/or reduce, at the source, the creations of risks or severe impacts that 
processes, operations or activities can impose to workers, environment, and society. This 
goal defines a general direction to accomplish the sustainability mission in the long term.  
At this point, when diagnosis has revealed areas to focus on, it is possible for the 
sustainability team the establishment of objectives. Objectives are milestones that serve as 
specifics guidelines to be met in a short term. Objectives must be clearly stated in the written 
program; an objective must be understandable, achievable, measurable, and have a specific 
term to be accomplished. Targets are quantifiable measures for reach objectives; for 
example: 
Objective: “Decrease the generation of hazardous waste this year” 

Targets:  

• Reduce hazardous solid waste by 50% 
• Reduce solvent air emission by 10% 
• Implement an efficient method of storage for chemicals. 
It is important to avoid operational conflicts by being certain that targets are useful for the 
accomplishment of objectives; objectives are useful for the accomplishment of the goal, and 
the goal of the program is consistent with the sustainability mission. 
2.4 Sustainability options  
2.4.1 Knowing causes 

A risk is not eliminate just because it was identified; it is necessary to know the causes that 
origin it; cause and effect diagrams are helpful to explore causes that result in a single 
workplace hazard or environmental risk. Preferably, the team must think about all causes 
and not only the most obvious.  
It is necessary to include in the report a prioritization of occupational and environmental 
risks based on some criteria such the feasibility to be prevented, reduced or eliminated, the 
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potential to harm workers or pollute the environment, or any other that the team consider 
useful. 
The cause and effect diagram can depict as many causes as the team considers convenient; 
however, follow the issues in the assessment results a good start. For instance: toxic 
materials, bad storage, low- efficiency equipment, un-training workers, process, etc. Figure 5 
and 6 show the cause and effect diagrams for typical environmental and an occupational 
risks within an auto body shops.  
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2.4.2 Options identification 

Once causes that origin the risks are known, the leader must start discussions within the 
team regarding finding sustainability options aimed at first eliminating and, if this is not 
possible, reducing their impacts. It is necessary to identify causes for all single risk already 
identified; however, the generation of sustainability options will be first for the risks that 
were ranked high in terms of feasibility or importance. 
There are several sources for generating option; for instance, brainstorming that allows 
gathering as many options as possible from the simplest to the most complex. In this 
technique, creativity and participation are encouraged and no ideas are discarded by any 
reason, at least, they are not based on sustainable principles; this that options create bigger 
risks or affect quality. Suppliers are another source for getting good ideas as well as 
literature on internet, books and others divulgation means.  
2.4.3 Options Screening and Evaluation  

All identified options must be screened and then narrowed into a prioritized list for each 
risk. Sustainability options are screening out based on their feasibility, ease of 
implementation and effectiveness. Prevention is always preferable than control to decide the 
initial screening. 
The options selected must be evaluated for technical, environmental and health, financial, 
and social feasibility; this is a simple evaluation that consists most of the times only on 
gathering technical data about options in the market; mainly local market.  
Small auto body shops are not technology-intensive shops; technological options range from 
substitution of raw materials to equipment used to produce the service; inclusive personal 
protective equipment options are considered in this assessment. For instance, if the option is 
to switch from a toxic chemical t to another less toxic chemical; then, it is necessary to think 
about potential obstacles that might affect the implementation of the option such as if the 
technology option is available at local or regional market, if switching might decrease the 
quality of the service, if there is evidence on its effectiveness, and so on.  
A special attention is also required to assess if the proposed option, chemicals switching, is 
going to create a new, even worst, environmental or occupational hazard. This is a 
complicated analysis because the lack of conclusive information on chemicals, even for those 
chemicals which have been extensively studied such as isocyanates and solvents. Therefore, 
efforts are addressed to obtain as much information as possible for a better understanding of 
the option. 
If that option is found feasible, an economic assessment is required; often, the option is 
accepted as long as this is affordable. However, any investment in proposed options, mainly 
in equipment, requires a justification at least in terms of payback. 
The payback period refers to the period of time required to recover an investment; the 
payback is calculate with the equation: investment/ annual cash inflow; this is a simple and 
convenient measure of profitability; however, for a better analysis, the payback period 
method has to be complemented with other method such as the accounting rate of return. 
Last but not least, the social assessment provides an opportunity for consulting external 
stakeholders about the potential affectations derivate when implementing the proposed 
option. Following the example of the material switching, owners should find what society 
think about a new paint or if the proposed option is to buy a new compressor for painting, it 
is necessary to know if noise will bother neighbours. Knowing on advance what is going to 
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generate conflicts with society enable auto body shops to think twice the implementation of 
an alternative just taking into account technological and financial aspects. 
2.5 Sustainable Service Plan 

This is a written plan used as a guide for actions to achieve the goal of the Sustainable 
Service Program. There is not a single format to present a plan; yet, all items of the planning 
stage from mission statement to selected options, must to be clearly stated within the plan in 
order to reduce the occurrence of misperceptions.  
This plan provides the basis for the implementation of the options that resulted feasible; 
however, not all feasible options have to be taken into account in the initial written plan. 
Despite their feasibility, some options are left to following iterations on an options waiting 
list. It is important to consider a contingency plan section in order to opportunely react in 
case of an accident or something doesn’t occur as expected. 
Stage 3: Implementing and Monitoring 
The resources allocation to secure the implementation of the options that were foreseen in 
the planning stage is the purpose on this stage. Implementation projects describing the 
labor, technological, and financial resources indispensable to carry out them are done for 
each of the options. The details about the resources allocation will depend on the auto body 
shop´s structure, but at least, this has to cover the duration of the activities necessary for the 
logistics to which it refers.  
Monitoring is done to evaluate the efficiency of the options implemented and based on 
results; some projects could need to adjust them. Efficiency has to be measure not only in 
engineering or financial terms but also in health and environmental terms. Besides 
monitoring quality service factors, the program encourages to be annually monitoring the 
health conditions of workers in order to prevent occupational illness. Recognition of 
occupational and environmental hazards is also important when monitoring the program. 
Sustainability indicators are one of the most important elements in the monitoring stage. 
They must provide reliable, relevant, and useful information about relevant factors such as 
waste, water, energy, noise, emissions and so on; therefore, the sustainability team must 
collect information for interpreting indicators to make decisions about how the projects have 
been working according to the goals of the program.  
One of main challenges in monitoring the implementation of options is the involvement of 
workers and the main requirement is to prepare workers with the necessary knowledge and 
skills. Training is vital for assure a good implementation and also for monitoring the 
implementation because it enables workers not only to increase the productivity of the 
service but also to reduce their exposure by recognizing occupational and environmental 
risks on advance to possible impacts.  
The Sustainable Service Program does not demand engineering skills to identify eliminate or 
reduce new hazards that might recently exist. It only requires getting observations of 
practical situations that are desirable for ensure appropriate interventions, but without 
being a data intensive activity.  
Safety Material Data Sheets are excellent sources of information because they provide data 
for coping with chemical substances or products such as their physical data, toxicity, health 
effects and they may also include storage, disposal, labelling and other safety procedures to 
reduce exposure. Unfortunately, information in safety sheets is hard to understand for 
worker; consequently, training sessions should include how to understand and use them. 
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Stage 4: Checking 
At this stage, the team review the information collected to find out if data fits with the goal 
and objectives of the program. The check stage tests the plan for completeness and if there 
are deviations from the initial plan are found, the team must make decisions to reorient 
current projects. In some cases checking reveals the need for review objectives rather than 
particular projects. Preferably, options should be checked on a continuous basis. 
Stage 5: Acting 
It is particularly desirable that the results of checking server as a feedback for acting. Taking 
corrective actions is often necessary to keep on the planning track toward reach objectives. 
Decisions can be from small modifications to cancel the project and select another option 
from the options waiting list. On the other hand, if objectives have been reached, the team 
must start the cycle again by strengthen the program and set new objectives to keep 
reaching sustainability. 

6. Conclusions 
Automakers have reduced the environmental impacts of motor vehicles by making cars 
more fuel efficient and conserving natural resources. Unfortunately, cleaner technology has 
been not sufficient to reach sustainability in this industry. When study the sustainability of 
the automotive industry, it is a common mistake to pay attention only to the automobile. 
The automotive system is complex and environmental and social impacts are generated not 
only in the manufacture and use of car, but also in the services necessaries to keep the car 
appropriately working.  
The service offered in the Mexican auto body shop is clearly not consistent with the accepted 
precepts of sustainability because it is not addressing the underlying sustainability 
principles of protect the environment and improving health and safety conditions within 
shops. 
The implementation of a Sustainable Service Program is not sufficient to guarantee 
sustainability in this industry; but it increases the chances of small auto body shops to 
develop services strategies to secure long-term economic growth while improving 
environmental and working conditions. 
The goal of preventing, eliminating, and/or reducing, at the source, the creations of risks or 
severe impacts that processes, operations or activities can impose to workers, environment, 
and society cannot be achieved without an honest commitment to sustainability from 
owners and workers in auto body shops. 
Even objectives were achieved, it is necessary to sustain success. Continuous improvement 
ensures that the program does not stop after the first iteration of the cycle. The sustainable 
service program is a tool to help small service organizations to transit in incremental steps to 
Sustainable Development. 
It has been stated in this chapter that the major accountability for changing unsustainability 
patterns of services in this industry falls on the shoulders of auto body shops´ owners; 
unfortunately, they are not in conditions to achieve this goal for themselves.  
Around the world, there are examples of positive collaboration between society and 
universities. Higher education institutions are in an incomparable position of helping small 
auto body owner to transit to sustainability by implementing the proposed Sustainable 
Service Program because their mutual interest for pushing for clean production and better 
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working conditions and because the moral obligation of universities for involving in 
regional development process by developing clean technology, green and safety process, 
testing new chemicals, and in general making workplaces safe.  
As a part of the research; nowadays, the Sustainable Service Program is being testing in a 
variety of small auto body shops in different Mexican settings. Hence, it is very likely that 
some stages and activities in the model would have to be debated and adapted, but the main 
arguments might provide the means necessary to overcome the barriers confronted by 
sustainable advocators in their particular situations in specific shops. 
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sustainability in this industry; but it increases the chances of small auto body shops to 
develop services strategies to secure long-term economic growth while improving 
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owners and workers in auto body shops. 
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Sustainable Development. 
It has been stated in this chapter that the major accountability for changing unsustainability 
patterns of services in this industry falls on the shoulders of auto body shops´ owners; 
unfortunately, they are not in conditions to achieve this goal for themselves.  
Around the world, there are examples of positive collaboration between society and 
universities. Higher education institutions are in an incomparable position of helping small 
auto body owner to transit to sustainability by implementing the proposed Sustainable 
Service Program because their mutual interest for pushing for clean production and better 
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working conditions and because the moral obligation of universities for involving in 
regional development process by developing clean technology, green and safety process, 
testing new chemicals, and in general making workplaces safe.  
As a part of the research; nowadays, the Sustainable Service Program is being testing in a 
variety of small auto body shops in different Mexican settings. Hence, it is very likely that 
some stages and activities in the model would have to be debated and adapted, but the main 
arguments might provide the means necessary to overcome the barriers confronted by 
sustainable advocators in their particular situations in specific shops. 
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1. Introduction 
Recently Brazil’s automotive industry has attained a reasonable performance as a world-
class player in the assembly of automobiles.  In 2007, 2.97 million units were assembled. This 
result is 13.9% higher than that achieved in 2006 and represents the best result of the sector, 
according to ANFAVEA (National Association of Motor Vehicle Manufacturers; Brazil) 
(2008). In 2007, Brazil ranked as the world’s sixth largest vehicle manufacturer, outranking 
France and Spain. The world’s largest producer in 2007 was Japan, followed by the United 
States, China, Germany and South Korea (ANFAVEA, 2008). Specialists point to the rapid 
rise of emergent markets among the world’s largest vehicle manufacturers, especially the 
case of China (LUNG, 2000). 
Since the mid-1990s, several productive arrangements have been implemented in Brazil’s 
automotive sector, among them the modular consortium and industrial condominiums. 
These arrangements are characterized by high levels of outsourcing, long-term contracts, 
integrative agreements, coproduction of components, exchanges of specific resources, 
information interchange, and support to suppliers. These practices have led to substantial 
modifications in the relationship and in the measurement of performance among the actors 
in the supply chain (McCORMACK, LADEIRA & OLIVEIRA, 2008; LEE, KWON & 
SEVERENCE, 2007; FYNE, VOSS & VÚRCA, 2005).   
The relationship standard between automakers and suppliers is a central aspect of the new 
strategies of the automotive sector and it supports the process of internationalization of 
automakers and suppliers. Cooperation and partnerships with suppliers are also forms of 
capturing resources (Gulati, 1999; Gnyawali & Madhavan, 2001) and of minimizing 
uncertainties (Friedberg & Neville, 1999), which are such prominent characteristics for the 
insertion of companies into the global market. Automakers use these strategies to 
implement new plants in emergent markets. 
Brazil is an attractive country due to the rapid growth of the automotive market, lower cost 
production units, accelerated growth of driving rates (LUNG, 2000), and privileged fields 
for new organizational and labor experiments (Humphrey et al., 2000). However, the 
vulnerability of these markets requires that automakers adopt adaptive strategies that are 
able to reach domestic and export markets, allowing for economies of scale and scope (Lung, 
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2000). To this end, automakers simplify products, reduce the number of platforms, adhere to 
new forms of labor relations, and, principally, reduce costs through partnerships with 
suppliers. This fact has modified the relationship standard and the level of integration 
among these companies. 
A primary consequence of this change is the series of responsibilities attributed to auto parts 
suppliers (Humphrey et al., 2000), especially through the activities introduced by follow 
sourcing, global sourcing and by the modularization of production. Other activities that have 
been “attributed” or “delegated” to suppliers encompass research and development, 
quality, new investments, new technologies and supply chain management. 
The demands of automakers on first tier suppliers range from design capability and 
manufacturing excellence to product delivery (Humphrey et al., 2000). These authors 
highlight three trends in the change of the relationship between automakers and auto parts 
suppliers: first – greater supplier responsibility for design; second – a trend for the supply of 
complete functions (systems, subsystems or modules); and third – automakers are 
standardizing their platforms among their sister companies in the different markets. 
This new relationship standard between automakers and suppliers in Brazil’s automotive 
sector motivated the present research, which was conducted by means of interviews with 
five executives from the areas of production and logistics at the automaker and a director of 
production at the systemist supplier. The study of the relationship between automaker and 
systemist constitutes the central theme for an understanding of the strategies and the new 
configuration of the automotive sector in Brazil. Our efforts focused on gaining an insight of 
the reflexes of this new relationship standard on production and logistics practices and on 
measures of performance. 
To achieve the proposed objective, this paper discusses the dynamics of the structure and 
the relations in the context of supply chain management, the configurations of the world’s and 
Brazil’s automotive industry, the research methodology, the companies of this study, the 
relationship among companies in the industrial condominium, the impacts on product 
planning, production, supply and measurement of performance in the chain, and our final 
conclusions. 

2. Supply chain structure and relationships 
Nowadays structure and relationships are central elements in the analysis of supply chains 
(LAMBERT et al., 1998). However, before understanding the structure and the relationships 
in the chain, one must grasp the core concepts of supply chain management. Supply Chain 
Management – SCM is originating from the literature about logistics, specifically the issues 
of purchasing and administration of stocks (TRIENEKENS, 1999). The council of Logistics 
Management defines logistics as “a part of the supply chain management that plans, 
implements and efficiently and effectively controls flows, product stocks, services and 
correlated information, from the point of origin to the point of consumption, with the 
objective of meeting the clients’ needs” (LAMBERT et al., 1998 p.3). The authors point out 
that logistics has a functional role involving the flows of information and materials in the 
supply chain. 
SCM involves intra- and interorganizational integration and coordination from suppliers to 
final clients, the integration of many distinct organizations, and the presence of bidirectional 
flows of products and information. Lastly, SCM seeks to value the client with the 
appropriate use of resources and also to build competitive advantages in the supply chain. 
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Pires & Carrretero Diaz (2007, p. 25) emphasizes that the “SC is a network of autonomous or 
semi-autonomous companies that are effectively responsible for the obtainment, production 
and release of a given product and/or service to the final client.” 
Listed below are some of the assumptions of SCM found in the literature about supply chain 
management: competition among chains and no longer between isolated companies 
(CHRISTOPHER, 1998); alignment of the competitive strategies among the companies 
participating in the chain (BAUM & DUTTON, 1996); coordination and planning of the 
activities and processes among the companies that make up the chain (COOPER et al., 1997); 
alignment of the business processes and integration of functions in an intra- and 
intercompany process (COOPER et al., 1997); existence of a bidirectional flow of products 
(materials and services) and information among the companies belonging to the chain and 
establishment of cooperative relationships among the companies involved (PRAHINSKI & 
BENTON, 2004); existence of long-term commitments between suppliers and clients 
(CHRISTOPHER, 1998); joint investments in research and development and co-design. 
supplier involvement in the product fabrication process (PIRES & CARRETERO DÍAZ, 
2007); electronic data exchange (LAUER, 2000; SANCHES & PERES, 2003; KOUDAL & 
WELLENER, 2003); trust between clients and suppliers in the chain (SVENSSONS, 2001), 
among several other issues widely discussed in the literature on the theme. 
In this sense, the structure of the chain, understood as the set of relationships upstream and 
downstream of the chain, and the relationships – cooperative or not, begin to represent 
essential aspects for the chain’s management and, hence, for the improvement of the levels 
of stocks and services rendered to the client. Lambert et al. (1998) cite three interrelated 
elements: the structure, the process and the components for the SCM. The structure of the 
chain involves the types of actors, the vertical structure, the horizontal structure and the 
horizontal position of the organizations of the chain of suppliers. Business structures are 
strucrures of activities designed to add value to the end product. The management of the 
chain’s components involves managerial activities in which the business processes are 
integrated and managed along the chain. 
The format of the supply chain and logistics structure can be a competitive advantage 
(LAMBERT et al. 1998). However, structuring and managing a set of relationships has 
become an extremely complex strategic issue.  Uzzi (1997) reflects on the consequenced of 
adopting different supply chain configuratios, as illustrated in Figure 1. Each chain is 
composed of a contractor (the focal company) connected to the first and second tier 
suppliers. The thick lines represent a higher degree of reciprocity, cooperation, trust, 
exchange of refined information, etc. The tenuous lines indicate the market relationships 
(arm’s length), with supplier selection criteria based on the best price. 
If an organization is deeply inolved in cooperative relationships with a few suppliers and 
clients, it becomes highly dependent (overembedded chain) on these actors, making it difficult 
for the focal company to adapt to the competitive dynamics and to innovations (UZZI, 
1997). 
If an organization has market relations solely inside the chain, which the author calls an 
underembedded chain, the business and relationships among companies are conducted based 
on the criterion of price, with little cooperation, trust and integration, i.e., they are strictly 
market relations.  
The integrated chain, according to Uzzi (1997), would be the most suitable way to struture a 
supplier chain, for it combines: 1) cooperative relationships with high interdependence and 
refined exchanges, and 2) market relations with a cost-based criterion. In the integrated 
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chain there is no exclusive dependence on a few suppliers and there is also the possibility of 
receiving non-redundant information. As Uzzi (1997) points out, the degree to which 
relations of cooperation and little cooperation facilitate transactions depends on the quality 
of the connections, the position and the key companies in the chain. For this reason, 
understanding the dynamics of the structure of the chain is essential in order to compete. 
A contribution concerning relationships in the supply chain was presented by Lambert et al. 
(1998). The authors mentioned four types of connections in supply chains: managed, 
monitored, non-managed and indirect connections. Figure 2 illustrated the types of 
connections in supply chains. 
Managed connections are those that occur when the central company integrates its processes 
with clients and suppliers through collaboration. Monitored connections are forged when a 
central company monitors and audits the supply chain processes. Non-managed connections 
occur when the central company does not monitor the participating actors due to the mutual 
trust existing between the actors. Indirect connections are the ones that influence the central 
company indirectly in the absence of a relationship with the actor in question. Every supply 
chain varies according to the diverse types of connections existing in it. The different types of 
connection can influence the type of information, the mechanisms of performance control, and 
the forms of production management, among various other aspects.  
Several studies have found that more cooperative relations among companies in the chain 
lead to gains (GHOSH & FEDOROWICZ, 2008; SOOSAY, HYLAND & FERRER, 2008; 
HADAYA & CASSIVI, 2007).  
Supplier relations management is a central process in the model of Lambert et al. (1998). 
Companies should develop partnerships with key suppliers to underpin the management of 
manufacturing flow, product development and commercialization (PIRES & CARRETERO 
DÍAZ, 2007). 
The structural and relational dimensions in the chain help one to understand the nature of 
the relationships among productive actors and to design new supply and distribution 
channels. Supply chain managers need to map the participating actors, identify the critical 
connections to be monitored, and establish, or not, cooperative bonds among the actors. 
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As Podolny (1994) asserted, market uncertainties and failures lead organizations to adopt a 
more cooperative orientation in search of partnerships and long-term relationships. 
Increasingly, the actors of the automotive sector have been using this orientation as a 
facilitating element in exchanges and as a principle for selecting exclusive partners. This 
process will be analyzed within the context of the Brazilian automotive industry. 

3. Contemporary configurations of the automotive industry 
The last few years have seen an intensification of the internationalization of the automotive 
industry, a process that represents one of the core strategies of automakers. 
Internationalization, geographic distribution and international division of labor represent 
primary themes for studies of the sector, in view of the stabilization of vehicle production 
and sales in the markets of the triad: United States, Japan and Europe, according to 
Humphrey et al. (2000). As a result, there has been a significant change in the role of 
regional markets, as in the case of the Mercosur. 
Currently, the sector is expanding its productive structures in a large part of the world’s 
countries. According to Humphrey et al. (2000), the dynamics of the automotive sector is 
divided principally into three markets:  protected autonomous markets (PAMs), integrated 
peripheral markets (IPMs), and emerging regional markets (ERMs). The first is composed of 
the countries that protect themselves against outside competition through domestic markets, 
such as India, China and Malaysia. The second comprises the countries located close to large 
markets, such as Mexico, the Czech Republic, Hungary and Poland. The third market is 
composed of countries inserted in emergent blocs, such as Brazil and Argentina, Russia and 
Turkey. Although these markets represent “new spaces” of action for automakers and auto 
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As Podolny (1994) asserted, market uncertainties and failures lead organizations to adopt a 
more cooperative orientation in search of partnerships and long-term relationships. 
Increasingly, the actors of the automotive sector have been using this orientation as a 
facilitating element in exchanges and as a principle for selecting exclusive partners. This 
process will be analyzed within the context of the Brazilian automotive industry. 

3. Contemporary configurations of the automotive industry 
The last few years have seen an intensification of the internationalization of the automotive 
industry, a process that represents one of the core strategies of automakers. 
Internationalization, geographic distribution and international division of labor represent 
primary themes for studies of the sector, in view of the stabilization of vehicle production 
and sales in the markets of the triad: United States, Japan and Europe, according to 
Humphrey et al. (2000). As a result, there has been a significant change in the role of 
regional markets, as in the case of the Mercosur. 
Currently, the sector is expanding its productive structures in a large part of the world’s 
countries. According to Humphrey et al. (2000), the dynamics of the automotive sector is 
divided principally into three markets:  protected autonomous markets (PAMs), integrated 
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the countries that protect themselves against outside competition through domestic markets, 
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parts suppliers, the internationalization of the automotive sector is not a homogeneous 
process. 
Although the expansion of the automotive industry has a global character, the realities and 
peculiarities of each market call into question  the existence of single production models, as 
a result of the legitimation of the best management practices. Volpato (2002) points out that 
the internationalization of the automotive sector has two extremes: one the one hand, a 
significant standardization of organizational forms and of decision-making processes 
originating from headquarter companies and, on the other, localization and adaptation to 
each regional context. Cultural, social, political and economic differences require different 
forms of implementation and diffusion of productive systems, leading, according to Boyer et 
al. (1998), to a process of hybridization. These authors believe that the diffusion of 
productive systems depends, for its consolidation, on a series of economic, social and 
historical aspects. 
Emerging markets, such as the Brazilian market, are considered attractive due to the 
following factors: rapid growth of the vehicle market, production units in lower-cost 
locations, accelerated growth of driving rates (LUNG, 2000), and privileged fields for new 
organizational and labor experiments (HUMPHREY et al., 2000). 
The transformations of the structural foundations of Brazil’s automotive sector open up a 
fast field of research, which involves new production models. The large number of mergers, 
acquisitions, co-production, consortiums, franchising, strategic alliances, long-term contracts 
and joint ventures demonstrate the sector’s dynamic and complex characteristics. In recent 
years, several new organizational arrangements have been implemented in Brazil’s 
automotive sector, among them the modular consortium and the industrial condominium. 
These new arrangements are marked by a high degree of outsourcing, long-term contracts, 
integrative agreements, component co-production, exchange of specific assets, information 
transfer, and support to suppliers. These arrangements modify the relationship standard of 
automakers with auto parts suppliers. 
The strategic change in automakers is also related with a greater rationalization in the 
relations with auto parts suppliers. Economic, technological and market uncertainties lead 
to the establishment of cooperative agreements with suppliers (KNIGHT, 1998). This fact 
has given first-tier suppliers high-status positions and, hence, new roles to play in the 
supply chain of Brazil’s automotive industry. 
These changes have led to two consequences for the auto parts sector: 1- a significant 
increase in automaker demands concerning quality, just-in-time deliveries, global sourcing, 
follow sourcing, product development, co-design, and financial and technological 
capacitation (CARVALHO et al. 2000); and 2- concentration of the auto parts suppliers in the 
hands of large international groups and a deep denationalization of the sector. 
The introduction of new productive arrangements – the modular consortium and industrial 
condominium – have placed Brazil’s automotive sector on the map in the discussion of 
industrial models (HUMPHREY et al., 2000). The Brazilian automotive sector is becoming a 
model for several countries, including the most industrialized nations, where the 
headquarters of the companies that have manufacturing units in Brazil are located. 

4. Methodology of research  
This research is classified as exploratory, descriptive, qualitative and case study-based. 
Table 1 classifies the research methodology. 
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Subject Methodology 

Objective 
Exploratory and descriptive research – seeks to understand 
the relationship between the automaker and the systemist 
supplier 

Approach Qualitative – allows for an understanding of the objective 
and subjective elements of the relationship  

Method Case studies – the automaker and the systemist supplier 
and their relationship were researched 

Data collection 
technique 

Interviews with semi-structured script – these were held 
with 5 executives at the automaker and one at the systemist 
supplier – these interviews allow for an explanation of the 
“world view” of the interviewee 

Table 1. Classification of the research methodology 

The exploratory research approach is suitable when: a) the situations analyzed are 
contemporary, encompassing and complex; b) the focus falls more strongly on 
understanding rather than on quantifying the facts; and c) there are several methodological 
sources to uncover the facts and applicable to situations in which there is no control over the 
events/behaviors of the facts/people involved in the research (YIN, 1994). This research is 
exploratory and descriptive inasmuch as it examines the relationship between automaker 
and systemist and the impacts of this relationship on the forms of production organization 
and on the measures of supplier performance.  
Qualitative research involves meaning, relationships and people for an understanding of the 
phenomena. According to Chizzotti (1999, p.79), “the qualitative approach starts from the 
premise that there is a dynamic relationship between the real world and the observer (…). 
The observer is an integral part of the process of knowledge and interprets the phenomena, 
giving them a meaning.” Qualitative research allows for a deeper analysis of the research 
object. The study does not allow for generalizations, but makes a more subjective analysis of 
the relationship between automaker and systemist supplier. 
The case studies involved a vehicle manufacturer and a supplier of automotive systems (the 
systemist). According to Yin (1994), case studies are indicated in three situations: 1) when 
the case study represents an opportunity to confirm, contest or extend a theory; 2) when it is 
an extreme and rare case; and 3) when it involves something revealing, a unique 
opportunity for analyzing an inaccessible phenomenon.  The present research is related with 
situation 3, because it studies very particular and specific aspects of the relationship 
between the automaker and the systemist within the context of an industrial condominium. 
That is the main reason for the choice of these companies for this research.  
In addition to a review of bibliographic material and observation, data were collected 
through interviews in loco with five executives from the areas of logistics, purchasing and 
production at the automaker and one executive of the systemist supplier. The semi-
structured script for collecting the data involved a study of the supply chain structure, the 
relationship between companies, performance measurements, logistics, and production 
planning and control. The semi-structured script allows the interviewee to describe his 
“world view” and gives greater depth to any given topic. In this research, we attempted to 
combine closed and objective information with more ample and subjective information. 
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The interviews and non-participant observation, in which the researcher does not join the 
observed group, complemented each other in the data collection process. The visit and act of 
interviewing provide the researcher with a variety of relevant information. The language, 
stories, behavior, and treatment are some of the aspects observed in the researcher’s contact 
with the interviewees. The case study was conducted during the second semester of 2007 
and the first three months of 2008.   

5. The companies studied 
A set of relevant characteristics and/or information of the studied companies are briefly 
described below. 

5.1 The automaker  
The oldest automaker in the country was established in 1957, in the city of São Bernardo do 
Campo. This plant represents one of the icons of the automotive industry and of Brazilian 
industrialization. In the end of 2007, this manufacturing unit employed approximately 
20,545 people (automaker: 15,000; third parties: 5,545) and more than a thousand engineers 
in its Engineering Center. The São Bernardo do Campo plant has a production capacity of 
1,600 vehicles/day. 
 In 2002, the São Bernardo plant was restructured to transform it into an industrial 
condominium. As Pires & Carretero Díaz (2007) explain, in the industrial condominium the 
suppliers are physically installed next to the automaker. The industrial condominium is 
composed of 8 companies that supply parts in sequence and in real time to the automaker. 
Installed in this condominium are the suppliers of tires, wheels, door accessories, cables, 
chassis components, fuel tank, exhaust pipes, brake and accelerator pedals, instrument 
panels, and interior car door panels. The modules and systems manufactured by the 
suppliers are transported and sequenced according to the automaker’s production schedule, 
operating according to the just-in-sequence system. 
According to data published by Automotive Business (2005), the company invested R$ 2 
billion in a highly automated and modern structure. Laser welding, robotized framework 
islands, automated paint line, the use of palmtops to control production in real time, 
assembly by a modular system, and car body transporting devices that adapt to the height 
of the worker are some of the improvements and innovations implemented in the new plant. 

5.2 The systemist supplier 
The systemist supplier (SS) is installed inside the automaker’s plant. The supplier belongs to 
a German group of the automotive sector, supplying parts and systems for car bodies, 
chassis and engines (powertrain systems). In the end of 2007, the group to which the 
systemist belongs had 140 plants in 17 countries and employs 184,000 people. In addition to 
the automotive sector, the group acts in the steel, elevators, technologies and services 
sectors. In Brazil, the group has 22 subsidiaries and employs approximately 9,000 people. 
When the negotiations to set up the industrial condominium began, the automaker asked 
the SS for two estimates, one corresponding to the plant located outside and the other for 
the plant located on the automaker’s premises. The supplier made a detailed study of its 
needs to present to the automaker. The SS was thus able to reduce the cost of its part to the 
automaker by 15% simply by being located on the premises of the condominium. The 
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logistic cost and the synergy between the supplier and the automaker were identified as the 
principal factor for the cost reduction. Other benefits are energy, water, restaurants, 
buildings, and security, among other aspects offered by the automaker. “However, the main 
factor responsible is logistics since, if we were located outside, we would have to produce, 
transport by truck, unload, sequence the parts and deliver them to the automaker,” all of 
which generates costs, according to the SS manager.  

6. Analysing the relationships in the industrial condominium 
Intense consolidation with the supplier base in the automotive sector has been observed in 
several countries, and in Brazil it was no different. The consolidation of the supplier base led 
to a significant structural change in the automotive chain. The large transnationals began 
buying up national companies and placing themselves as first-tier suppliers in the chain 
(SALERNO, et al. 2003). This structural change, whereby the automaker maintains relations 
with fewer suppliers, affected the relationship standard and the level of integration between 
suppliers and automakers. 
The relationship between automaker and systemist can be classified as highly managed and 
integrated, according to the classification proposed by Lambert at al. (1998). Integration is a 
central aspect in the relationship between automaker and systemist. Pires & Carretero Díaz 
(2007) present different levels of relationships among companies, from the least the the most 
integrated (commercial relations, non-contractual agreements, licence agreements, alliances, 
partnerships, joint ventures and vertical integration). Partnerships and joint ventures 
represent relationships with high levels of integration in the chain. In this classification, the 
relationship involves a marked level of collaboration, of alignment of objectives, and of 
integration of processes and information. 
The joint venture established between the SS and the automaker indicates a high degree of 
integration and complementarity of competencies. The industrial manager of the SS stated 
that “integration, cost reduction and collective facilitators” are the main reasons for being in the 
condominium. This gives the SS access to resources, information and systems that other 
suppliers do not have: real levels of demand, changes in products and technologies, etc. The 
industrial manager of the SS also highlighted a technological partnership between the group 
to which the SS belong and the automaker in Germany for the fabrication of modules similar 
to those manufactured in Brazil. All the technology the SS uses here in Brazil also comes 
from the know-how generated jointly in Germany with the automaker of this research. 
Thus, the relations between the SS and the automaker display a high level of sharing of 
knowledge relating to component production and development. 
Another point cited by the interviewee is the fact that because the SS is right beside the 
assembly line, “you can go there and solve any problem of logistics, quality or production.” The SS 
and the automaker also have daily meetings to deal with operational questions of logistics 
and production. The frequency of contact is very high, enabling them to operate with low 
levels of stocks and a high level of integration for the solution of problems. These contacts 
create bonds of trust between the companies, rendering the system even more efficient, as 
indicated by the findings of the study by Morris et al. (2004), who point out that 
modularization does not refer solely to technology but also to organizational and social 
relationships between companies. This format of supply chain structure, which privileges a 
high degree of reciprocity, trust, and exchange of refined information, is worldwide trend in 
the automotive sector. The new relationship structure facilitates management of the supply 
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principal factor for the cost reduction. Other benefits are energy, water, restaurants, 
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relationships between companies. This format of supply chain structure, which privileges a 
high degree of reciprocity, trust, and exchange of refined information, is worldwide trend in 
the automotive sector. The new relationship structure facilitates management of the supply 
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chain in several aspects, such as stocks, information flows, and client demands, allowing for 
coordination and planning of the activities and processes between the companies that make 
up the chain. 
This research confirmed several assumptions set forth in the literature about supply chain 
management in the relations studied here, such as the establishment of cooperative 
relationships among the companies involved; long-term commitment between suppliers and 
clients; joint investments in research and development and in co-design; supplier 
involvement in the product manufacturing process; and the electronic exchange of data. 
These elements favor high levels of integration, coordination of work methods, and transfer 
of added value to the companies. Evidently, one cannot generalize this finding to other links 
in the chain. The relationships with non-systemist suppliers are not characterized by the 
same level of integration and complementarity of competencies, as reported by Pires & 
Carretero Díaz (2007).  
The high degree of integration of systemist companies is reflected in the practices and 
innovations in the condominium. Some innovations involve the use of modules, just-in-
sequence deliveries, the Kanban system, EDI (electronic data interchange), cross-docking, 
logistic consolidator, the poka-yoke system, and the joint venture between the automaker 
and the SS. Some of these innovations will be described below. 
The SS produces in a sequenced form. When the vehicle leaves the automaker’s paint shop, 
it must be assembled. The automaker sends an electronic signal (label) placed at the 
beginning of the systemists’ production line. The label contains the number of the vehicles, 
the sequential number, and the model of the module to be assembled. The SS copies the 
label and begins production. The production line tells the operators, by means of lights 
(poka-yokes), what parts are needed to assemble that module. At the end of the line, the SS 
attaches the automaker’s label to the parts, which are then sent in sequency to the 
automaker’s assembly line. All the systemists of the industrial condominium are responsible 
for sequencing. This sequencing is also a requirement for some outside suppliers. 
One fact clearly illustrates the integration between automaker and SS. At the moment the 
automaker sends the labels indicating the vehicles to be assembled, the SS has only 1 hour 
and 30 min to send and sequence the parts according to the automaker’s production plan. 
That is why there is a high investment in preventive maintenance (planned). The industrial 
manager had the following to say about sequencing and short-term deliveries: “it generates 
a lot of stress… and the line cannot be stopped.” This requires from clients and suppliers a 
high level of intercompany coordination in the management of stocks, demand and 
productive capacity. 

7. Analyzing three automaker’s business processes 
The automaker’s production is organized into three macro-processes, involving the product 
planning system, production planning and supply of the assembly line. The product 
planning activities begin with an alteration in drawings or with a new vehicle design (new 
designs or modifications of existing designs).  This phase is marked by numerous meetings 
and teams to discuss the new design or vehicle design changes, such as: types of parts, 
financial aspects, development of tooling and supplier qualification. The initial phase 
consists of product development and production planning with the key suppliers. 
During production planning the automaker selects all the suppliers. For purposes of the 
architecture of raw materials, the suppliers have a visibility of 6 months of the schedule 
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through releases. Ten weeks before production begins there is still a flexible period (up to 
the 8th week) until the schedule is frozen in the last two weeks. The suppliers have access to 
these phases to suggest and introduce changes in the vehicle. After this phase comes the 
planning phase of how many cars will be produced (monthly, weekly and daily). The entire 
production is managed by the Manufacturing Information System (MIS), which stores and 
coordinates the orders from dealers and then determines the models, versions to be 
manufactured. The system also sends the parts orders to the suppliers to supply the line. 
Supply of the production line also has several innovations. The automaker has about 400 
outside suppliers. To supply the line, the plant operates by the milk run and Kanban 
systems with outside suppliers. A logistic consolidator was hired to collect raw materials to 
supply the plant’s production line. The Kanban system is applied for large and expensive 
parts. Both the milk run and Kanban systems reduce logistics costs and stock, as well as the 
number of trucks circulating on the plant’s premises. The EDI (Electronic Data Interchange) 
system is being implemented with some suppliers and others via the Internet. 
The above phase is followed by the supply operation, which has to be planned from the 
point of use (packaging, ergonomics, transportation, supply flow, weight, warehouse, 
installations, information system, type of vehicle, FIFO and LIFO control) in order to avoid 
unnecessary warehousing. The plant has 22 warehouses to make raw materials available at 
the moment of assembly. The placement of material at the point of use is called cross-docking 
in the literature (PIRES & CARRETERO DÍAZ, 2007). 
All the production of the SS is made to order. There is some safety stock to cover eventual 
problems, which the automaker’s production line for the SS takes advantage of to make a 
small buffer stock of the most frequently used parts. Due to the need for low stocks, 
production and supply planning play a significant role in reducing logistics and transport 
costs. 

8. Analysing the supply chain performance measurement process 
We found no single system for dealing with supply chain performance measures. The 
automaker itself has an internal system that includes some supply chain performance 
measures. It was found that companies have internal systems for measuring performance 
that extend to supply chains. 
The automaker measures performance indicators using KPIs (Key Performance Indicators) that 
encompass all the internal areas of the company, from departments to people. The criteria 
are based on corporate objectives of highest added value for specific areas to individual 
sectors, directorates, departments and manufacturing. The performance criteria are 
indicated by a color code (green, yellow and red) with well-defined limits of control. These 
numbers are consolidated by the finance area (controller), which determines the results of 
the indicators, not only financial but also of other areas. The results are similar to those 
presented by Gulledge & Chavusholu (2007). 
Some of the logistics performance measures are detailed down to the supplier level. One of 
the logistics performance measures is cripple, which measures the number of missing units 
and may indicate supply chain-related issues, e.g., “it indicates if the car is lacking parts and 
measures failures of the entire supply chain”, explained one of the automaker’s logistics 
managers. Indirectly, the KPIs end up reflecting on the suppliers. The reflexes of the KPIs on 
the systemists are discussed by executives in daily meetings, where preventive and 
corrective actions are decided. 
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Logistics has 10 sets of indicators: percentage of lost production, bill of materials, volumes of 
rejects, cripple (number of missing units/incomplete vehicles), inventory levels, deliveries 
of replacement parts, overtime (payment of direct or monthly personnel), logistic cost 
(purchase of materials/supplies), overhead, and inventory volume and fidelity. These sets 
are specifically for logistics. Each of the supervisors and employees has his own KPI chart 
and criteria that add value in their area. 
According to the interviewees at the automaker, the suppliers are evaluated constantly 
based on at least three major performance criteria: 
• Logistics – operational aspects (packaging, type of delivery, innovations, new systems, 

and especially faithfulness in fulfilling the program, 
• Engineering – development potential (software, technical knowledge), 
• Quality – a system that ensures the quality of the process (internal process, means of 

control, calibration of tooling, maintenance). 
For new projects, the purchasing area indicates the suppliers that are qualified to supply. 
The choice of suppliers involves identifying the best price and selecting three suppliers, 
whereupon the proposal is submitted to the other areas. The area of quality may veto the 
choice, claiming that the supplier is unqualified. If an area vetoes a supplier, the supplier 
will need to have a very efficient action plan. 
The automaker also has a supplier evaluation system which is multifunctional, involving 
logistics, engineering, quality, finance and commercial. The forums for defining suppliers 
are also multifunctional. Both systems work somewhat like external supplier performance 
measure systems. 
The suppliers also have internal performance measure systems that extend to external 
measures. The SS has several performance measures, such as physical sales, customer 
complaints, field failures, client assembly line stoppage, average failure time, waste and 
scrap control, material blocked by suppliers, product audits, and maintenance control. The 
criteria related directly to the automaker1s supply chain are customer complaints and client 
assembly line stoppage. According to the interviewee, the SS has much stricter internal 
performance measures than those used by the automaker to measure supplier performance. 
What the automaker really controls is line stoppage and SS quality. 

9. Final comments 
The implementation of the industrial condominium brought major changes in the 
automaker’s relationship with auto parts suppliers, particularly with the systemists. As 
Doran (2004) explains, in the modular system there is a transfer of added value from the 
automaker to first-tier suppliers, especially to modulists. Morris et al. (2004) stated that the 
modular system gives rise to mutual development between automaker and suppliers in 
accepting work methods, standard procedures, rules, documents and methods of 
communication. This characteristic renders the system mode interactive than impository, “in 
other words, modularization does not refer solely to technology but also to organizational 
and social relationships between companies” (Morris et al., 2004, p. 130). 
Simplification of the supply system was an issue brought up by the automaker’s 
interviewees. In the words of the automaker’s logistics manager, “if we did not have the 
systems, we might have 25,000 items rather than 40,000 to manage, so the systemist manages 
a very large parcel of items” with high added value. The modular design is used in 
Mercedes-Benz’s “Smart” design. While a typical Mercedes-Benz car requires 100 suppliers, 
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the “Smart” model uses 25 modulist suppliers. The benefits to the automaker are reduced 
risks, investments and costs, according to Doran (2004). For the modulists there is an 
increase in responsibilities and a high degree of involvement in product and process 
development. Pires (1998) adds the factor of opportunity for the supplier to develop new 
competencies by becoming a modulist, as was the case of modular consortium suppliers. 
The items supplied by the SS are items with high added value for the automaker and 
present vehicle safety characteristics. The SS is physically next to the automaker and 
presents high levels of efficiency, as indicated during the interviews. All product and 
process development, production and supply are carried out in an integrated way between 
the SS and the automaker. This finding is consistent with that of Doran (2004), who points 
out that there is a considerable transfer of added value from the automaker to the modulists, 
who must have a culture of quality, supply items at low cost, have research and 
development capabilities, achieve global presence and the capacity to develop modular 
solutions for automakers. 
The automaker consolidated its supplier base into a small number of partners, going from 
multiple suppliers to single suppliers. However, the systemists must present high levels of 
performance, for if the systemist allows the assembly to stop, the cost is very high (the value 
of the cost of the lost cars). Therefore, the SS has invested heavily in maintenance, daily 
meetings and several performance measures to ensure its supply to the automaker. In the 
words of one of the automaker’s managers, “It is much easier to measure performance 
issues with the systemists, since they cause us infinitely fewer problems, not least because 
we scrutinize them more closely because they are in the plant. Sometimes it is much more 
troublesome to solve a problem of a glove compartment screw than that of a systemist.”  
Considering the types of connections presented by Lambert et al. (1998), the relations 
between the SS and the automaker are marked by a high degree of monitoring. According to 
the SS manager, each day production line leaders go to the automaker to check if there is 
any problem. “These relations produce good results… …that is the advantage of being in 
here… …our employee goes directly to the person who receives our module, so this 
communication is very intensive.”  The connections with the SS are managed and strongly 
monitored by the automaker. This finding is in line with Mchung, Humphreys & Mclvor 
(2003), who point out that cooperation is greater the greater the participation in the cost of 
the product supplied in the end product. 
This research contributes to show how strategic bonds in the supply chain receive higher 
investments in innovations and monitoring. This fact indicates that the traditional 
relationships are limited when it comes to generating collective gains. Partnerships and 
cooperation have proved to be important elements in the configuration and formation of 
supply chains in the automotive sector. Relationships of this type imply collective gains for 
the actors with high positions in the structure of the chain. This position of prominence is, in 
large part, occupied by first-tier suppliers and in large part by transnationals. 
One point noted here is that the higher the strategic value and the asset specificity of the 
item supplied the greater the possibilities of expanding partnerships in the search for 
mutual gains. At the same time, the auto parts suppliers assume greater responsibilities and 
the automakers make greater demands. 
This study has limitations, the first of which refers to sampling. The case study at only two 
companies cannot lead to generalizations to other automaker-supplier relationships. 
Another limitation is the depth of the analysis of the relationship between the automaker 
and the SS. Since these relations involve intense information interchange and are assured 
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through contracts, many of them are confidential and could not be revealed. The greatest 
difficulty was the field data collection, due to the novelty of the theme. 
Far from finalizing the discussion on this subject, further researches are necessary in order 
to contribute to the rich discussion concerning the partnership relations between 
automakers and auto parts suppliers, and the local and global configuration of supply 
chains in the automotive sector. This is even more necessary due to the increasing 
importance of the Brazilian plants of subsidiary multinationals in the global context of the 
automotive industry. 
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10. References 
ANFAVEA (2008), ANFAVEA (National Association of Motor Vehicle Manufacturers) 

Letter, Available in: www.anfavea.com.br.  Access in: January 20th, 2008. 
AUTOMOTIVE BUSINESS  (2005), Nova Anchieta, uma revolução dentro da fábrica pioneira. 

Available in: www.automotivebusiness.com.br, Access in: February 1st, 2005.   
CARVALHO, R. Q. QUEIROZ, S. R. R., HUMPHREY, J., CONSONI, F. L., COSTA, I., & 

FONSECA, R. R. (2000) Globalização e reestruturação da cadeia produtiva na indústria 
automotiva: qual é o papel do Mercosul?  Partnership IPEA-DPCT/IG/UNICAMP. 
Final Report.  FUNCAMP, 252p. 

CHIZZOTTI, A. (1995) Pesquisa em ciências humanas e sociais, Second Edition.   São Paulo,  
Cortez. 

COOPER, M, LAMBERT, D., & PAGH,  J. (1997), Supply chain management: more than a 
new name for logistics. The International Journal of Logistics Management, Vol. 8, No. 
1, pp. 1-13. 

BAUM, J. A. C.;   DUTTON, J. E. (1996), The embeddedness of strategy.  Advances in Strategic 
Management,  Vol.13. pp. 363-388. 

BOYER, R. CHARRON, E., JURGENS, U., TOLLIDAY, S. (1998), Between imitation and 
innovation: the transfer and hybridization of productive systems in the international 
automobile industry.  New York, Oxford University Press. 

CHRISTOPHER, M. (1998) Logistics and Supply Chain Management, London,  Prentice 
Hall. 

DORAN, D. (2004), Rethinking the supply chain: an automotive perspective. Supply Chain 
Management: an International Journal, Vol. 9, No.1, pp.102-109.  

FYNES, B.; VOSS, C.; BÚRCA, S. (2005), The impact of supply chain relationship dynamics 
on manufacturing performance. International Journal of Operations & Production 
Management, Vol. 25, No. 1, pp. 6-19. 

FRIEDBERG, E.; NEVILLE, J.P. (1999), Inside partnership Trust, opportunism and 
cooperation in the European automobile industry. In: Grandori, Anna (1999), 
Interfirm Networks: Organization and Industrial Competitiveness, Routledge Studies in 
Business Organization and Networks, 11.  

GNYAWALI, D.; MADHAVAN, R. (2001), Cooperative networks and competitive 
dynamics: a structural embeddedness perspective. Academy of Management Review, 
Vol. 26, No.3, pp. 431-445. 

GHOSH, A.; FEDOROWICZ, J. (2008), The role of trust in supply chain governance. Business 
Process Management Journal; Vol. 14, No. 4. 

GULATI, R. (1999) Where do interorganizational networks come from?   American Journal of 
Sociology, Vol.104, No.5, pp. 1439-93. 

An Analysis of the Automaker-Systemist Supplier Relationship  
in an Automotive Industrial Condominium   

 

121 

GULLEDGE, T.; CHAVUSHOLU, T. (2008), Automating the construction of supply chain 
key performance indicators. Industrial Management & Data Systems, Vol. 108, No. 6, 
pp.750 – 774. 

HADAYA, P.; CASSIVI, L. (2007), The role of joint collaboration planning actions in a 
demand-driven supply chain. Industrial Management & Data Systems, Vol. 107, No.7, 
pp. 954-978. 

HUMPHREY, J.; LECLER, Y.; SALERNO, M.S. (2000), Global strategies and local realities: the 
auto industry in emerging markets. London, Macmillan. 

KNIGHT, J. (1998), The bases of cooperation: social norms and rule of law.  Journal of 
Institutional and Theoretical Economics,  Vol.154, No. 4, pp. 754-63. 

KOUDAL P.; WELLENER, P. (2003), Digital loyalty networks: continuously connecting 
automakers with their customers and suppliers. Strategy and Leadership, Volume 
31, Number 6, pp. 4-11(8). pp.4-11. 

LAMBERT, D. M.; COOPER, M.C.; PAGH, J.D. (1998), Supply chain Management: 
implementation issues and research opportunities. The international Journal of 
Logistics management, Vol. 9, No.2, pp. 1-19. 

LAUER, T. W. (2000), Side effects of mandatory EDI order processing in the automotive 
supply chain. Business Process Management Journal, Vol. 6, No.5, pp. 366–375. 

LEE, C. W.; KWON, I. G.; SEVERANCE, D. (2007), Relationship between supply chain 
performance and degree of linkage among supplier, internal integration, and 
customer.  Supply Chain Management,  Vol.12,  No. 6., pp. 444 – 452. 

LUNG, Y. (2000), Is the rise of emerging countries as automobile producers an irreversible 
phenomenon? In: HUMPHREY, J.; LECLER, Y.; SALERNO; M.S. Global strategies 
and local realities: the auto industry in emerging markets.  London, Macmillan. 

MCCORMACK, K.; LADEIRA, M. B.; OLIVEIRA, M. P. V. (2008) Supply Chain Maturity 
and Performance in Brazil. Supply Chain Management, Vol.13, p. 272-282.  

MCHUNG, M; HUMPHREYS, P; MCLVOR, R. (2003) Buyer-supplier relationships and 
organizational health. The Journal of Supply Chain Management, Vol.39, No.2, pp.15-
25. 

MORRIS, D., DONNELLY, T., AND DONNELLY, T. (2004) Suppliers parks in the 
automotive industry. Supply Chain Management: An International Journal, Vol.9, 
No.2, pp.129 – 133. 

PIRES, S., CARRETERO DIAZ, L.E. (2007) Gestión de la Cadena de Suministros, McGraw Hill, 
Madrid,  258p.  

PIRES, S. (1998), Managerial implications of the modular consortium model in a Brazilian 
automotive plant. International Journal of Operations & Production Management, Vol. 
18, No. 3, pp. 221-32. 

PODOLNY, J. M.  (1994), Market uncertainty and the social character of economic exchange.   
Administrative Science Quarterly, Vol.39, pp. pp.458-83. 

PRAHINSKI, C., BENTON, W. C. (2004), Supplier evaluation: communication strategies to 
improve supplier performance. Journal of Operation Management, Vol. 22, pp.39 – 62. 

SALERNO, M. S., MARX, R., ZILBOVICIUS, M. (2003), A nova configuração da cadeia de 
fornecimento na indústria automobilística no Brasil. Revista de Administração –USP , 
São Paulo, Vol. 38, No. 3, pp. 192-204.  



 New Trends and Developments in Automotive Industry 

 

122 

SÁNCHES, A. M., PÉRES, M. P. (2003),  The use of EDI for interorganizational co-operation 
and co-ordination in the supply chain. Integrated Manufacturing Systems, Vol. 14, 
No.8, pp. 642 – 651.  

SOOSAY, C. A.; HYLAND, P. W.; FERRER, M. (2008), Supply chain collaboration: 
capabilities for continuous innovation. Supply Chain Management, Vol. 13, No.2, 160 
– 169.  

SVENSSON, G. (2001), Perceived trust towards suppliers and customers in supply chain of 
Swedish automotive industry. International Journal of Physical Distribution & Logistics 
Management, Vol. 31, No.9, pp.647-62. 

TRIENEKENS, J. (1999), Management of Process in chains: a research framework. Thesis. 
Wageningen University. 

 UZZI, B. (1997), Social structure and competition in inter-firm networks: the paradox of 
embeddedness.  Administrative Science Quartely, Vol. 42,  pp.35-67. 

VOLPATO, G. (2002), Carmakers internationalization strategies: an overview.  La Lettre du 
Gerpisa, No.158,  pp. 2-5. 

YIN, R. K. (1994), Case study research.  California: Sage Publications. 

Authors: 
Mário Sacomano Neto has a Doctoral degree in Production Engineering (UFSCar); He was a 
Visiting Scholar in University of Chicago (USA). He has a Master’s degree in Production 
Engineering (USP/EESC) and a Bachelor’s Degree in Business Administration (PUC). 
Nowadays, he is an associate professor of Operations, Supply Chain and Network Analysis 
in Business Administration Mastership at Methodist University of Piracicaba (UNIMEP). 
Email: msacomano@unimep.br;  pmsn@terra.com.br. 
Sílvio R. I. Pires has a B.Sc. (UFSCar), and a M.Sc. and a Doctoral degree (EESC-USP) in 
Production Engineering. He is a full professor of Operations and Supply Chain 
Management at the Methodist University of Piracicaba (UNIMEP). Formerly he was a 
Production Planning and Control manager in a large heavy equipments company in Brazil, 
a visiting research-professor at IMD in Switzerland, and a visiting professor at the Instituto 
de Empresa Business School in Spain. He also conducted several projects to large companies 
operating in Brazil. He has 25 years of practical experience in Operations Management. E-
mail: sripires@unimep.br 

8 

Strategic Priorities and Lean Manufacturing 
Practices in Automotive Suppliers. 

Ten Years After. 
Juan A. Marin-Garcia1 and Tomas Bonavia2 

1Universidad Politecnica  of Valencia,   
2University of Valencia 

Spain 

1. Introduction    
Currently, automobile manufacturers have transformed their philosophy of production in 
favour of the lean manufacturing paradigm. By doing so, they hope to improve efficiency 
and to obtain better results in the markets in which they operate. This transformation must 
occur not only in their plants, but it seems important that their suppliers should also modify 
their production systems in line with the lean manufacturing philosophy (Liker & Wu, 2000; 
Morris et al., 2006; Oliver & Delbridge, 2002). The effects of this wave will probably result 
that one integrated supply chain can be built. 
Supply companies can see benefits from the implantation of lean manufacturing practices in 
certain of their strategic priorities, be they quality, lead-times or costs. 
On different matters, there appears to be sufficient empirical and theoretical evidence to 
affirm that human resource management practices play a very important role in the 
successful implantation of lean manufacturing and above all in its maintenance thanks to 
the creation of a continuous improvement culture that supports the other lean 
manufacturing practices (Garcia-Sabater & Marin-Garcia, 2010). 
The objective of this chapter is to present an architecture of lean management practices, 
indicating the implantation sequence recommended for suppliers and the necessities that 
can help to resolve each one of the practices. We will also describe how, over the past 
decade, the necessities as much as the practices of lean manufacturing have evolved using 
some Spanish automotive suppliers as examples. Finally we will analyse in detail the 
evolution of continuous improvement programs to support lean manufacturing in 11 
companies that had started their deployment in the year 2000 (Marin-Garcia et al., 2009). 

2. Lean manufacturing 
The environment in which most industrial companies find themselves is characterized by 
the rivalry with competitors, the speed of change and the instability of demand. The 
majority of their markets are mature and their customers demand quality products that fit 
their specifics needs, one of which is the demand for quicker and more regular deliveries 
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(Marin-Garcia et al., 2009; Peng et al., 2008; Devaraj et al., 2004; Ketokivi & Schroeder, 2004). 
Everything seems to indicate that this tendency will only increase in the future. With this in 
mind, it is advisable that companies position themselves and decide their strategic operation 
priorities (Urgal González & García Vázquez, 2005; Ketokivi & Schroeder, 2004; Martín Peña 
& Díaz Garrido, 2007). Currently a consensus exists regarding two large blocks of strategic 
priorities in the area of production. Companies whose principal corporate strategy is the 
emphasis on costs will see as priority the efficient management of operations (reduce costs, 
investments and inventory) (González Benito & Suárez González, 2007; Avella et al., 2001; 
Ketokivi & Schroeder, 2004; Hayes & Wheelwright, 1984). Those companies that emphasise 
differentiation will see the quality operations area as priority (error free products and 
quality as perceived by the customer); or flexibility (range of the product line, modification 
of production volume or mix and design modifications) or delivery (production cycle time, 
delivery speed and on time delivery) (Lewis & Boyer, 2002; González Benito & Suárez 
González, 2007; Avella et al., 2001; Devaraj et al., 2004; Ketokivi & Schroeder, 2004; Hayes & 
Wheelwright, 1984; Lewis & Boyer, 2002).  
According to some authors it is difficult for a given company to satisfy all these priorities at 
the same time, given that there exists incompatibilities (trade off) between them (Avella et 
al., 2001; Devaraj et al., 2004; Skinner, 1969). However, there are also investigations where a 
sequential or accumulative model is proposed (González Benito & Suárez González, 2007). 
According to this model the companies focus on a few priorities at any given moment, but 
once they are satisfied they move onto others without losing the developed abilities. In this 
way they accumulate abilities that allow them, over time, to simultaneously satisfy a wide 
range of priorities.  
Currently, to combat competitive pressures, it is necessary to complement the efforts 
towards continuous improvement in production and quality being made since the eighties 
(White & Prybutok, 2001; Suzaki, 1993; Vazquez-Bustelo & Avella, 2006). To this end, it is 
necessary to identify problems before their consequences are seen, to analyse solutions for 
the suppression of unnecessary activities; and to reduce fabrication time, change over  time 
and batch size (Garcia-Sabater & Marin-Garcia, 2010; Marin-Garcia et al., 2008; Marin-Garcia 
et al., 2009). These activities are the basis of a group of practices that shape systems of 
advanced manufacturing. These systems have received many names, amongst others: lean 
manufacturing, just in time, total quality management or world class manufacturing. There 
exist many similarities in these concepts (Prado Prado, 2002; White & Prybutok, 2001; 
Marin-Garcia & Carneiro, 2010). To sum up, the objective of these practices is the systematic 
elimination of all types of waste (Callen et al., 2000), considering as waste anything beyond 
the minimum needed in terms of equipment, materials, components, space or worker time 
to give added value to the products (Suzaki, 1993). 
To put lean manufacturing systems into place, it is proposed a group of practices related to 
operations management (production planning and control, materials flow, maintenance 
system, quality system...), the relationships with clients and suppliers, product design or 
human resource management (participative management, worker involvement...). Amongst 
the most common we can find the following (see Table 1)(Shah & Ward, 2007; Dabhilkar & 
Ahlstrom, 2007; Jorgensen et al., 2008; Gurumurthy & Kodali, 2008; Carrasqueira & 
Machado, 2008; Marin-Garcia et al., 2006; Marin-Garcia & Carneiro, 2010; Treville & 
Antonakis, 2006; Doolen & Hacker, 2005; Marin-Garcia & Conci, 2009; White & Prybutok, 
2001; Prado Prado, 2002; White et al., 1999): 
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Practice Definition 

Visual Management (VM) 

The whole workplace is set-up with signs, labels, color-
coded markings, etc. such that anyone unfamiliar with 
the process can, in a matter of minutes, know what is 
going on, understand the process, and know what is 
being done correctly and what is out of place. 

Continuous Improvement (CI) 

Incremental improvement of products, processes, or 
services over time, with the goal of reducing waste to 
improve workplace functionality, customer service, or 
product performance. 

Total Quality Management 
(TQM) 

Establish quality as the top priority of the organization's 
business objectives. This includes involvement in the 
quality effort by all functions and employees and 
implementation of statistical quality control methods for 
defect prevention is an integral part of the program. 

Process Standardization (SOP) 

Systematize how a part is processed, and includes man-
machine interactions and studies of human motion. All 
tasks are organized in the best known sequence and by 
using the most effective combination of people, 
materials, methods and machines. 

Reduction of Set up time 
(SMED) 

This practice would attempt to reduce the time and costs 
involved in changing from the tooling, layout, etc. 
required to produce one product to that required to 
produce other products. 

Total productive Maintenance 
(TPM) 

Attempt to establish and refine routine preventive 
maintenance and replacement programs, getting 
machine operator actively participating in the minor 
machine maintenance functions in order to eliminate 
losses tied to equipment maintenance or, in other words, 
keep equipment producing only good product, as fast as 
possible with no unplanned downtime. 

Just in Time (JIT) 

To make one piece at a time correctly all the time, 
without unplanned interruptions and without lengthy 
queue times. Everything that is needed to process the 
part is within easy reach, and no part is allowed to go to 
the next operation until the previous operation has been 
completed. Ensures that suppliers deliver the right 
quantity at the right time in the right place. 

Supplier relationship (SR) 

Develop suppliers so they can be more involved in the 
production process of the firm. The objective is to 
improve quality, flexibility and levels of service form 
suppliers by increasing the quantity of orders, reducing 
the number of suppliers and developing a long term 
relationship based on trust and providing regular 
feedback to suppliers about their performance. 
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sequential or accumulative model is proposed (González Benito & Suárez González, 2007). 
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way they accumulate abilities that allow them, over time, to simultaneously satisfy a wide 
range of priorities.  
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(White & Prybutok, 2001; Suzaki, 1993; Vazquez-Bustelo & Avella, 2006). To this end, it is 
necessary to identify problems before their consequences are seen, to analyse solutions for 
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Marin-Garcia & Carneiro, 2010). To sum up, the objective of these practices is the systematic 
elimination of all types of waste (Callen et al., 2000), considering as waste anything beyond 
the minimum needed in terms of equipment, materials, components, space or worker time 
to give added value to the products (Suzaki, 1993). 
To put lean manufacturing systems into place, it is proposed a group of practices related to 
operations management (production planning and control, materials flow, maintenance 
system, quality system...), the relationships with clients and suppliers, product design or 
human resource management (participative management, worker involvement...). Amongst 
the most common we can find the following (see Table 1)(Shah & Ward, 2007; Dabhilkar & 
Ahlstrom, 2007; Jorgensen et al., 2008; Gurumurthy & Kodali, 2008; Carrasqueira & 
Machado, 2008; Marin-Garcia et al., 2006; Marin-Garcia & Carneiro, 2010; Treville & 
Antonakis, 2006; Doolen & Hacker, 2005; Marin-Garcia & Conci, 2009; White & Prybutok, 
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Practice Definition 

Visual Management (VM) 

The whole workplace is set-up with signs, labels, color-
coded markings, etc. such that anyone unfamiliar with 
the process can, in a matter of minutes, know what is 
going on, understand the process, and know what is 
being done correctly and what is out of place. 

Continuous Improvement (CI) 

Incremental improvement of products, processes, or 
services over time, with the goal of reducing waste to 
improve workplace functionality, customer service, or 
product performance. 

Total Quality Management 
(TQM) 

Establish quality as the top priority of the organization's 
business objectives. This includes involvement in the 
quality effort by all functions and employees and 
implementation of statistical quality control methods for 
defect prevention is an integral part of the program. 

Process Standardization (SOP) 

Systematize how a part is processed, and includes man-
machine interactions and studies of human motion. All 
tasks are organized in the best known sequence and by 
using the most effective combination of people, 
materials, methods and machines. 

Reduction of Set up time 
(SMED) 

This practice would attempt to reduce the time and costs 
involved in changing from the tooling, layout, etc. 
required to produce one product to that required to 
produce other products. 

Total productive Maintenance 
(TPM) 

Attempt to establish and refine routine preventive 
maintenance and replacement programs, getting 
machine operator actively participating in the minor 
machine maintenance functions in order to eliminate 
losses tied to equipment maintenance or, in other words, 
keep equipment producing only good product, as fast as 
possible with no unplanned downtime. 

Just in Time (JIT) 

To make one piece at a time correctly all the time, 
without unplanned interruptions and without lengthy 
queue times. Everything that is needed to process the 
part is within easy reach, and no part is allowed to go to 
the next operation until the previous operation has been 
completed. Ensures that suppliers deliver the right 
quantity at the right time in the right place. 

Supplier relationship (SR) 

Develop suppliers so they can be more involved in the 
production process of the firm. The objective is to 
improve quality, flexibility and levels of service form 
suppliers by increasing the quantity of orders, reducing 
the number of suppliers and developing a long term 
relationship based on trust and providing regular 
feedback to suppliers about their performance. 
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Customer relationship (CR) 

Focus on a firm’s customers and their needs with closer 
customer-company relationship, customer needs 
surveys, operation integrated with those of customers 
and delivery quality information. 

Design integrated with 
manufacturing (DFMA) 

Designing products in such a way that they are easy to 
manufacture, choosing the right material, the machines 
and processes used to work the raw material, and the 
assembly of the product. 

High Involvement Work 
Practices (HIWP): 

empowerment, training and 
rewards 

Consistently advocates a bottom-up approach to 
management. Jobs at the lowest level are thought to be 
best designed when individuals or teams do a complete 
part of an organization’s work process, such as making 
an entire product or providing a complete service. 
Ensuring that people are fully trained and truly 
empowered and installing "enlightened" and realistic 
performance measures, evaluation, and reward systems 

Table 1. Common lean manufacturing practices. 

In diverse papers it has been stated that the application of these practices has beneficial 
effects for the given company. These effects are greater if large groups of practices are 
implanted, and not in an isolated way, taking advantage of a synergetic effect between them 
(White & Prybutok, 2001). Thanks to lean manufacturing companies can improve their 
productivity as much in terms of workforce as machinery, and can reduce time between 
receipt of order and completion of production, can improve internal and external quality 
and reduce inventory levels and unit costs (Callen et al., 2000; White & Prybutok, 2001; 
Marin-Garcia et al., 2009). All of this allows an improvement in competition.  
The majority of experiences related to lean manufacturing have taken place in companies 
that make elevated quantities of the same product in repetitive processes (production lines). 
Amongst these the automobile industry, and its auxiliary companies, and the consumer 
electronics industry stand out. However, jobs that justify the benefits of these systems also 
exist in other sectors, as much in process companies (food, chemicals, pharmaceuticals, 
detergents...) as other types of company (textile, industrial machinery, metallic components, 
compressors, hydraulic valves, electrical consumer goods, plastics...)(Schonberger, 1996), 
even in those companies that make highly differentiated products of which few of each 
model are made (James-moore & Gibbons, 1997; White & Prybutok, 2001). Nevertheless, we 
have to take into account that the use of these practices is most seen in companies with 
repetitive configurations (line or process) than in those with non repetitive configurations 
(projects or workshops) (White & Prybutok, 2001). As well, the results obtained by 
companies are relatively better with repetitive configurations, where complex and standard 
consumer products are made. However, other types of processes can also be improved with 
these techniques, although at a lower level (Lee, 1996). 
On the other hand, it appears to be demonstrated that plants with less than 250 employees 
use these systems less (Schonberger, 1996; White & Prybutok, 2001). For smaller companies 
it is better to undertake a sequential implantation of those tools available to them, starting 
with the easiest and cheapest. Perhaps even for bigger companies this is the most efficient 
tactic for launching lean manufacturing.  
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Taking into account the fact that the implantation of these practices is a gradual process, it is 
vital to reflect if it is possible to find the most appropriate order in which the practices 
should be put into action in the auxiliary automobile industry (Marin-Garcia et al., 2010). A 
general proposal exists by Monden (1998) and, in this paper, we will present an adaption to 
the particular necessities of the sector upon which we are focusing. We will begin with 
describing how, over the last decade, the necessities as much as the practices of lean 
manufacturing have evolved in a Spanish automotive supplier sample. We will also analyse 
the evolution over these 10 years of those continuous improvement programs implanted to 
give support to lean manufacturing in 11 companies within the sector. From these 
experiences a proposal for a lean manufacturing practice architecture will be proposed, 
indicating the implantation procedure most appropriate for automobile supplier companies. 

3. Evolution of the use of practices and priorities 
The grade of deployment of lean manufacturing practices has been analysed via a survey 
taken by Spanish companies belonging to the cluster of suppliers to the automotive 
industry. The majority of these companies are small and medium sized (Table 2) and there is 
no a significant difference between the samples from the years 2000 and 2010, although over 
this decade there had been a process of concentration that gave origin to mergers, 
acquisitions, and closures, generating an increase in the number of large companies in the 
sector. 
 

Workers 2000 2010 
less than 50 39% 24% 

between 50 and 249 48% 56% 
250 or more 13% 21% 

N 31 33 

Table 2. Distribution of companies by size. 
The data that we are going to present in this section were obtained via a questionnaire 
within which companies were asked about the level of deployment of the different 
practices with a range of answers between 0, nothing, up to 5, very much (Marin-Garcia & 
Carneiro, 2010). 
In Figure 1 we show the evolution of strategic priorities in the area of production. Over 
these 10 years the relative importance of priorities has changed, although the principal 
priorities in 2010 continue to be lead-times and the reduction of defects. However, in these 
10 years, the necessity to fight competitors on the basis of cost has moved from third to 
eighth place, and to achieve an increased workforce productivity has changed from 
penultimate to fourth place. We can appreciate how the sensation of having to attend to all 
competitive factors has increased over the decade, and that current companies score the 11 
dimensions with a grade of importance greater than 4, while in the year 2000 there were 6 
dimensions with an importance of below 4. Without a doubt this has increased the 
complexity of operations management in having to try to simultaneously improve diverse 
indicators that, in some cases, can have some grade of incompatibility. Lastly, to highlight 
that the increment of strategic priorities is statistically significant in 5 of these (to increase 
the flexibility to modify products, attend to variable demand, reduce leadtimes, to integrate 
production decisions with the company strategy and to increase workforce productivity). 
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Customer relationship (CR) 

Focus on a firm’s customers and their needs with closer 
customer-company relationship, customer needs 
surveys, operation integrated with those of customers 
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management. Jobs at the lowest level are thought to be 
best designed when individuals or teams do a complete 
part of an organization’s work process, such as making 
an entire product or providing a complete service. 
Ensuring that people are fully trained and truly 
empowered and installing "enlightened" and realistic 
performance measures, evaluation, and reward systems 

Table 1. Common lean manufacturing practices. 

In diverse papers it has been stated that the application of these practices has beneficial 
effects for the given company. These effects are greater if large groups of practices are 
implanted, and not in an isolated way, taking advantage of a synergetic effect between them 
(White & Prybutok, 2001). Thanks to lean manufacturing companies can improve their 
productivity as much in terms of workforce as machinery, and can reduce time between 
receipt of order and completion of production, can improve internal and external quality 
and reduce inventory levels and unit costs (Callen et al., 2000; White & Prybutok, 2001; 
Marin-Garcia et al., 2009). All of this allows an improvement in competition.  
The majority of experiences related to lean manufacturing have taken place in companies 
that make elevated quantities of the same product in repetitive processes (production lines). 
Amongst these the automobile industry, and its auxiliary companies, and the consumer 
electronics industry stand out. However, jobs that justify the benefits of these systems also 
exist in other sectors, as much in process companies (food, chemicals, pharmaceuticals, 
detergents...) as other types of company (textile, industrial machinery, metallic components, 
compressors, hydraulic valves, electrical consumer goods, plastics...)(Schonberger, 1996), 
even in those companies that make highly differentiated products of which few of each 
model are made (James-moore & Gibbons, 1997; White & Prybutok, 2001). Nevertheless, we 
have to take into account that the use of these practices is most seen in companies with 
repetitive configurations (line or process) than in those with non repetitive configurations 
(projects or workshops) (White & Prybutok, 2001). As well, the results obtained by 
companies are relatively better with repetitive configurations, where complex and standard 
consumer products are made. However, other types of processes can also be improved with 
these techniques, although at a lower level (Lee, 1996). 
On the other hand, it appears to be demonstrated that plants with less than 250 employees 
use these systems less (Schonberger, 1996; White & Prybutok, 2001). For smaller companies 
it is better to undertake a sequential implantation of those tools available to them, starting 
with the easiest and cheapest. Perhaps even for bigger companies this is the most efficient 
tactic for launching lean manufacturing.  
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Taking into account the fact that the implantation of these practices is a gradual process, it is 
vital to reflect if it is possible to find the most appropriate order in which the practices 
should be put into action in the auxiliary automobile industry (Marin-Garcia et al., 2010). A 
general proposal exists by Monden (1998) and, in this paper, we will present an adaption to 
the particular necessities of the sector upon which we are focusing. We will begin with 
describing how, over the last decade, the necessities as much as the practices of lean 
manufacturing have evolved in a Spanish automotive supplier sample. We will also analyse 
the evolution over these 10 years of those continuous improvement programs implanted to 
give support to lean manufacturing in 11 companies within the sector. From these 
experiences a proposal for a lean manufacturing practice architecture will be proposed, 
indicating the implantation procedure most appropriate for automobile supplier companies. 
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The grade of deployment of lean manufacturing practices has been analysed via a survey 
taken by Spanish companies belonging to the cluster of suppliers to the automotive 
industry. The majority of these companies are small and medium sized (Table 2) and there is 
no a significant difference between the samples from the years 2000 and 2010, although over 
this decade there had been a process of concentration that gave origin to mergers, 
acquisitions, and closures, generating an increase in the number of large companies in the 
sector. 
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250 or more 13% 21% 

N 31 33 

Table 2. Distribution of companies by size. 
The data that we are going to present in this section were obtained via a questionnaire 
within which companies were asked about the level of deployment of the different 
practices with a range of answers between 0, nothing, up to 5, very much (Marin-Garcia & 
Carneiro, 2010). 
In Figure 1 we show the evolution of strategic priorities in the area of production. Over 
these 10 years the relative importance of priorities has changed, although the principal 
priorities in 2010 continue to be lead-times and the reduction of defects. However, in these 
10 years, the necessity to fight competitors on the basis of cost has moved from third to 
eighth place, and to achieve an increased workforce productivity has changed from 
penultimate to fourth place. We can appreciate how the sensation of having to attend to all 
competitive factors has increased over the decade, and that current companies score the 11 
dimensions with a grade of importance greater than 4, while in the year 2000 there were 6 
dimensions with an importance of below 4. Without a doubt this has increased the 
complexity of operations management in having to try to simultaneously improve diverse 
indicators that, in some cases, can have some grade of incompatibility. Lastly, to highlight 
that the increment of strategic priorities is statistically significant in 5 of these (to increase 
the flexibility to modify products, attend to variable demand, reduce leadtimes, to integrate 
production decisions with the company strategy and to increase workforce productivity). 
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Fig. 1. Evolution of competitive priorities in operations management. 
In Figure 2 we show the evolution of deployment of lean manufacturing practices. The 
differences are statistically significant in all except preventive maintenance, supplier 
relationship and JIT with suppliers. TPM and supplier relationship were at a high level of 
deployment in 2000 and have remained amongst the most developed in 2010. The third was 
one of the least used in 2000 and continues to be one of the most complicated to implant in 
2010. In part because it requires the prior deployment of other tools than still have not 
achieved an adequate level of development in the sector, and in part because second level 
suppliers are smaller companies with fewer resources that encounter many difficulties when 
implanting and maintaining lean manufacturing in their companies. However, over these 10 
years the grade of implantation of practices such as SOP, SMED, customer relationship, 
internal JIT and empowerment has increased greatly, allowing that the sector has passed 
from an initial stage to a moderate deployment of lean manufacturing practices. 
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Fig. 2. Grade of use of lean manufacturing practices. 
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The only practice that has fallen back in its grade of use is visual management. Perhaps this 
is due, as we will see in the next section, to the fact that in the year 2000 companies had just 
launched these practices (those which all companies began with) and, with time, the practice 
has diminished in use for a lack of discipline in maintenance. It could also be due the ever 
more frequent use of computers in the collection and analysis of data while the use of 
informative screens (touch screen or not) has not been popularized in production lines; 
which means that the information that previously was distributed on paper (and even hand 
written) is now transmitted in electronic format, without having achieved the visual impact 
of traditional procedures. 
To complete the analysis of the evolution of the last decade, in the next section we are going 
to comment upon how the process of deployment has been in 11 companies that have in 
common having taken part in a development programme for automotive suppliers around 
the year 2000 (Marin-Garcia et al., 2009). 

4. Evolution of continuous improvement programs to support the 
implantation of lean manufacturing 
In this section we resume the qualitative investigation undertaken in 11 companies from the 
previous sample. These 11 companies participated during 2000-2001 in a series of Kaizen 
events led by external consultants (lean managers of the main client) with the objective of 
deploying lean manufacturing in the company. These companies, belong to different 
industries and manufacture various products, among which are soundproofing, metal 
stamping, welded parts, nuts and bolts, plastics (injection and moulded), mechanical sets 
and electrical products.  
All the companies received the same intervention, summarised in the four steps described 
below:  
Step 1. Selecting the line or process to be observed in the plant. 
Step 2. Initial diagnosis of the situation of the line selected. This diagnostic period usually 

lasted 2 days. 
Step 3. Development of the Kaizen-Blitz activities and action. A workshop dynamic of 4-5 

complete days duration was used, under the guidance of expert consultants. 
Groups of 5 to 14 people participated in the workshops, half of whom were 
workers. These tools ranged from 5S tools, visual factory and re-design of layouts 
for the less developed plants in lean manufacturing, to Kanban or TPM techniques 
for those in which some others tools had already been introduced. At the end of the 
week, the group had developed the chosen improvements and had proposed an 
immediate action plan for further improvements that would require the approval of 
the management. Finally, a date was agreed for follow-up on the evolution of the 
indicators of productive efficiency. This process was repeated two or three times in 
each company during a 9-month period until the objectives specified in the initial 
diagnosis was fulfilled. In other words, two or three Kaizen events were carried out 
in each company.  

Step 4. Drafting a report to reflect the summary of the activities, to be added to the research 
database. 

The main results obtained in the eleven cases analysed are summarised by a notable 
improvement in the efficiency of the machines (approximately 18%), mainly obtained due to 
a radical improvement in the changeover time (reductions of almost 60% of the original 
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In Figure 2 we show the evolution of deployment of lean manufacturing practices. The 
differences are statistically significant in all except preventive maintenance, supplier 
relationship and JIT with suppliers. TPM and supplier relationship were at a high level of 
deployment in 2000 and have remained amongst the most developed in 2010. The third was 
one of the least used in 2000 and continues to be one of the most complicated to implant in 
2010. In part because it requires the prior deployment of other tools than still have not 
achieved an adequate level of development in the sector, and in part because second level 
suppliers are smaller companies with fewer resources that encounter many difficulties when 
implanting and maintaining lean manufacturing in their companies. However, over these 10 
years the grade of implantation of practices such as SOP, SMED, customer relationship, 
internal JIT and empowerment has increased greatly, allowing that the sector has passed 
from an initial stage to a moderate deployment of lean manufacturing practices. 
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The only practice that has fallen back in its grade of use is visual management. Perhaps this 
is due, as we will see in the next section, to the fact that in the year 2000 companies had just 
launched these practices (those which all companies began with) and, with time, the practice 
has diminished in use for a lack of discipline in maintenance. It could also be due the ever 
more frequent use of computers in the collection and analysis of data while the use of 
informative screens (touch screen or not) has not been popularized in production lines; 
which means that the information that previously was distributed on paper (and even hand 
written) is now transmitted in electronic format, without having achieved the visual impact 
of traditional procedures. 
To complete the analysis of the evolution of the last decade, in the next section we are going 
to comment upon how the process of deployment has been in 11 companies that have in 
common having taken part in a development programme for automotive suppliers around 
the year 2000 (Marin-Garcia et al., 2009). 

4. Evolution of continuous improvement programs to support the 
implantation of lean manufacturing 
In this section we resume the qualitative investigation undertaken in 11 companies from the 
previous sample. These 11 companies participated during 2000-2001 in a series of Kaizen 
events led by external consultants (lean managers of the main client) with the objective of 
deploying lean manufacturing in the company. These companies, belong to different 
industries and manufacture various products, among which are soundproofing, metal 
stamping, welded parts, nuts and bolts, plastics (injection and moulded), mechanical sets 
and electrical products.  
All the companies received the same intervention, summarised in the four steps described 
below:  
Step 1. Selecting the line or process to be observed in the plant. 
Step 2. Initial diagnosis of the situation of the line selected. This diagnostic period usually 

lasted 2 days. 
Step 3. Development of the Kaizen-Blitz activities and action. A workshop dynamic of 4-5 

complete days duration was used, under the guidance of expert consultants. 
Groups of 5 to 14 people participated in the workshops, half of whom were 
workers. These tools ranged from 5S tools, visual factory and re-design of layouts 
for the less developed plants in lean manufacturing, to Kanban or TPM techniques 
for those in which some others tools had already been introduced. At the end of the 
week, the group had developed the chosen improvements and had proposed an 
immediate action plan for further improvements that would require the approval of 
the management. Finally, a date was agreed for follow-up on the evolution of the 
indicators of productive efficiency. This process was repeated two or three times in 
each company during a 9-month period until the objectives specified in the initial 
diagnosis was fulfilled. In other words, two or three Kaizen events were carried out 
in each company.  

Step 4. Drafting a report to reflect the summary of the activities, to be added to the research 
database. 

The main results obtained in the eleven cases analysed are summarised by a notable 
improvement in the efficiency of the machines (approximately 18%), mainly obtained due to 
a radical improvement in the changeover time (reductions of almost 60% of the original 
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time); improvement in the quality rate of nearly 5%; reduction of inventory levels by almost 
40% and an increase in productivity between 9% and 60%. Along with this, we also detected 
important improvements in the use of the space in the plant, a reduction in the number of 
containers and the distance travelled by products (Marin-Garcia et al., 2009). 
We interviewed the production directors of these companies with the objective of learning 
how they valued the workshops undertaken ten years ago, what was the deployment 
process of lean manufacturing after that experience, what difficulties they found and how 
they overcame them (Fendt & Sachs, 2008; Charmaz, 2006). 
The majority of the interviewees do not doubt that the experiment was a success. To value it 
in this way is not only based on the positive evolution of the Key Performance Indicators 
(KPIs) such as FTT, OEE, DTD or productivity (see below), they also take into account the 
impulse needed for the deployment of lean manufacturing, or the knowledge that it allowed 
them to attain. In this sense, the involvement of the consultants was valued, the practical 
experience they had, and the transfer of real solutions that had been tried in similar 
situation. For many of the interviewees, these workshops from 10 years ago showed them 
“all I know about lean manufacturing”. However, not all the opinions are favourable. In a 
few companies it is considered that “it isn’t worth anything”, “the customer came to sniff 
around our processes and to impose a cost reduction, with hardly any help in achieving this 
end”. It is interesting to observe that the assessment of success or failure of the workshops 
did not depend on whether the company had begun or not the path towards lean 
manufacturing before the arrival of the external consultants. Although it is possible that the 
action of the consultants was not exactly equal in all the companies, it appears to be more 
probable to think that the reaction from the companies can be seen as culturally conditioned 
(there are companies where they do not like it when outsiders come to tell them how to do 
things, or that try to introduce methodologies that clash with company or holding group 
politics), or for reasons of commercial friction far from the Kaizen events. 
With respect to when the companies began the deployment of lean manufacturing, the 
majority undertook it around 2000. One company had started with lean manufacturing 
implantations around 1995. Another company began in 1999 with 5S, SMED and TPM. 
Amongst the others, some had undertaken Kaizen events after the continuous improvement 
approach, but without a methodology of lean manufacturing deployment perspective. Other 
had not undertaken anything more than have started up a suggestions system. Therefore, 
for the majority, the first real contact with a lean manufacturing deployment was the Kaizen 
events. The evolution over the ten previous years differed in each of the companies. 
However, two groups can be seen. 
The first of these, the most common, is the gradual loss of impulse once the Kaizen events 
are over. The attained achievements and the initiated dynamics gradually degraded and, 
after 12-24 months, the situation with respect to lean manufacturing was very similar to that 
of the year 2000. Perhaps not all of the tools lost their effect. For example, it has been stated 
that some maintenance of 5S and SMED has been seen. But in general terms the system 
remains at 15-20% of what it could have achieved if the implantation had been continued. 
The motives for this were principally the lack of management support. In some cases 
because “they didn’t believe in the system” or “the management support was like a theatre, 
the client wanted us to do it so we did it”. In others, due to the fact that the growth in 
business overwhelmed capacity and “to attend to urgent matters robbed us of time we were 
able to dedicate to important matters”. Another common cause for the fall off in the system 
was due to the companies not being able to give the necessary resources for the system to 
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work. One of the resources was money for small investments. But the principle resources 
lacking, in the opinion of the managers interviewed, was the ability to dedicate the time of 
someone who took command the lean manufacturing deployment or the ability to free up 
workers from the production line so they could dedicate some time to working on the pilot 
production line in lean manufacturing tools. This difficulty is still current in the year 2010 in 
some companies. Lastly, another cause for the interruption in lean manufacturing 
deployment was the wear and tear that it generates in those who keep the systems moving. 
These people have to be convincing management and workers alike, training, following, 
paying attention to possible improvement methods... and this task is never done. Something 
which can begin as an interesting challenge ends up becoming “a pain when the necessary 
support and resources are not available”. 
The second group is characterized by companies who continue with lean manufacturing 
system deployment, and some of the first groups that one, two or three years after they stop 
it (which is to say 4-5 years after the first implantation) decide to look again at, and restart, 
the implantation of lean manufacturing. In these cases, the principal driver of the new 
initiative comes from changes in management personnel. All the companies in this group 
coincide in that the success of the continued implantation is based in various things. Perhaps 
the principal is the explicit support of management. Another, very important, is to achieve a 
change in culture to highlight a philosophy of continuous improvement where the 
maintenance of improvements is seen as important as putting them into place. In this sense, 
standardization is a key part in sustaining the system. This cultural change has been 
brought about by training and “preaching the example” by management. The third of the 
key things seems to be “most focused” which is to say all the actions are focused to achieve 
something, and it is available a system of indicators (KPIs) to confirm, in time, whether 
everything is going according to plan, and in the case of problems that can guide as to 
which corrective actions are necessary. Lastly, those polled agreed that the existence of a 
“lean champion”, with either full time or part time commitment to the role, is crucial to 
make sure all functions as it should. 

5. Proposal for the lean manufacturing implantation process  
Starting with the experience of the companies interviewed, the implantation process should 
begin with the breaking down of competitive priorities into KPIs that allow us to measure 
how the company is evolving. In the auxiliary automotive sector it is common to find these 
indicators (Maskell, 1995; Giffi et al., 1990; Dal et al., 2000; Suzaki, 1993):  
• Production: Manpower productivity. 
• Quality: FTT (First-Time-Through); customer returns/warranty; rejection/rework  
• Cost: Buying cost/unit produced; cost of logistics; Dock-To-Dock (DTD), Overall 

Equipment Effectiveness (OEE), Build To Schedule (BTS). 
• Delivery: Delay in delivery, lead time. 
• Safety: Accidents. 
• Morale: Employee satisfaction surveys, number of suggestions, absenteeism, turnover. 
When the company has chosen its priority indicators it is advisable to undertake a prior 
diagnostic and the drawing up of a Value Stream Map (VSM) (Tapping et al., 2002; Rother & 
Shook, 1998). In this way, the current state can be documented and a better focus towards 
that which most interests the company can be considered. With the data from the diagnostic 
the most suitable pilot area can be chosen, along with the group of action to be undertaken. 
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Perhaps workers can be involved in the diagnostic, with this helping to start the 
implantation process. 
In general, it is possible to draw up an itinerary for the recommended implantation order of 
the tools. Although we must take into account that the sequence proposed can need to be 
altered in an actual implantation, in function of the analysis of the diagnostic undertaken by 
both the project team and the external experts collaborating in the implantation. 
The next stage following the diagnostic would be to raise awareness and to involve all 
personnel in the process of continuous improvement. Often the deployment of some 5S 
followed by visual management can be a good start in the pilot area if it is combined with 
the use of human resource management practices (training, empowerment and rewards), in 
such a way so as to achieve worker commitment and so the worker takes on board and even 
brings about the necessary changes in the company (Lee, 1996; Lee, 1996; Martínez Sánchez 
et al., 2001; Lawler III et al., 2001).  
Following this, if the company has automated processes, it is convenient to undertake the 
implantation of SMED and TPM. The next stage, for those companies that need it, would be 
line balancing and cellular manufacturing.  
Standardization of processes is advisable between each of the processes thus far 
commented upon, to maintain the advances achieved. Afterwards JIT and Kanban 
systems can be looked at. 
In parallel, there are other practices that can be gradually incorporated, enough to satisfy the 
competitive necessities. We refer to integrated design, TQM, client relationships and 
supplier relationships.  
The Figure 3 represents the stages thus far stated. The tools on top act as support and should 
be present in all implantations. Those on the right complement other system tools although 
it can be said that they are not necessary in all companies, or do not have an exact moment 
to be placed into action (they have fewer precedence restrictions than other practices 
represented in the figure). 
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6. Conclusion 
In this paper we have analysed the different practices of lean manufacturing, the evolution 
of its grade of use in the auxiliary automotive industry between 2000 and 2010 and how this 
evolution has been experienced in some companies. 
Starting from the experience of a group of companies, a success lean manufacturing 
implantation process should have the following steps: 
1. Explicit support from upper management: implantation requires continuous effort from 

the whole company. Much can be gained from implantation, but it is necessary to 
maintain constant striving towards continuous improvement. Towards this end it is 
advisable that all personnel are clear that the upper management unconditionally 
support the project and provide the necessary resources. 

2. The establishment of a project team to lead the implantation. Heading this group it is 
convenient to have a lean manufacturing “champion” or leader. The objectives of this 
team are usually, amongst others: spread good practice throughout the company, 
provide training on tools and techniques, and establish implantation objectives and to 
supervise the advancement. Probably the support of an industry cluster association 
would be the key in giving support to these teams. 

3. Choosing a methodology that guides and structures the implantation project.  
4. Selection of pilot projects and the progressive deployment of the implantation.  
The order in which practices are implanted suggested by us in the implantation process 
section allows a progressive construction of a solid base for lean manufacturing. First phase 
practices tend to be easier to implant, but we must advise that even the simplest practice is 
complicated to maintain, thus meaning a change in attitudes and collective conduct is 
necessary. Support, supervision and constant reminder from upper management is required 
so that the gains obtained from the implantation are maintained over time, and so that we 
do not return at the beginning.  

7. References 
Avella, L., Fernandez, E., & Vazquez, C. J. (2001). Analysis of manufacturing strategy as an 

explanatory factor of competitiveness in the large Spanish industrial firm. 
International Journal of Production Economics, Vol. 72, No. 2, pp. 139-157. 

Callen, J., Fader, C., & Kirnksky, I. (2000). Just-in-time: A cross-sectional plant analysis. 
International Journal o Production Economics, No. 63, pp. 277-301. 

Carrasqueira, M. & Machado, V. C. (2008). Strategic logistics: Re-designing companies in 
accordance with Lean Principles. International Journal of Management Scienceand 
Engineering Management, Vol. 3, No. 4, pp. 294-302. 

Charmaz, K. (2006). Constructing grounded theory. A practical guide through qualitative analysis, 
SAGE, 10 0-7619-7353-2, London. 

Dabhilkar, M. & Ahlstrom, P. (2007). The Impact of Lean Production Practices and 
Continuous Improvement Behavior on Plant Operating Perfomance, Preceedings of 
8th International CINet Conference, Gothenburg 

Dal, B., Tugwell, P., & Greatbanks, R. (2000). Overall equipment effectiveness as a measure 
of operational improvement - A practical analysis. International Journal of Operations 
& Production Management, Vol. 20, No. 12, pp. 1488. 

Devaraj, S., Hollingworth, D. G., & Schroeder, R. G. (2004). Generic manufacturing strategies 
and plant performance. Journal of Operations Management, Vol. 22, No. 3, pp. 313-333. 



 New Trends and Developments in Automotive Industry 

 

132 

Perhaps workers can be involved in the diagnostic, with this helping to start the 
implantation process. 
In general, it is possible to draw up an itinerary for the recommended implantation order of 
the tools. Although we must take into account that the sequence proposed can need to be 
altered in an actual implantation, in function of the analysis of the diagnostic undertaken by 
both the project team and the external experts collaborating in the implantation. 
The next stage following the diagnostic would be to raise awareness and to involve all 
personnel in the process of continuous improvement. Often the deployment of some 5S 
followed by visual management can be a good start in the pilot area if it is combined with 
the use of human resource management practices (training, empowerment and rewards), in 
such a way so as to achieve worker commitment and so the worker takes on board and even 
brings about the necessary changes in the company (Lee, 1996; Lee, 1996; Martínez Sánchez 
et al., 2001; Lawler III et al., 2001).  
Following this, if the company has automated processes, it is convenient to undertake the 
implantation of SMED and TPM. The next stage, for those companies that need it, would be 
line balancing and cellular manufacturing.  
Standardization of processes is advisable between each of the processes thus far 
commented upon, to maintain the advances achieved. Afterwards JIT and Kanban 
systems can be looked at. 
In parallel, there are other practices that can be gradually incorporated, enough to satisfy the 
competitive necessities. We refer to integrated design, TQM, client relationships and 
supplier relationships.  
The Figure 3 represents the stages thus far stated. The tools on top act as support and should 
be present in all implantations. Those on the right complement other system tools although 
it can be said that they are not necessary in all companies, or do not have an exact moment 
to be placed into action (they have fewer precedence restrictions than other practices 
represented in the figure). 
 

Top managmente support, Continuous Improvement, High 
Involvement Work Practices, SOP

Operations Strategy

Value Stream Mapping and 
Measurables (KPIs)

5s, Visual Management

SMED

TPM

Line Balancing, Cell manufacturing

One Piece flow (JIT/KANBAN)

DFMA, TQM, 
Proprietary 
Equipment, 
Knowledge 

management, 
Supplier and 

Customer 
relationship

 
Fig. 3. Implementation process 

Strategic Priorities and Lean Manufacturing Practices in Automotive Suppliers.Ten Years After.   

 

133 

6. Conclusion 
In this paper we have analysed the different practices of lean manufacturing, the evolution 
of its grade of use in the auxiliary automotive industry between 2000 and 2010 and how this 
evolution has been experienced in some companies. 
Starting from the experience of a group of companies, a success lean manufacturing 
implantation process should have the following steps: 
1. Explicit support from upper management: implantation requires continuous effort from 

the whole company. Much can be gained from implantation, but it is necessary to 
maintain constant striving towards continuous improvement. Towards this end it is 
advisable that all personnel are clear that the upper management unconditionally 
support the project and provide the necessary resources. 

2. The establishment of a project team to lead the implantation. Heading this group it is 
convenient to have a lean manufacturing “champion” or leader. The objectives of this 
team are usually, amongst others: spread good practice throughout the company, 
provide training on tools and techniques, and establish implantation objectives and to 
supervise the advancement. Probably the support of an industry cluster association 
would be the key in giving support to these teams. 

3. Choosing a methodology that guides and structures the implantation project.  
4. Selection of pilot projects and the progressive deployment of the implantation.  
The order in which practices are implanted suggested by us in the implantation process 
section allows a progressive construction of a solid base for lean manufacturing. First phase 
practices tend to be easier to implant, but we must advise that even the simplest practice is 
complicated to maintain, thus meaning a change in attitudes and collective conduct is 
necessary. Support, supervision and constant reminder from upper management is required 
so that the gains obtained from the implantation are maintained over time, and so that we 
do not return at the beginning.  

7. References 
Avella, L., Fernandez, E., & Vazquez, C. J. (2001). Analysis of manufacturing strategy as an 

explanatory factor of competitiveness in the large Spanish industrial firm. 
International Journal of Production Economics, Vol. 72, No. 2, pp. 139-157. 

Callen, J., Fader, C., & Kirnksky, I. (2000). Just-in-time: A cross-sectional plant analysis. 
International Journal o Production Economics, No. 63, pp. 277-301. 

Carrasqueira, M. & Machado, V. C. (2008). Strategic logistics: Re-designing companies in 
accordance with Lean Principles. International Journal of Management Scienceand 
Engineering Management, Vol. 3, No. 4, pp. 294-302. 

Charmaz, K. (2006). Constructing grounded theory. A practical guide through qualitative analysis, 
SAGE, 10 0-7619-7353-2, London. 

Dabhilkar, M. & Ahlstrom, P. (2007). The Impact of Lean Production Practices and 
Continuous Improvement Behavior on Plant Operating Perfomance, Preceedings of 
8th International CINet Conference, Gothenburg 

Dal, B., Tugwell, P., & Greatbanks, R. (2000). Overall equipment effectiveness as a measure 
of operational improvement - A practical analysis. International Journal of Operations 
& Production Management, Vol. 20, No. 12, pp. 1488. 

Devaraj, S., Hollingworth, D. G., & Schroeder, R. G. (2004). Generic manufacturing strategies 
and plant performance. Journal of Operations Management, Vol. 22, No. 3, pp. 313-333. 



 New Trends and Developments in Automotive Industry 

 

134 

Doolen, T. L. & Hacker, M. E. (2005). A Review of Lean Assessment in Organizations: An 
Exploratory Study of Lean Practices by Electronics Manufacturers. International 
Journal of Manufacturing Systems, Vol. 24, No. 1, pp. 55-67. 

Fendt, J. & Sachs, W. (2008). Grounded Theory Method in Management Research: Users' 
Perspectives. Organizational Research Methods, Vol. 11, No. 3, pp. 430-455. 

Garcia-Sabater, J. J. & Marin-Garcia, J. A. (2010). Can we still talk about continuous 
improvement? Rethinking enablers and inhibitors for successful implementation. 
International Journal of Technology Management, Vol. In Press. 

Giffi, C., Roth, A., & Seal, G. (1990). Competing in worl-class manufacturing, Irwin, 1-55623-
401-5, Homewood. 

González Benito, J. & Suárez González, I. (2007). El alineamiento de la estrategia 
competitiva, la estrategia de producción, las capacidades productivas y los 
resultados empresariales, pp. 325-334, International Conference on Industrial 
Engineering & Industrial Management - CIO, Madrid. 

Gurumurthy, A. & Kodali, R. (2008). A multi-criteria decision-making model for the 
justification of lean manufacturing systems. International Journal of Management 
Scienceand Engineering Management, Vol. 3, No. 4, pp. 100-118. 

Hayes, R. H. & Wheelwright, S. C. (1984). Restoring Our Competitive Edge: Competing Through 
Manufacturing., John Wiley & Sons, New York. 

James-moore, S. M. & Gibbons, A. (1997). Is Lean Manufacture Universally Relevant - An 
Investigative Methodology. International Journal of Operations & Production 
Management, Vol. 17, No. 9-10, pp. 899+. 

Jorgensen, F., Laugen, B., & Vujovic, S. (2008). Organizing for Continuous Improvement, 
Preceedings of 9th International CINet Conference, Valencia 

Ketokivi, M. A. & Schroeder, R. G. (2004). Strategic, structural contingency and institutional 
explanations in the adoption of innovative manufacturing practices. Journal of 
Operations Management, Vol. 22, No. 1, pp. 63-89. 

Lawler III, E. E., Mohrman, S., & Benson, G. (2001). Organizing for high performance: employee 
involvement, TQM, reengineering, and knowledge management in the fortune 1000. The 
CEO report, Jossey-Bass, 0-7879-4397-5, San Francisco. 

Lee, C. Y. (1996). The applicability of just-in-time manufacturing to small manufacturing 
firms: An analysis. International Journal of Management, Vol. 13, No. 2, pp. 249-259. 

Lewis, M. W. & Boyer, K. K. (2002). Factors impacting AMT implementation: an integrative 
and controlled study. Journal of Engineering and Technology Management, Vol. 19, No. 
2, pp. 111-130. 

Liker, J. K. & Wu, Y.-C. (2000). Japanese automakers, U.S. Suppliers and supply-chain 
superiority. MIT Sloan Management Review, Vol. 42, No. 1, pp. 81. 

Marin-Garcia, J. A. & Carneiro, P. (2010). Desarrollo y validación de un modelo 
multidimensional de la producción ajustada. Intangible Capital, Vol. 6, No. 1, pp. 78-
127. 

Marin-Garcia, J. A. & Carneiro, P. (2010). Questionnaire validation to measure the 
application degree of alternative tools to mass production. International Journal of 
Management Science and Engineering Management, Vol. 5, No. In press. 

Marin-Garcia, J. A. & Conci, G. (2009). Exploratory study of high involvement work practices: 
Identification of the dimensions and proposal of questionnaire to measure the degree 
of use in the company. Intangible Capital, Vol. 5, No. 3, pp. 278-300. 

Strategic Priorities and Lean Manufacturing Practices in Automotive Suppliers.Ten Years After.   

 

135 

Marin-Garcia, J. A., Garcia-Sabater, J. J., & Bonavia, T. (2009). The impact of Kaizen Events 
on improving the performance of automotive components' first-tier suppliers. 
International Journal of Automotive Technology and Management, Vol. 9, No. 4, pp. 362-
376. 

Marin-Garcia, J. A., Pardo del Val, M., & Bonavía Martín, T. (2006). The Impact of Training 
and ad hoc Teams in Industrial Settings. International Journal of Management Science 
and Engineering Management, Vol. 1, No. 2, pp. 137-147. 

Marin-Garcia, J. A., Pardo del Val, M., & Bonavía Martín, T. (2008). Longitudinal study of 
the results of continuous improvement in an industrial company. Team Performance 
Management, Vol. 14, No. 1/2, pp. 56-69. 

Marin-Garcia, J. A., Pardo del Val, M., & Bonavía Martín, T. (2009). Los sistemas 
productivos, el aprendizaje interno y los resultados del área de producción 
baldosas cerámicas. CIT- Revista de Información Tecnológica, Vol. 20, No. 1, pp. 39-52. 

Marin-Garcia, J. A., Perello-Marin, M. R., & Garcia-Sabater, J. J. (2010). Desarrollo de una 
metodología para identificar dependencia de camino en gestión de operaciones. 
Working Papers on Operations Management, Vol. 1, No. 1, pp. 37-40. 

Martín Peña, M. L. & Díaz Garrido, E. (2007). Impacto de la estrategia de producción en la 
ventaja competitiva y en los resultados operativos, pp. 367-377, International 
Conference on Industrial Engineering & Industrial Management - CIO, Madrid. 

Martínez Sánchez, A., Pérez Pérez, M., & Urbina Pérez, O. (2001). Flexibilidad organizativa y 
relación entre JIT y calidad total. Alta Dirección, Vol. 35, No. 210, pp. 74-84. 

Maskell, B. H. (1995). Sistemas de datos de industrias de primer nivel mundial, TGP-Hoshin, 84-
87022-15-4, Madrid. 

Monden, Y. (1998). Toyota Production System: An integrated approach to Just in Time, 
Engineering and Management Press, 978-0898061802. 

Morris, M., Bessant, J., & Barnes, J. (2006). Using learning networks to enable industrial 
development - Case studies from South Africa. International Journal of Operations & 
Production Management, Vol. 26, No. 5-6, pp. 532-557. 

Oliver, N. & Delbridge, R. (2002). The characteristics of high performing supply chains. 
International Journal of Technology Management, Vol. 23, No. 1-3, pp. 60-73. 

Peng, D., Schroeder, R. G., & Shah, R. (2008). Linking routines to operations capabilities: A 
new perspective. Journal of Operations Management, Vol. 26, pp. 730-748. 

Prado Prado, J. C. (2002). JIT (justo a tiempo), TQM (calidad total), BPR 
(reingeniería),...¿Distintos enfoques para incrementar la competitividad? Esic 
Market, No. 112, pp. 141-151. 

Rother, M. & Shook, J. (1998). Learning to see. Value stream mapping to create value and eliminate 
muda., Lean Enterprise Institute, 0-9667843-0-8, Massachusetts. 

Schonberger, R. J. (1996). World Class Manufacturing: the next decade, Free Press, 0-684-82303-
9, New York. 

Shah, R. & Ward, P. T. (2007). Defining and developing measures of lean production. Journal 
of Operations Management, Vol. 25, No. 4, pp. 785-805. 

Skinner, W. (1969). Manufacturing. Missing link in corporate strategy. Harvard Business 
Review, No. May-June, pp. 136-145. 

Suzaki, K. (1993). The new Shop floor management: empoweing people for continuous improvement, 
Free Press, 0-02-932265-0, New York. 

Tapping, D., Luyster, T., & Shuker, T. (2002). Value Stream management eight steps to planning, 
mapping, and sustaining lean improvements, Productivity Press, 1-56327-245-8, New 
York. 



 New Trends and Developments in Automotive Industry 

 

134 

Doolen, T. L. & Hacker, M. E. (2005). A Review of Lean Assessment in Organizations: An 
Exploratory Study of Lean Practices by Electronics Manufacturers. International 
Journal of Manufacturing Systems, Vol. 24, No. 1, pp. 55-67. 

Fendt, J. & Sachs, W. (2008). Grounded Theory Method in Management Research: Users' 
Perspectives. Organizational Research Methods, Vol. 11, No. 3, pp. 430-455. 

Garcia-Sabater, J. J. & Marin-Garcia, J. A. (2010). Can we still talk about continuous 
improvement? Rethinking enablers and inhibitors for successful implementation. 
International Journal of Technology Management, Vol. In Press. 

Giffi, C., Roth, A., & Seal, G. (1990). Competing in worl-class manufacturing, Irwin, 1-55623-
401-5, Homewood. 

González Benito, J. & Suárez González, I. (2007). El alineamiento de la estrategia 
competitiva, la estrategia de producción, las capacidades productivas y los 
resultados empresariales, pp. 325-334, International Conference on Industrial 
Engineering & Industrial Management - CIO, Madrid. 

Gurumurthy, A. & Kodali, R. (2008). A multi-criteria decision-making model for the 
justification of lean manufacturing systems. International Journal of Management 
Scienceand Engineering Management, Vol. 3, No. 4, pp. 100-118. 

Hayes, R. H. & Wheelwright, S. C. (1984). Restoring Our Competitive Edge: Competing Through 
Manufacturing., John Wiley & Sons, New York. 

James-moore, S. M. & Gibbons, A. (1997). Is Lean Manufacture Universally Relevant - An 
Investigative Methodology. International Journal of Operations & Production 
Management, Vol. 17, No. 9-10, pp. 899+. 

Jorgensen, F., Laugen, B., & Vujovic, S. (2008). Organizing for Continuous Improvement, 
Preceedings of 9th International CINet Conference, Valencia 

Ketokivi, M. A. & Schroeder, R. G. (2004). Strategic, structural contingency and institutional 
explanations in the adoption of innovative manufacturing practices. Journal of 
Operations Management, Vol. 22, No. 1, pp. 63-89. 

Lawler III, E. E., Mohrman, S., & Benson, G. (2001). Organizing for high performance: employee 
involvement, TQM, reengineering, and knowledge management in the fortune 1000. The 
CEO report, Jossey-Bass, 0-7879-4397-5, San Francisco. 

Lee, C. Y. (1996). The applicability of just-in-time manufacturing to small manufacturing 
firms: An analysis. International Journal of Management, Vol. 13, No. 2, pp. 249-259. 

Lewis, M. W. & Boyer, K. K. (2002). Factors impacting AMT implementation: an integrative 
and controlled study. Journal of Engineering and Technology Management, Vol. 19, No. 
2, pp. 111-130. 

Liker, J. K. & Wu, Y.-C. (2000). Japanese automakers, U.S. Suppliers and supply-chain 
superiority. MIT Sloan Management Review, Vol. 42, No. 1, pp. 81. 

Marin-Garcia, J. A. & Carneiro, P. (2010). Desarrollo y validación de un modelo 
multidimensional de la producción ajustada. Intangible Capital, Vol. 6, No. 1, pp. 78-
127. 

Marin-Garcia, J. A. & Carneiro, P. (2010). Questionnaire validation to measure the 
application degree of alternative tools to mass production. International Journal of 
Management Science and Engineering Management, Vol. 5, No. In press. 

Marin-Garcia, J. A. & Conci, G. (2009). Exploratory study of high involvement work practices: 
Identification of the dimensions and proposal of questionnaire to measure the degree 
of use in the company. Intangible Capital, Vol. 5, No. 3, pp. 278-300. 

Strategic Priorities and Lean Manufacturing Practices in Automotive Suppliers.Ten Years After.   

 

135 

Marin-Garcia, J. A., Garcia-Sabater, J. J., & Bonavia, T. (2009). The impact of Kaizen Events 
on improving the performance of automotive components' first-tier suppliers. 
International Journal of Automotive Technology and Management, Vol. 9, No. 4, pp. 362-
376. 

Marin-Garcia, J. A., Pardo del Val, M., & Bonavía Martín, T. (2006). The Impact of Training 
and ad hoc Teams in Industrial Settings. International Journal of Management Science 
and Engineering Management, Vol. 1, No. 2, pp. 137-147. 

Marin-Garcia, J. A., Pardo del Val, M., & Bonavía Martín, T. (2008). Longitudinal study of 
the results of continuous improvement in an industrial company. Team Performance 
Management, Vol. 14, No. 1/2, pp. 56-69. 

Marin-Garcia, J. A., Pardo del Val, M., & Bonavía Martín, T. (2009). Los sistemas 
productivos, el aprendizaje interno y los resultados del área de producción 
baldosas cerámicas. CIT- Revista de Información Tecnológica, Vol. 20, No. 1, pp. 39-52. 

Marin-Garcia, J. A., Perello-Marin, M. R., & Garcia-Sabater, J. J. (2010). Desarrollo de una 
metodología para identificar dependencia de camino en gestión de operaciones. 
Working Papers on Operations Management, Vol. 1, No. 1, pp. 37-40. 

Martín Peña, M. L. & Díaz Garrido, E. (2007). Impacto de la estrategia de producción en la 
ventaja competitiva y en los resultados operativos, pp. 367-377, International 
Conference on Industrial Engineering & Industrial Management - CIO, Madrid. 

Martínez Sánchez, A., Pérez Pérez, M., & Urbina Pérez, O. (2001). Flexibilidad organizativa y 
relación entre JIT y calidad total. Alta Dirección, Vol. 35, No. 210, pp. 74-84. 

Maskell, B. H. (1995). Sistemas de datos de industrias de primer nivel mundial, TGP-Hoshin, 84-
87022-15-4, Madrid. 

Monden, Y. (1998). Toyota Production System: An integrated approach to Just in Time, 
Engineering and Management Press, 978-0898061802. 

Morris, M., Bessant, J., & Barnes, J. (2006). Using learning networks to enable industrial 
development - Case studies from South Africa. International Journal of Operations & 
Production Management, Vol. 26, No. 5-6, pp. 532-557. 

Oliver, N. & Delbridge, R. (2002). The characteristics of high performing supply chains. 
International Journal of Technology Management, Vol. 23, No. 1-3, pp. 60-73. 

Peng, D., Schroeder, R. G., & Shah, R. (2008). Linking routines to operations capabilities: A 
new perspective. Journal of Operations Management, Vol. 26, pp. 730-748. 

Prado Prado, J. C. (2002). JIT (justo a tiempo), TQM (calidad total), BPR 
(reingeniería),...¿Distintos enfoques para incrementar la competitividad? Esic 
Market, No. 112, pp. 141-151. 

Rother, M. & Shook, J. (1998). Learning to see. Value stream mapping to create value and eliminate 
muda., Lean Enterprise Institute, 0-9667843-0-8, Massachusetts. 

Schonberger, R. J. (1996). World Class Manufacturing: the next decade, Free Press, 0-684-82303-
9, New York. 

Shah, R. & Ward, P. T. (2007). Defining and developing measures of lean production. Journal 
of Operations Management, Vol. 25, No. 4, pp. 785-805. 

Skinner, W. (1969). Manufacturing. Missing link in corporate strategy. Harvard Business 
Review, No. May-June, pp. 136-145. 

Suzaki, K. (1993). The new Shop floor management: empoweing people for continuous improvement, 
Free Press, 0-02-932265-0, New York. 

Tapping, D., Luyster, T., & Shuker, T. (2002). Value Stream management eight steps to planning, 
mapping, and sustaining lean improvements, Productivity Press, 1-56327-245-8, New 
York. 



 New Trends and Developments in Automotive Industry 

 

136 

Treville, S. d. & Antonakis, J. (2006). Could lean production job design be intrinsically 
motivating? Contextual, configurational, and levels-of-analysis issues. Journal of 
Operations Management, Vol. 24, No. 2, pp. 99-123. 

Urgal González, B. & García Vázquez, J. M. (2005). Análisis estratégico de las decisiones de 
producción estructurales desde un enfoque basado en las capacidades de 
producción. Revista Europea de Dirección y Economía de la Empresa, Vol. 14, No. 4, pp. 
101-120. 

Vazquez-Bustelo, D. & Avella, L. (2006). Agile manufacturing: Industrial case studies in 
Spain. Technovation, Vol. 26, pp. 1147-1161. 

White, R. E., Pearson, J. N., & Wilson, J. R. (1999). JIT manufacturing: A survey of 
implementations in small and large U.S. manufacturers. Management Science, Vol. 
45, No. 1, pp. 1-16. 

White, R. E. & Prybutok, V. (2001). The relationship between JIT practices and type of 
production system. Omega, Vol. 29, No. 2, pp. 113-124 

9 

Identifying and Prioritizing Ecodesign Key 
Factors for the Automotive Industry  

Miriam Borchardt, Miguel Afonso Sellitto, Giancarlo Medeiros Pereira, 
Leonel Augusto Calliari Poltosi and Luciana Paulo Gomes 

UNISINOS – Vale do Rio dos Sinos University 
Brazil 

1. Introduction     
One of the key causes that most contribute to the environmental degradation that 
threatens the planet is the increasing production and consumption of goods and services. 
Some of the factors that contribute to that are: (a) the lifestyle of some societies; (b) the 
development of emerging countries; (c) the ageing of population in developed countries; 
(d) the inequalities among regions of the planet; and (e) the ever smaller life cycle of 
products (Maxwell et al., 2006). 
The balance between environmental “cost” and functional “income” is essential for sustainable 
development, resulting that environmental issues must now be merged into “classical” 
product development processes (Luttropp & Lagerstedt, 2006). Concepts such as ecodesign, 
cleaner production, design for (the) environment, recycling projects and development of 
sustainable products promote a re-design at techniques, like conceptualization, design and 
manufacturing of goods (Byggeth et al., 2007). 
Ecodesign is a concept that integrates multifaceted aspects of design and environmental 
considerations aiming to create sustainable solutions that satisfy human needs and desires. 
The product is a part of life-style and design, as well as ecodesign, relate to more than the 
rational function of a product or service (Karlsson & Luttropp, 2006).  
There are several motivations for implementing ecodesign besides the environmental aspects, 
e.g. cost savings, competitive advantage, image of the company, quality improvement, legal 
requirements. Large companies consider the implementation of ecodesign as a way to preserve 
the environment as well the competitiveness and the image of the organization. Nevertheless, 
small and medium enterprises still need to be convinced of the advantages and possibilities of 
ecodesign (Vercalsteren, 2001). A priori, SMES rarely integrate the analysis of environmental 
restrictions to their field of knowledge (Pochat et al., 2007). 
Another difficulty presented for companies in general, and SMES in particular, refers to the 
ecodesign tools. Most require application by experts (Pochat et al., 2007; Rao, 2004). 
Moreover, many tools for ecodesign fail because they do not focus on the design, but seek 
retrospective analysis based on existing products (Lofthouse, 2006). Indeed, ecodesign, as a 
process, must be integrated into the design and management processes of the company. Not 
only appropriated tools for ecodesign are needed, but also tools that can help designers to 
link then to their conventional tools (Pochat et al., 2007). A lot of different requirements for 
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ecodesign are proposed in literature. Main of them regards materials, components, 
processes and products characteristics, use of energy, storage and distribution, packaging 
and waste (Wimmer et al., 2005; Luttropp & Lagerstedt, 2006; Fiksel, 1996).  
Among others, the automotive electronics industry hosts ecodesign initiatives in response to 
the regulations and to the innovation’s demand verified in this industry (Ferrão & Amaral, 
2006; Mathieux et al., 2001).  
Aiming to contribute to increase knowledge on ecodesign practices and management, the 
first part of this chapter highlights some of the key factors that influence the adoption and 
implementation of ecodesign practices in manufacturing companies. The discussion 
focuses particularly on a case study which illustrates how ecodesign is being incorporated 
into the design of products manufactured by a mid-sized automotive electronics supplier 
in Brazil. 
An analysis of the performance of ecodesign is also contributive in this subject. Authors 
such as Cabezas et al. (2005) and Svensson et al. (2006) have been working on the 
development of performance indicators associated to ecodesign; they highlight, however, 
there is no common sense to that matter. Despite of how frequent the environmental 
performance is present in literature, it has not been found a shape of guide lines or an 
objective method that might generate an instrument for measuring the application or 
performance for ecodesign practices. Such instrument would avoid all efforts towards 
ecodesign to result contradictory and ineffective and could, as well, guide the organizations  
giving priority to resources where environmental gains are more meaningful.  
For the prioritization of resources and actions related to ecodesign, supported by papers that 
discuss evaluation and performance in environmental aspects, it is understood to be 
relevant the identification of the degree of importance of each key factor of ecodesign for 
companies of a particular industry and how much each company fulfils each requirement. 
This investigation also aims to prioritize resources and actions of ecodesign. Supported by 
Hermann et al. (2007), which speak on measurement of performance on environmental 
aspects, the authors consider relevant to identify the degree of importance of each ecodesign 
construct for companies in a particular industry and to evaluate the degree of application of 
ecodesign constructs.  
Considering the context presented, the main objective of the second part of this chapter is to 
assess the performance of ecodesign in a chemical company that supplies the automotive 
industry. Secondary objectives were: (a) to identify latent constructs and indicators that 
explain the ecodesign performance of the operation; (b) to assess the relative importance of 
ecodesign constructs (practices), supported by the Analytic Hierarchy Process (AHP); (c) to 
assess the degree of application of ecodesign constructs (practices); (d) to evaluate the gaps 
between importance and application of ecodesign constructs. For doing so, it was developed 
a method to evaluate the performance in ecodesign. The method was developed taking into 
account that the application in other industries is feasible.  
After this introduction, the chapter presents: theoretical background about ecodesign 
implementation, practices and discussion about the reasons for adoption; theoretical 
background about environmental performance measurement; research methodology, 
findings, discussions and contribution for the first and the second objectives; and 
conclusions and suggestions for continuity. Limitations of the research are those related to 
the research method, that is, the results are valid for the case, nor for the entire industry, but 
the method can be replicated elsewhere, if applicable.  
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2. Ecodesign 
2.1 Concepts, implementation and practices 
Kazazian (2005) focuses on eco-conception, which is the process of applying the concepts of 
ecodesign. With this approach, the environment is considered to be equal in importance to 
factors such as technical feasibility, cost control, and market demand. Eco-conception can 
lead to three different levels of eco-design intervention when designing a product: (a) 
optimization for environmental impact reduction, (b) more intensive development efforts, 
such as modifying the product, and (c) “radical” intervention, such as substitution of 
different products or services (Kazazian, 2005). 
Boks (2006) stresses the importance of product designers, emphasizing their unique position 
and ability to influence environmental strategies. Designers can have a key impact when 
they enlarge the focus of their efforts, giving the environment a prominent position in 
defining the parameters of product development.  
Karlsson & Luttropp (2006) note that ecodesign incorporates priorities related to 
sustainability into the overall business scenario. The “eco” in ecodesign can refer to both 
economics (reflecting a business orientation) and ecology (reflecting the importance of 
environmental aspects) (Figure 1). 
 

ECO nomy 

ECO logy 
DESIGN       = ECODESIGN 

 
Fig. 1. The linguistic map of the word ecodesign (Karlsson & Luttropp, 2006). 

2.1.1 Potential of a company for the application of ecodesign 
Regarding the potential of a company for the application of ecodesign, and consequently its 
insertion on products development routine, the organization must evaluate internal facts, 
external facts and the product (Vercalsteren, 2001). Internal factors are: (a) company 
motivation; (b) innovation, considering the ability of the company into influencing the 
specifications of the product; (c) competitiveness, once a company that is leader of a specific 
sector in the market has more chances of re-sketching the products, the smaller companies 
can consider ecodesign as an opportunity to increase its participation in the market; and, (d) 
sector, considering that if there already are equivalent initiatives in the sector, the company 
can learn from these experiences. External factors are: (a) regulation; (b) clients and market, 
where it is necessary to evaluate whether the market will accept or not the green products; 
and, (c) suppliers, once it is essential their willing in cooperate. As per the product, it must 
have the potential for a redesign based under the environmental ponderings (Vercalsteren, 
2001).  

2.1.2 Practices for ecodesign 
Recognized the potential of a company for the application of ecodesign, it is necessary the 
identification of the key factors that constitute ecodesign. In order to do so, we evaluated 
propositions from Fiksel (1996), Wimmer et al. (2005) and Luttropp & Lagersted (2006). The 
synthesis of the proposed practices is presented on Table 1. 
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First level (key 
factors) Second level (items) 

Materials: choice 
and use 

(i) ability to use raw material closer to their natural state, (ii) ability to 
avoid mixtures of non-compatible materials, (iii) ability to eliminate the 
use of toxic, hazardous and carcinogenic substances, (iv) ability to not use 
raw materials that generate hazardous waste (Class I); (v) ability to use 
recycled and / or renewable materials, and (vi) ability to reduce 
atmospheric emissions caused by the use of volatile organic compounds. 

Product 
components: 
selection and 

choice 

(i) ability to recover components or to use components recovered, (ii) 
ability to facilitate access to components, (iii) ability to identify 
materials and components, and (iv) ability to determine the degree of 
recycling of each material and component. 

Product/Process 
characteristics 

(i) ability to develop products with simpler forms and that reduce the 
use or consumption of raw materials, (ii) the ability to design products 
with longer lifetime (iii) capacity to design multifunctional products, 
(iv) capacity to perform upgrades to the product, and (v) ability to 
develop a product with a "design" that complies with the world trends 

Use of energy 

(i) ability to use energy from renewable resources, (ii) ability to use 
devices for reduction of power consumption during use of the product, 
(iii) ability to reduce power consumption during the production of the 
product, and (iv) ability to reduce power consumption during product 
storage. 

Products 
distribution 

(i) ability to plan the logistics of distribution, (ii) ability to favor 
suppliers / distributors located closer, (iii) ability to minimize 
inventory in all the stages of the product lifetime, and (iv) ability to use 
modes of transport more energy efficient. 

Packaging and 
documentation 

(i) ability to reduce weight and complexity of packaging, (ii) ability to 
use electronic documentation, (iii) ability to use packaging that can be 
reused, (iv) ability to use packages produced from reused materials, 
and (v) ability to use refillable products. 

Waste 

(i) ability to minimize waste generated in the production process, (ii) 
ability to minimize waste generated during the use of the product, (iii) 
ability to reuse the waste generated, (iv) ability to ensure acceptable 
limits of emissions, and (v) ability to eliminate the presence of 
hazardous waste (Class I). 

Source: adapted from Wimmer et al. (2005); Luttropp & Lagerstedt (2006); Fiksel (1996).  

Table 1. Syntheses of practices proposed for ecodesign  

2.1.3 Ecodesign tools 
Over the past decade or so, a wide range of ecodesign tools have been developed in order to 
support the application of the ecodesign practices.  In many cases, tools have grown out of 
pilot projects and partnerships between private companies and academic research centers. 
Pochat et al. (2007) identified more than 150 ecodesign tools. More tools have been created 
as interest in ecodesign increases.  
Despite the plethora of tools available, ecodesign is not always promptly adopted by 
manufacturing companies. Several authors note that industry designers often find the tools 
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difficult to use (Lofthouse, 2006; Pochat et al., 2007; Luttropp & Lagerstedt, 2006; Byggeth & 
Hochschorner, 2006; Byggeth et al., 2007). According to Lofthouse (2006), tools often fail to 
be adopted “because they do not focus on design, but instead are aimed at strategic 
management or retrospective analysis of existing products.” The author notes that what 
designers actually need is “specific information on areas such as materials and construction 
techniques to help them become more easily involved in ecodesign projects.” The 
environmental information associated with ecodesign tools is often very general. In most 
instances, tools do not provide the detailed and specific information that designers find 
necessary when working on design projects.  
Pochat et al. (2007) note that effective use of ecodesign tools generally requires input from 
experts. This can create difficulties for many companies, especially small and mid-sized 
enterprises, in which often lack the resources required to bring in expert assistance. 
Moreover, the amount of information available about both materials and product 
environmental aspects has increased substantially in recent years. This has made ecodesign 
tools even more difficult and cumbersome to use, and requires them to be updated 
frequently (Luttropp & Lagerstedt, 2006). 
Several authors mention ecodesign checklists. These checklists typically include lists of 
questions relating to the potential environmental impacts of products. Pochat et al. (2007) 
see the ecodesign checklist as a qualitative tool that is useful primarily for identifying key 
environmental issues associated with the life cycle of products. According to Lofthouse 
(2006), many designers view ecodesign checklists as too general to be useful. In addition, 
the checklists often are perceived as including too many requirements. Byggeth & 
Hochschorner (2006) note that ecodesign checklists often require the user to make trade-
offs among a variety of different aspects and issues without sufficient direction on which 
options are the most preferable from the standpoint of promoting sustainability. The 
checklist user typically must evaluate whether the solutions offered “are good, 
indifferent, bad or irrelevant.” 
A number of different ecodesign checklists exist, many of which have been developed by 
designers and engineers. Despite their potential drawbacks, using these checklists can help 
implementers record their ecodesign activities and work more cooperatively with other 
teams (Côté et al., 2006).  

2.2 Environmental practices in the automotive industry 
Regulation clearly can play an important role in promoting ecodesign.  Much of the relevant 
literature that was reviewed concentrated on regulation in the European Union (EU), which 
has implemented some important environmental regulatory directives affecting the 
automotive and electronics industries. These studies include the end-of-life vehicles (ELV) 
directive, the waste electrical and electronic equipment (WEEE) directive, and the restriction 
of hazardous substances (RoHS) directive. In addition, the EU has finalized a framework 
directive for reducing the environmental impacts of energy-using products through 
ecodesign (Park & Tahara, 2008; Pochat et al., 2007). 
The automotive industry operates in a highly competitive market, with worldwide sales and 
distribution of products. The tolerance for product flaws is low, especially in the case of 
vehicle safety features. These factors can operate as constraints on the adoption of ecodesign 
practices by companies in the industry. 
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First level (key 
factors) Second level (items) 
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2.2.1 Negative environmental impacts 
In terms of natural resources, the “environmental balance” for vehicles has always been 
negative. According to Kazazian (2005), production of a vehicle typically requires displacing 
fifteen tons of raw material (about ten times the weight of the final product). The production 
phase also uses large amounts of water. For example, about forty thousand litters of water 
are required to manufacture a car. During their useful life, vehicles consume fuel and 
lubricating oils, most often in the form of non-renewable fossil-based resources. Some of the 
fuel and oil products leak into the environment as contaminants. In addition, each vehicle 
uses several tires, many of which are not recycled. Moreover, vehicles emit significant 
quantities of air pollutants, including carbon dioxide (a major greenhouse gas) and sulphur 
dioxide (which contributes to acid rain).  
Vehicles can also be difficult to recycle at the end of their life cycle. They typically contain a 
variety of different materials (including plastics and metals, as well as electrical and 
electronic components) that may be costly and challenging to separate. 

2.2.2 Efforts to green the automotive industry   
These negative impacts, related to the environmental balance for vehicles, reinforce the 
perception that automobiles and other vehicles are not designed with an emphasis on 
preserving the environment and promoting sustainability. Partly in response to these 
perceptions and concerns, car makers are working to make the industry more 
environmentally friendly.   
In recent years, the automotive industry has developed high-performance and hybrid 
engines.  Car makers are using more parts manufactured with recycled composite materials.  
In addition, more vehicles now run on renewable bio-fuels and use high-durability synthetic 
lubricating oils.   
As noted in the following sections, the automotive industry is also seeking to restrict the use 
of hazardous substances and to increase the quantity of packaging and materials that are 
recycled and reused.  These issues are particularly relevant to automotive manufacturers 
that sell products in the European Union. The EU’s RoHS directive bans the use of certain 
hazardous materials as constituents in specified types of electronic equipment (Donnelly et 
al., 2006). 

2.2.3 Restrictions on the use of hazardous materials 
Many automotive car assemblers now provide their suppliers with lists identifying 
hazardous materials that are subject to restriction of use pursuant to applicable laws or 
standards.  Typically, “white lists” identify materials that can be used. “Gray lists” indicate 
materials that can potentially be used if certain conditions are met or there is sufficient 
reason to do so. “Black lists” identify materials that are prohibited (Luttropp & Lagerstedt, 
2006; Tingström & Karlsson, 2006).  
As part of product development, companies that supply automotive assemblers generally 
must produce statements confirming that they are in compliance with any applicable 
restrictions on the use of hazardous substances. If they cannot do so, they may be able to 
request a temporary waiver from the assembler. In connection with such a request, the 
supplier generally must describe the reasons for the deviation and present a plan of action 
for meeting the restrictions in the future. 
Suppliers to automotive assemblers must also register their products into the International 
Material Data System (IMDS), a database that contains information (including chemical 
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composition) on all materials used in the manufacture of cars. The supplier’s registration 
can then be checked against the automotive assemblers’ gray and black lists to determine 
whether there are any deviations.   
The company investigated on the first part of the research develops and manufactures 
products for vehicle assembly. These products are subject to hazardous-materials restrictions 
and are registered on the IMDS. 

2.2.4 Reducing and reusing packaging 
The process of assembling an automotive product involves a large number of different 
items, and the assembly line requires a high degree of standardization. As a result, any 
reusable forms of packaging that are adopted also generally must be standardized. Boxes 
typically have identifying information that allows their supplier to be traced. In addition, 
pallets typically must meet standards that have been established for size dimensions and 
maximum weights.   
The study company involved in the first part of this research is an approved supplier to 
automotive assemblers. The company employs reusable forms of packaging, even though 
doing so adds extra costs in terms of administration and transportation. 

2.2.5 Conflicts between ecodesign practices and automotive safety requirements  
In the automotive industry, parts that are related to safety must be disposed of if they fail.  
Under the applicable automotive assembler standards, such parts cannot be repaired and re-
sold on the market. They may, however, be dismantled and recycled.   
This disposal requirement conflicts with the principles of ecodesign. However, the integrity 
of the automotive product clearly must be safeguarded.  In this instance, the automotive 
industry has indicated that it values accident prevention over the ecodesign principles 
related to component reuse. 

2.3 Assessment of performance in ecodesign 
Tingström & Karlsson (2006) highlight the ecodesign´s multidisciplinary, affirming this is 
not a linear and repetitive process, for it must be tested or measured the effect of the product 
on the environment by using models. They also point out that in environmental practices 
and strategies the execution of the plans must be measured by measuring systems that hold 
the complexity of the object. Sellitto et al. (2010) present the importance of performance 
measurement systems in several managerial strategies, including those regarding 
environmental issues. It is seen in Borchardt et al. (2009) the application of AHP (Analytic 
Hierarchy Process) in the integration of environmental goals in ecodesign. 
It has been observed in the researched literature that there are no clear distinctions among 
performance measurement and performance evaluation terms. For this research, it was 
adopted the definition proposed by Sellittto et al. (2006): one should talk about performance 
evaluation when based on assessment of categorical variates and one should mention 
performance measurement when based on measurement of quantitative variates.  
A system for measurement or for performance evaluation must: (a) avoid under-optimize 
the place; (b) unfold strategic goals up to operational levels; (c) help with full understanding 
of goals and conflicts structure, strategy trade-offs; and (d) consider aspects of the 
organizational culture (Bititci, 1995). The usage of several variates in performance 
measurement remits to multicriteria decision. As per French (1986), it is hardly ever found a 
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model to be clear and uniformly structured in a multicriteria decision. Deepened 
discussions about the theory of decision based on multicriterial focus are found in French 
(1986). 
The evaluation of performance requires a model for measurement and communications, 
which is obtained by mental construction. The most abstract construction is the theoretical 
term that holds aspects of a definition wide enough, structured upon constructs and 
concepts. The other constructs are also of abstract construction, deliberately created to 
answer a scientific purpose, however closer to reality. The concept, at last, it is not the 
phenomena yet, but it can already communicate its implications. Its dimensions are 
represented by numerical values - the indicators - that might be combined and summed 
quantitatively in indexes, according hierarchical theoretical schemes that help represent the 
intangible reality (Voss et al., 2002).  
The structure of performance, in this paper known as ecodesign performance, can be 
organized in a tree-like structure, illustrated in Figure 2. The tree-like shape can be 
pondered by methods of decision support, such as AHP (Analytic Hierarchy Process).  
 

Assessment of the problem 

Criteria 

Sub-criteria 

Alternatives judged 
according to sub-criteria 

 
Fig. 2. Structure of hierarchic decision (adapted from Forman & Selly, 2001). 

According to Forman & Selly (2001), the AHP forces the decision makers to consider 
perceptions, experience, intuitions and uncertainties in a rational manner, generating scales 
of priorities or weights. It is a methodology of compensatory decision, once weak 
alternatives to an objective can have strong performance in other objectives. The AHP 
operates in three steps: (a) description of a complex situation of interest under the shape of 
hierarchic concepts, shaped by criteria and sub-criteria up to the point when, as per decision 
makers, the assessment of the problem has been enough described; (b) comparing two by 
two the influence of the criteria and sub-criteria on higher hierarchic levels; and (c) 
computing the results. The options with preference on pared base comparison, used on 
AHP, are presented on Table 2. Saaty (1991) recommends the determination of the CRs, the 
reasons of consistency on assessments, which must be smaller than 0.10. Although the 
recommendation, we stress that the lower the CR is the better the decision will be, so it is 
worth seeking lower values for the variate by eventually reviewing judgements. 
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if ai related to aj = then cij = if ai related to aj = then cij = 
equals 1 equals 1 

a little more important 3 a little less important 1/3 
a lot more important 5 a lot less important 1/5 

strongly more important 7 strongly less important 1/7 
absolutely more important 9 absolutely less important 1/9 

Source: Saaty, 1991, p.22 and 23. 

Table 2. Preferential options based on pared comparison  

3. 1st Part – Ecodesign implementation at manufacturing company 
3.1. Research methodology for the 1st part of the research 
The research discussed in this part of the chapter involved a case study of an automotive 
supplier. The case study methodology allows researchers to examine a subject in depth 
without separating the subject from its contextual environment (Voss et al., 2002) 
Authors have recognized three main types of case studies:  exploratory, descriptive, and 
explanatory. An exploratory case study seeks information and suggests hypotheses for 
further studies. A descriptive case study investigates associations between the variables 
defined in exploratory studies. Finally, an explanatory case study presents plausible 
explanations for associations established in descriptive studies (Yin, 2001). 
It has been suggested that a case study can contribute to theoretical research in at least five 
ways: first by providing, for subsequent studies, a deep and specific description of an object; 
second by interpreting some regularities as evidence of more generic and not yet verified 
theoretical postulates; third by heuristic: a situation is deliberately constructed to test an 
idea; fourth by doing a plausible search based on the theory proposed by the heuristic 
method; and fifth by the crucial case, which supports or refutes the theory (Easterby, 1975). 

3.1.1 Characteristics of the case study  
The case study described here is exploratory; we have gathered information and hypotheses 
for future studies. The contribution this case study makes to theory is of the first type: a 
thorough description of a specific subject. It is also inductive, as the first in a potential series 
of studies that could lead to a grounded theory of motivation for ecodesign implementation.  
This case study was guided by the following questions: 
a. Why the company decided to adopt ecodesign practices?  
b. How are ecodesign practices being incorporated into routine product design at the 

study company? 
Ultimately, the goal of the case study described here was to provide insights, at the 
exploratory level, about the elements that induce organizations to adopt ecodesign practices 
and about the ways in which ecodesign practices can be incorporated into organizations’ 
product design procedures. 

3.1.2 Data collection  
Much of the information for this case study was collected via five semi-structured 
interviews with managers in the company’s research and development (R&D) department, 
managers in product design, and the manager of the company’s environmental 
management system. In order to further develop data, we also relied on direct observation 
and document analysis.  
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and about the ways in which ecodesign practices can be incorporated into organizations’ 
product design procedures. 

3.1.2 Data collection  
Much of the information for this case study was collected via five semi-structured 
interviews with managers in the company’s research and development (R&D) department, 
managers in product design, and the manager of the company’s environmental 
management system. In order to further develop data, we also relied on direct observation 
and document analysis.  
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3.2 Results and discussion for ecodesign implementation analysis 
The research described here was carried out at a company that supplies electronic 
components to the automotive industry. The study company operates in Rio Grande do Sul, 
a state of Brazil and can be classified as mid-sized. The company has obtained certification 
to both ISO 9001 and ISO 14001.    

3.2.1 Products made by the study company  
The company produces on-board electronic components for vehicles. Some of the items it 
supplies were developed to meet individual customer specifications, while others are 
standardized products.  
The first product category consists mainly of electrical relays for switching and voltage 
converters; these items affect automotive safety since they directly influence the basic 
function of vehicles. The latter product group includes standardized components used for 
entertainment applications, such as on-board video and audio systems for buses. 

3.2.2 Relationships with vehicle assemblers 
The study company supplies its products directly to assemblers of trucks and buses. Some 
of the company’s personnel have in-depth knowledge regarding the design of the vehicles 
that use its components. As a result, there are confidentiality agreements between the study 
company and its key employees and between the study company and the assemblers it 
supplies.  
The company has developed a complex business-to-business relationship with its 
customers. The company must meet applicable regulatory requirements and also depends 
on customers’ approval in order to make changes to its products. The study company has 
little autonomy in making such decisions.   
Since the products manufactured often involve special safety and security features, the 
company is not allowed to reuse parts, since doing so could compromise functional 
reliability. However, raw materials (such as plastics, metals, and other materials) can be 
recycled since they are routed to the primary supplier for inclusion in the overall process of 
manufacture. 

3.2.3 Company environmental management policy  
For the past nine years, the study company’s environmental management policy has 
included provisions that are intended to address problems related to resource scarcity. Key 
issues covered in the company’s environmental management policy include (a) energy 
consumption, (b) materials consumption, and (c) waste handling and treatment.  
When automotive assemblers go through the process of qualifying suppliers, they primarily 
evaluate characteristics such as the supplier’s ability to deliver products reliably. Suppliers 
also must be able to meet all relevant environmental requirements, such as those pertaining 
to restrictions on the use of hazardous substances. However, using techniques that exceed 
the applicable environmental protection requirements does not constitute a preferential 
factor for a given supplier.   

3.2.4 Motivations for adopting ecodesign 
When asked about their motivation for adopting ecodesign practices in strategic planning, 
respondents at the study company said that the main drivers involved reducing costs, which 
had the effect of increasing the company’s profit margin and providing it with more flexibility. 
In the study company’s view, cost reduction could be facilitated by dematerializing (using the 
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smallest possible amount of raw material) and by lowering expenditures related to the 
treatment of waste.   
The study company sees implementation of ecodesign as a way to formalize eco-concepts in 
the new-product development process, allowing for better control of results and continuous 
improvement.   

3.2.5 Ecodesign implementation process 
Because the scope of ecodesign is broad, the company formed a multidisciplinary group to 
handle the study, planning, and strategic deployment of ecodesign techniques. Top 
management at the company organized a working group that included people with 
expertise in a range of relevant areas, such as trade, development, product quality, logistics, 
and industrialization.   
The working group focused on activities related to the development of products and 
processes. The steps they followed in implementing ecodesign are outlined in the following 
sections. 
Study phase 
Members of the working group read the relevant literature and made contact with other 
companies that had already implemented ecodesign methods.  Personnel throughout the 
whole company received training on the basic principles of ecodesign, and staff members’ 
suggestions were collected.   
At this stage of the process, the company also analyzed customer demands, along with 
internal company rules and the requirements of applicable standards such as ISO 9001, 
ISO/TS 16949 (a quality management system for the automotive industry), and ISO 14001. 
Planning 
The ecodesign implementation project was framed using the company’s projects 
management methodology, with timelines and financial guidelines established. Regular 
meetings were held for critical and risk analyses. 
Formulation of primary guidelines 
The company prepared primary guidelines (IMP - Integrated Management Procedure) that 
incorporated ecodesign practices and guidance on the development of products and 
industrial processes. 
Formulation of secondary guidelines (operating procedures) 
The actual operating procedures for application of ecodesign were deployed via engineering 
specifications. These procedures involved a high degree of detail and were implemented 
through checklists, as recommended by Donnelly et al. (2006) for “knowledge management 
in ecodesign.” The company frequently reviews and updates its checklists, allowing new 
contributions to be recorded and preserving the knowledge gained for future use. 
Table 3 offers sample checklists of items to be considered in electric-electronic design and 
mechanical design of products, along with ecodesign-related recommendations. The 
checklists consider aspects such as materials recovery, energy efficiency, product 
simplification, separation of materials, and use of specific manufacturing components, 
including plastics, metals, and printed circuit boards. These parts are used in various phases 
of the product design process, including detailing and meeting critical analysis.   
The development team suggested extending the principles of ecodesign to software 
development. Ecodesign principles can be applied to extend the useful life of installed 
software by providing the ability to receive updates, making the product multifunctional, 
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3.2 Results and discussion for ecodesign implementation analysis 
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customers. The company must meet applicable regulatory requirements and also depends 
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to restrictions on the use of hazardous substances. However, using techniques that exceed 
the applicable environmental protection requirements does not constitute a preferential 
factor for a given supplier.   
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When asked about their motivation for adopting ecodesign practices in strategic planning, 
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smallest possible amount of raw material) and by lowering expenditures related to the 
treatment of waste.   
The study company sees implementation of ecodesign as a way to formalize eco-concepts in 
the new-product development process, allowing for better control of results and continuous 
improvement.   

3.2.5 Ecodesign implementation process 
Because the scope of ecodesign is broad, the company formed a multidisciplinary group to 
handle the study, planning, and strategic deployment of ecodesign techniques. Top 
management at the company organized a working group that included people with 
expertise in a range of relevant areas, such as trade, development, product quality, logistics, 
and industrialization.   
The working group focused on activities related to the development of products and 
processes. The steps they followed in implementing ecodesign are outlined in the following 
sections. 
Study phase 
Members of the working group read the relevant literature and made contact with other 
companies that had already implemented ecodesign methods.  Personnel throughout the 
whole company received training on the basic principles of ecodesign, and staff members’ 
suggestions were collected.   
At this stage of the process, the company also analyzed customer demands, along with 
internal company rules and the requirements of applicable standards such as ISO 9001, 
ISO/TS 16949 (a quality management system for the automotive industry), and ISO 14001. 
Planning 
The ecodesign implementation project was framed using the company’s projects 
management methodology, with timelines and financial guidelines established. Regular 
meetings were held for critical and risk analyses. 
Formulation of primary guidelines 
The company prepared primary guidelines (IMP - Integrated Management Procedure) that 
incorporated ecodesign practices and guidance on the development of products and 
industrial processes. 
Formulation of secondary guidelines (operating procedures) 
The actual operating procedures for application of ecodesign were deployed via engineering 
specifications. These procedures involved a high degree of detail and were implemented 
through checklists, as recommended by Donnelly et al. (2006) for “knowledge management 
in ecodesign.” The company frequently reviews and updates its checklists, allowing new 
contributions to be recorded and preserving the knowledge gained for future use. 
Table 3 offers sample checklists of items to be considered in electric-electronic design and 
mechanical design of products, along with ecodesign-related recommendations. The 
checklists consider aspects such as materials recovery, energy efficiency, product 
simplification, separation of materials, and use of specific manufacturing components, 
including plastics, metals, and printed circuit boards. These parts are used in various phases 
of the product design process, including detailing and meeting critical analysis.   
The development team suggested extending the principles of ecodesign to software 
development. Ecodesign principles can be applied to extend the useful life of installed 
software by providing the ability to receive updates, making the product multifunctional, 
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and preventing downtime with software maintenance routines and remote systems The 
company encountered some difficulties in the course of implementing ecodesign practices. 
In particular, when assessing ecodesign concepts and seeking to apply checklists, it lacked 
technical information on environmental impacts. 
For example, in a case where the project team was trying to choose among alternatives for 
the surface treatment of metals, it was hard to make a choice due to the lack of information 
indicating the environmental impacts.The team also believes that ecodesign implementation 
could be expanded to include the company’s suppliers. The members agreed that suppliers 
could be educated about ecodesign and encouraged to adopt proactive attitudes regarding 
the environmental impact of manufacturing. It was understood, by the group, that 
sustainability can be achieved only with the engagement of the whole production chain. 
 

Ecodesign item Checklist to Electric-Electronic 
Design of the Product 

Checklist to Mechanical Design 
of the Product 

1. Material recovery

Give priority to constituents who 
may have recoverable raw material: 
for example electrolytic capacitors 
have recyclable aluminum; tantalum 
capacitors have not. 

Try using plastics and 
thermoplastics instead of  
termofixes; do not unite 
incompatible plastic materials 
that would make the separation 
impossible therefore recycling 
impossible. 

2. Components 
recovery 

As standards in the automotive 
industry, electronic items cannot be 
repaired at risk of compromising the 
reliability. 

Metal trimmings should be used 
for smaller parts manufacturing 

3. Ease of access to 
components 

Allow repairs during the production 
line and during the use of the vehicle.

Ease of assembly of the product 
with minimal fixing 
components. 

4. Simplicity aimed 
projects 

Developing projects with as few 
electronic components as possible to 
not compromise the MTBF (Mean 
Time Between Fails) of the product; 
occupy less area of the printed circuit 
board. 

Using forms that allow a 
maximized use of the metal 
sheet; plastic boxes that allow 
multiple applications. Using 
modular cabinets. 

5. Reducing the use 
of raw material 

Using SMT (Surface Mountain 
Technology) components: small 
electronic components, fixed directly 
on the printed circuit card, without 
the use of terminal and connectors. 
Use the thickest PCB (printed circuit 
board) possible. 

Using aluminized metal sheets, 
which exempt anti-corrosive 
treatment preliminary. Using the 
thickest sheet metal possible 
avoids screws and  painting 
process. 

6. Severability 

Using electro-electronic products 
with fixing elements allowing easy 
separation of the parties. Identify the 
requirements of the RoHS on PCB. 

Identify all plastic parties with 
the code of recycling; using 
adhesives that do not prevent 
the separation of not compatible 
parts in terms of recycling. 
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Ecodesign item Checklist to Electric-Electronic 
Design of the Product 

Checklist to Mechanical Design 
of the Product 

7. No use of 
contaminant 

materials 

No use of welding material with lead 
alloys (lead free solder) 

Do not use mechanical materials 
with contaminants. 

8. Recovery and 
reuse of waste 

Waste of paper, copper and 
aluminum must be separated for 
subsequent recycling. 

Remains of the process of plastic 
injection should be recycled; all 
metallic material must be 
separated for subsequent 
forwarding to recycling. 

9. Waste 
incineration 

All components must meet the 
regulatory ROHS, with no emission 
of toxic waste in the incineration 
process. 

All components must meet the 
regulatory RoHS, with no 
emission of toxic waste in the 
incineration process. 

10. Reduction of the 
use of energy in 

production 

Using only one side component PCBs 
simplifies the solder process and 
saves energy 

Avoid using ultrasound, laser, 
and other kinds of modern 
production tools. 

11. Employment of 
devices for reducing 

energy 
consumption 

Using intelligent electronic circuits 
that save energy while on stand-by. 
Using as low speed microprocessors 
as possible to avoid high energy 
consumption. 
Decrease backlight LCD (liquid 
cristal display) intensity during the 
night to save energy. 
Using energy dissipated in 
equipment for electrical testing of 
power as heating for stages of the 
manufacturing process (cure of 
painting oven, for example). 

Design the mechanical parts as 
light as possible to save fluel 
during the vehicle’s life cycle. 

12. Reduction of the 
use of energy in the 

distribution 
 

Optimize the process of transport of 
raw materials and the distribution of 
the final product. 

Optimize the process of 
transport of raw materials and 
the distribution of the final 
product. Package as compact as 
possible to save transport 
volume in the transport. 

13. Use of 
renewable energy. Not applicable. Not applicable. 

14. Multifunctional 
products 

Developing printed circuit board that 
meet more than one use by mounting 
options. 

Developing plastics and metal 
cabinets that meet more than 
one use by assembly options. 

15. Specific use of 
recycled materials

Use of recycled welding material, 
copper cables, etc. 

Using plastic and metal with a 
high content of recycled 
material.

16. Use of 
renewable materials

Use of printed circuit boards made of 
cellulose. 

Use of packaging made of 
cellulose. 
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and preventing downtime with software maintenance routines and remote systems The 
company encountered some difficulties in the course of implementing ecodesign practices. 
In particular, when assessing ecodesign concepts and seeking to apply checklists, it lacked 
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For example, in a case where the project team was trying to choose among alternatives for 
the surface treatment of metals, it was hard to make a choice due to the lack of information 
indicating the environmental impacts.The team also believes that ecodesign implementation 
could be expanded to include the company’s suppliers. The members agreed that suppliers 
could be educated about ecodesign and encouraged to adopt proactive attitudes regarding 
the environmental impact of manufacturing. It was understood, by the group, that 
sustainability can be achieved only with the engagement of the whole production chain. 
 

Ecodesign item Checklist to Electric-Electronic 
Design of the Product 

Checklist to Mechanical Design 
of the Product 

1. Material recovery

Give priority to constituents who 
may have recoverable raw material: 
for example electrolytic capacitors 
have recyclable aluminum; tantalum 
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3. Ease of access to 
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Allow repairs during the production 
line and during the use of the vehicle.

Ease of assembly of the product 
with minimal fixing 
components. 

4. Simplicity aimed 
projects 

Developing projects with as few 
electronic components as possible to 
not compromise the MTBF (Mean 
Time Between Fails) of the product; 
occupy less area of the printed circuit 
board. 

Using forms that allow a 
maximized use of the metal 
sheet; plastic boxes that allow 
multiple applications. Using 
modular cabinets. 
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of raw material 

Using SMT (Surface Mountain 
Technology) components: small 
electronic components, fixed directly 
on the printed circuit card, without 
the use of terminal and connectors. 
Use the thickest PCB (printed circuit 
board) possible. 

Using aluminized metal sheets, 
which exempt anti-corrosive 
treatment preliminary. Using the 
thickest sheet metal possible 
avoids screws and  painting 
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Using electro-electronic products 
with fixing elements allowing easy 
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Identify all plastic parties with 
the code of recycling; using 
adhesives that do not prevent 
the separation of not compatible 
parts in terms of recycling. 
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Ecodesign item Checklist to Electric-Electronic 
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Decrease backlight LCD (liquid 
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Using energy dissipated in 
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cabinets that meet more than 
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15. Specific use of 
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Ecodesign item Checklist to Electric-Electronic 
Design of the Product 

Checklist to Mechanical Design 
of the Product 

17. Products with 
higher durability 

Implement protection devices to 
prevent damage to the product in the 
event of overload or short circuit. 

Plastic and/or metal cabinets 
with index of protection 
consistent with the application 
and UV (ultra-violet) resistant, 
corrosion, temperature and 
vibration. 

18. Packaging 
recovery 

Returnable packaging, reuse of the 
packaging of raw materials as pads 
for the packaging of the final 
products. 

Returnable packaging, reuse of 
the packaging of raw materials 
as pads for the packaging of the 
final products. 

19. No use of 
hazardous 
substances 

Mounting boards using solder free of 
lead. Using only ROHS components. Answering the RoHS standards. 

20. Use of 
substances with 

water basis 

Using flux to solder type "no clean," 
that is, with a water-based solvent 

Use of paints and adhesives 
with a water-based solvent. 

21. Use of 
biodegradable 

products 

Not applicable to automotive 
industry. 

Not applicable to automotive 
industry. 

22. Accident 
prevention 

In the event of electrical failure, the 
product should take the vehicle to a 
safe state of operation. 

In the event of mechanical 
failure, the product should take 
the vehicle to a safe state of 
operation. 

Table 3. Checklist to electro-electronic design and mechanical design 
a. Training 
Employees at all levels of the company were provided with information on the operating 
procedures involved in applying ecodesign techniques. This training was adapted to the 
employee’s particular involvement with ecodesign implementation. 
b. Implementation 
This step marked the point at which the company began using ecodesign procedures on 
both new and ongoing projects, as well as in activities related to improvement of existing 
products. 
c. Maintaining improvement 
As knowledge management procedures require, the ecodesign checklists established by the 
company are continuously updated whenever new information is developed. New insights 
and experience arising from the application of ecodesign techniques are also incorporated 
into the company’s critical analysis mechanisms. 
d. Consideration of Life-Cycle Assessment 
After studying the commercial software available for life-cycle assessment (LCA), the 
working group decided not to adopt the technique. As Chehebe (2002) has noted, LCA 
results are considered reliable only when the database used for analysis is compatible with 
the actual conditions at the application site. Thus, in order to be effective for the study 
company, an LCA database would have to accurately reflect factors such as the availability 
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of raw materials, the cost of transport, and the matrix of energy generation as they exist in 
Brazil. When a trustworthy LCA database is not available, companies typically will not 
adopt life-cycle assessment methods. 

3.2.6 Shortage of technical information  
The company encountered some difficulties in the course of implementing ecodesign 
practices. In particular, when assessing ecodesign concepts and seeking to apply checklists, 
it lacked technical information on environmental impacts.   
For example, in a case where the project team was trying to choose among alternatives for 
the surface treatment of metals, it was hard to make a choice due to the lack of information 
indicating the environmental impacts. 

3.2.7 Results of ecodesign implementation at the study company  
The study company is still in the process of measuring the results of its ecodesign 
implementation effort. In addition, products developed entirely under the company’s 
ecodesign system are still undergoing approval by customers.  
However, the company has already recognized a positive change in its R&D team’s degree 
of involvement with new materials, new technologies, and environmental issues generally 
in the design of products. Moreover, the company has observed the following results (short-
term, medium-term and long-term) as a consequence of using ecodesign practices: 
a. reductions in product costs resulting from dematerialization (medium-term);  
b. reduction in the number of products offered by the company as a result of increases in 

product multifunctionality (long-term); 
c. improvement in knowledge management through systematically recording in checklists 

the development of practices learned (short- term); 
d. decrease in the number of raw material items in stock (medium-term); 
e. decrease in the number of test sets and assembly devices used in the manufacturing 

process as a result of streamlining the life cycle of these items (long-term); 
f. reduction in the need for investment in the industrial process as a result of the less 

extensive and diverse set of devices now required (long-term);  
g. reduction in environmental management costs, especially with respect to waste 

(medium-term); and 
h. reduction in transport costs for raw materials and semi-ready products (short term). 

3.2.8 Prospects for future expansion of ecodesign 
As the process of ecodesign continues to be incorporated into the study company’s 
management system, the respondents interviewed reported their optimism about the 
eventual long-term results. They hope they can effectively transmit their experiences with 
ecodesign to their suppliers, thereby broadening the range of small and medium-sized 
businesses that use ecodesign principles as guidelines in the development of products. 

4. 2nd Part – Assessing ecodesign implementation dimensions 
4.1  Research methodology for the 2nd part of the research 
In this part of the chapter a method to evaluate the performance in ecodesign is presented. 
To exemplify and improve the method, the same has been applied to a company on the 
chemical sector that supplies the automotive industry.  



 New Trends and Developments in Automotive Industry 

 

150 
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As knowledge management procedures require, the ecodesign checklists established by the 
company are continuously updated whenever new information is developed. New insights 
and experience arising from the application of ecodesign techniques are also incorporated 
into the company’s critical analysis mechanisms. 
d. Consideration of Life-Cycle Assessment 
After studying the commercial software available for life-cycle assessment (LCA), the 
working group decided not to adopt the technique. As Chehebe (2002) has noted, LCA 
results are considered reliable only when the database used for analysis is compatible with 
the actual conditions at the application site. Thus, in order to be effective for the study 
company, an LCA database would have to accurately reflect factors such as the availability 
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of raw materials, the cost of transport, and the matrix of energy generation as they exist in 
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adopt life-cycle assessment methods. 
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The company encountered some difficulties in the course of implementing ecodesign 
practices. In particular, when assessing ecodesign concepts and seeking to apply checklists, 
it lacked technical information on environmental impacts.   
For example, in a case where the project team was trying to choose among alternatives for 
the surface treatment of metals, it was hard to make a choice due to the lack of information 
indicating the environmental impacts. 

3.2.7 Results of ecodesign implementation at the study company  
The study company is still in the process of measuring the results of its ecodesign 
implementation effort. In addition, products developed entirely under the company’s 
ecodesign system are still undergoing approval by customers.  
However, the company has already recognized a positive change in its R&D team’s degree 
of involvement with new materials, new technologies, and environmental issues generally 
in the design of products. Moreover, the company has observed the following results (short-
term, medium-term and long-term) as a consequence of using ecodesign practices: 
a. reductions in product costs resulting from dematerialization (medium-term);  
b. reduction in the number of products offered by the company as a result of increases in 

product multifunctionality (long-term); 
c. improvement in knowledge management through systematically recording in checklists 

the development of practices learned (short- term); 
d. decrease in the number of raw material items in stock (medium-term); 
e. decrease in the number of test sets and assembly devices used in the manufacturing 

process as a result of streamlining the life cycle of these items (long-term); 
f. reduction in the need for investment in the industrial process as a result of the less 

extensive and diverse set of devices now required (long-term);  
g. reduction in environmental management costs, especially with respect to waste 

(medium-term); and 
h. reduction in transport costs for raw materials and semi-ready products (short term). 

3.2.8 Prospects for future expansion of ecodesign 
As the process of ecodesign continues to be incorporated into the study company’s 
management system, the respondents interviewed reported their optimism about the 
eventual long-term results. They hope they can effectively transmit their experiences with 
ecodesign to their suppliers, thereby broadening the range of small and medium-sized 
businesses that use ecodesign principles as guidelines in the development of products. 

4. 2nd Part – Assessing ecodesign implementation dimensions 
4.1  Research methodology for the 2nd part of the research 
In this part of the chapter a method to evaluate the performance in ecodesign is presented. 
To exemplify and improve the method, the same has been applied to a company on the 
chemical sector that supplies the automotive industry.  
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4.1.1 Characteristics of the research developed on the 2nd part 
This second part of the study was guided by the following question: how to assess the 
ecodesign performance of an industrial operation. 
The main objective was to assess the ecodesign performance of a manufacturing operation. 
Secondary objectives were: (a) to identify latent key words and indicators that explain the 
key factors of the ecodesign performance of the operation; (b) to assess the relative 
importance of ecodesign constructs (practices), supported by the Analytic Hierarchy Process 
(AHP); (c) to assess the degree of application of ecodesign constructs (practices); (d) to 
evaluate the gaps between importance and application of ecodesign constructs. For doing 
so, it was developed a method to evaluate the performance in ecodesign. 
In the intention of keeping coherence on the terminology used in this chapter, it has been 
adopted: ecodesign is the top term; ecodesign practices are the constructs; the elements part 
of the ecodesign practices are the items of application (also known as concepts).  

4.1.2 Data collection and method of work 
The stages of development of this research were: (a) the construction of a tree-like structure 
able of representing the top end ecodesign and its constructs, (b) the weighing of the structure 
using the AHP method, suitable for chemical company, (c) the split of the ecodesign constructs 
into items of application, and the preparation of a questionnaire to identify the degree in 
which every item is reached, (d) the comparison of the performance obtained for each item of a 
particular construct with the degree of importance assigned for that construct.  
The tree-like structure for ecodesign, unfolded in constructs has been built in focus group 
meetings. Four researches that act in ecodesign co-related areas and two managers, one from 
an automotive company and another from a chemical company that supplies the automotive 
industry, both with expertise in environmental management have participated. They all 
fully know about productive processes, products employment and logistic processes. The 
procedures of the focus group followed the Thietart et al (2001) recommendations. The same 
focus group, guided by the researchers, weighing the ecodesign constructs by AHP method. 
The researchers split the ecodesign constructs into items of application and prepared a 
questionnaire; the same was validated and tested with the members of focus group. The 
questionnaire was answered by four engineers from the company.   

4.2 Results and discussion for the assessment of ecodesign implementation 
dimensions in the automotive industry 

4.2.1 Characteristics of the company 
The company has six manufacture units in the country; the study took place in a large unit 
located at the South region in Brazil. The main products are adhesives and laminated for the 
shoe making industry, as well as furniture and automotive industries.  
The following characteristics were identified in the company: (a) a history of environmental 
concern since the late 1980s; (b) strategic positioning and focusing on developing innovative 
products and solutions and new technologies; and (c) cost reduction in developing new 
products or in the redesign of existing ones. 
The company provides products and services for the automotive industry, furniture 
industry and footwear industry, especially adhesives and laminates. Besides these points 
related to the company, aligned with Vercalsteren (2001) point of view, the company had 
expressed interest in ecodesign.  
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4.2.2 Three-like structure for ecodesign 
The first line (the criteria) of the tree-like structure for ecodesign, unfolded in constructs, is 
presented on Figure 3. The requirements proposed by Fiksel (1996), Luttropp & Lagersted 
(2006) and Wimmer et al. (2005) and the expertise of the group members served as base for 
the development of this part of the research. 
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Fig. 3. Tree-like structure representative of ecodesign 

4.2.3 Weighing the ecodesign tree-like structure and unfolding the constructs  
This section consisted on the weighing of a tree-like structure using AHP. This weighing 
was based on the criteria presented on Table 2 at the company of study. The authors of this 
paper mediated the sections.   
Table 4 illustrates the matrix of ecodesign construct preferences using AHP for the company 
studied. The computing of matrix preference data shows the relative importance of each 
ecodesign construct. For the company in study it was obtained: Materials with 12% of 
relative importance; Product components with 3%; Characteristics of the product and 
process 34%; Usage of energy 3%; Distribution of products with 8%, Packaging and 
documentation with 11% and Wastes with 29% of relative importance for the ecodesign.  
The CR index was of 0.064, what indicates the preferences of the decision makers have an 
acceptable degree of rationality. 
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materials: choice and employment 1 3 1/3 5 3 1 1/3 
product components 1/3 1 1/7 1 1/3 1/5 1/9 

characteristics of the product 3 7 1 7 3 3 3 
usage of energy 1/5 1 1/7 1 1/5 1/7 1/9 

distribution of the products 1/3 3 1/3 5 1 1 1/5 
packing and documentation 1 5 1/3 7 1 1 1/5 

wastes 3 9 1/3 9 5 5 1 

Table 4. Matrix of ecodesign construct preferences  

The next step of the research consisted in unfolding the constructs into application items 
(concepts) of ecodesign, elaborating an evaluation instrument that allows identifying the 
degree of performance of each item. The instrument has 32 evaluation questions and each 



 New Trends and Developments in Automotive Industry 

 

152 

4.1.1 Characteristics of the research developed on the 2nd part 
This second part of the study was guided by the following question: how to assess the 
ecodesign performance of an industrial operation. 
The main objective was to assess the ecodesign performance of a manufacturing operation. 
Secondary objectives were: (a) to identify latent key words and indicators that explain the 
key factors of the ecodesign performance of the operation; (b) to assess the relative 
importance of ecodesign constructs (practices), supported by the Analytic Hierarchy Process 
(AHP); (c) to assess the degree of application of ecodesign constructs (practices); (d) to 
evaluate the gaps between importance and application of ecodesign constructs. For doing 
so, it was developed a method to evaluate the performance in ecodesign. 
In the intention of keeping coherence on the terminology used in this chapter, it has been 
adopted: ecodesign is the top term; ecodesign practices are the constructs; the elements part 
of the ecodesign practices are the items of application (also known as concepts).  

4.1.2 Data collection and method of work 
The stages of development of this research were: (a) the construction of a tree-like structure 
able of representing the top end ecodesign and its constructs, (b) the weighing of the structure 
using the AHP method, suitable for chemical company, (c) the split of the ecodesign constructs 
into items of application, and the preparation of a questionnaire to identify the degree in 
which every item is reached, (d) the comparison of the performance obtained for each item of a 
particular construct with the degree of importance assigned for that construct.  
The tree-like structure for ecodesign, unfolded in constructs has been built in focus group 
meetings. Four researches that act in ecodesign co-related areas and two managers, one from 
an automotive company and another from a chemical company that supplies the automotive 
industry, both with expertise in environmental management have participated. They all 
fully know about productive processes, products employment and logistic processes. The 
procedures of the focus group followed the Thietart et al (2001) recommendations. The same 
focus group, guided by the researchers, weighing the ecodesign constructs by AHP method. 
The researchers split the ecodesign constructs into items of application and prepared a 
questionnaire; the same was validated and tested with the members of focus group. The 
questionnaire was answered by four engineers from the company.   

4.2 Results and discussion for the assessment of ecodesign implementation 
dimensions in the automotive industry 

4.2.1 Characteristics of the company 
The company has six manufacture units in the country; the study took place in a large unit 
located at the South region in Brazil. The main products are adhesives and laminated for the 
shoe making industry, as well as furniture and automotive industries.  
The following characteristics were identified in the company: (a) a history of environmental 
concern since the late 1980s; (b) strategic positioning and focusing on developing innovative 
products and solutions and new technologies; and (c) cost reduction in developing new 
products or in the redesign of existing ones. 
The company provides products and services for the automotive industry, furniture 
industry and footwear industry, especially adhesives and laminates. Besides these points 
related to the company, aligned with Vercalsteren (2001) point of view, the company had 
expressed interest in ecodesign.  

Identifying and Prioritizing Ecodesign Key Factors for the Automotive Industry   

 

153 

4.2.2 Three-like structure for ecodesign 
The first line (the criteria) of the tree-like structure for ecodesign, unfolded in constructs, is 
presented on Figure 3. The requirements proposed by Fiksel (1996), Luttropp & Lagersted 
(2006) and Wimmer et al. (2005) and the expertise of the group members served as base for 
the development of this part of the research. 
 

ECODESIGN 

Materials 
Usage of 
energy 

 
Product 

Components 

 
Characte-
ristics of 

product / 
process 

 
 

Products 
distribution 

 
Packing and 
documenta-

tion 

Wastes 

Top term 

 
Fig. 3. Tree-like structure representative of ecodesign 

4.2.3 Weighing the ecodesign tree-like structure and unfolding the constructs  
This section consisted on the weighing of a tree-like structure using AHP. This weighing 
was based on the criteria presented on Table 2 at the company of study. The authors of this 
paper mediated the sections.   
Table 4 illustrates the matrix of ecodesign construct preferences using AHP for the company 
studied. The computing of matrix preference data shows the relative importance of each 
ecodesign construct. For the company in study it was obtained: Materials with 12% of 
relative importance; Product components with 3%; Characteristics of the product and 
process 34%; Usage of energy 3%; Distribution of products with 8%, Packaging and 
documentation with 11% and Wastes with 29% of relative importance for the ecodesign.  
The CR index was of 0.064, what indicates the preferences of the decision makers have an 
acceptable degree of rationality. 
 

Company 

m
at

er
ia

ls
: c

ho
ic

e 
an

d 
em

pl
oy

m
en

t 
pr

od
uc

t 
co

m
po

ne
nt

s 
ch

ar
ac

te
ri

st
ic

s 
of

 
th

e 
pr

od
uc

t 

us
ag

e 
of

 e
ne

rg
y 

di
st

ri
bu

tio
n 

of
 th

e 
pr

od
uc

ts
 

pa
ck

in
g 

an
d 

do
cu

m
en

ta
tio

n 

w
as

te
s 

materials: choice and employment 1 3 1/3 5 3 1 1/3 
product components 1/3 1 1/7 1 1/3 1/5 1/9 

characteristics of the product 3 7 1 7 3 3 3 
usage of energy 1/5 1 1/7 1 1/5 1/7 1/9 

distribution of the products 1/3 3 1/3 5 1 1 1/5 
packing and documentation 1 5 1/3 7 1 1 1/5 

wastes 3 9 1/3 9 5 5 1 

Table 4. Matrix of ecodesign construct preferences  

The next step of the research consisted in unfolding the constructs into application items 
(concepts) of ecodesign, elaborating an evaluation instrument that allows identifying the 
degree of performance of each item. The instrument has 32 evaluation questions and each 



 New Trends and Developments in Automotive Industry 

 

154 

question refers to an application item. The evaluation items and its respective constructs can be 
identified on Table 5. For the answers, it was used a Likert scale from 1 to 5, where 1 
represents the case where the item is not present or is never reached, and 5 is equivalent to the 
case where the item is completely met. NA (not applicable) indicates that the item is not 
applicable in its presence; in this case, this item is not considered by the company in the 
calculation of the degree of construct application. The degree of performance of each evaluated 
item will be determined in a consensual manner among the participants of the company. 
 

Construct Query (evaluation items) Application 
1) ability to use raw material closer to its natural state 1 
2) ability to avoid  mixtures of non-compatible materials 
aiming recycling or reusing materials 5 

3) ability to eliminate or not use toxic, hazardous or 
carcinogenic substances 3 

4) ability to eliminate or not use raw material that generate 
Class 1 residuous – hazardous 2 

5) ability to use recycled and/or renewable materials 5 

Materials 

6) ability to limit atmospheric emissions originated by the 
use of volatile organic compounds 2 

7) ability to recover or use recovered components 2 
8) ability to easy the access of components NA 
9) ability to identify materials and components to help in 
later recycling or reuse 2 Product compo-

nents 
10) ability to determine the degree of recycling of a material 
or component 1 

11) ability to elaborate products with simpler shapes and 
that reduce the employment or use of raw material 4 

12) ability to project products with longer lifetime 5 
13) ability to project multifunctional products 4 

Characte-ristics 
of the product / 

process 
14) ability to generate an upgrade on the product 4 
15) ability to use energy generated by renewable resources 2 
16) ability to employ energy reduction batches during the 
use of the product 3 

17) ability to reduce employment of energy during the 
production of the product 3 Usage of energy

18) ability to reduce employment of energy during storage 
of the product NA 

19) ability to plan in a wise manner and €optimize the 
distribution logistics 5 

20) ability to privilege suppliers and distributors closer 
located 1 

21) ability to minimize raw material storage, during 
productive process, finished product and product for reuse 3 

Distribution of 
products / 

storage 

22) ability to use more efficient transport model in energetic 
terms 1 
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Construct Query (evaluation items) Application 
23) ability to reduce packages weight and complexity 2 
24) ability to use packages that can be reused 2 
25) ability to use packages produced from reused raw 
material (eg.: recycled paper) 3 

26) ability to use electronic documentation 3 

Packing and 
documen-tation

27) ability to use refilled products 3 
28) ability to minimize wastings generated in the 
productive process 4 

29) ability to minimize wastings generated during usage of 
the product 3 

30) ability to reuse generated wastings 4 
31) ability to assure acceptable emission limits 3 

Wastes 

32) ability to eliminate Class 1 wastings presence – 
hazardous 2 

Table 5. Application of evaluation items referent to ecodesign constructs 

4.2.4 Analysis of the results  
The degree of the application of each construct is obtained by the average of values 
attributed to each query related to the evaluated construct. The average grade of each 
construct is converted into percent points. In doing so, when all percent points related to the 
degree of application of all constructs are summed, one obtains an ecodesign performance 
index for the company. Table 6 indicates the degree of implementation of each ecodesign 
construct and the level of total implementation. 
  

Construct Weight of construct Degree of application 
Materials 12% 7.2pp 

Products components 3% 1.0pp 
Characteristics of the product / process 34% 28.9pp 

Usage of energy 3% 1.6pp 
Distribution of products / storage 8% 4.0pp 

Packing and documentation 11% 5.7pp 
Wastes 29% 18.6pp 
Total 100% 67.0pp 

CR 0,064  

Table 6. Degree of ecodesign implementation 
The analysis of the results indicates the company answers 67% of what could be reached 
related to ecodesign. The construct Characteristic of the product/process appears with 
higher relative importance; this construct is answered in 85% out of total (28.9pp out of 
possible 34%). The second construct of importance is Wastes; this construct is answered in 
60%. The third construct of importance is Materials which is answered in 60%. Packaging 
and documentation is the fourth important construct, answering 51.8% of constructs’ 
demands. The next is Distribution of products/storage, Usage of energy and Products 
components with 50%, 53.3% e 33.3%. Fig. 4 presents the values (% to the weight and pp to 
the application) for each ecodesign constructs. 
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Fig. 4. Weight of ecodesign constructs and degree of application 
If the company decides to simply increase the overall presence of ecodesign, the gaps should 
be reduced by managerial actions. Those actions may require new productive resources. 
Once resources are finite and constrained, before allocating more resources to developing 
new products, it might be better to relocate the current resources.  
For such relocation, the two-dimensional graphical analysis [Importance - Performance] can 
be used. As far as research has gone, the earliest reference to the method was Slack (1993). It 
is considered that the importance of the elements or success key factors (constructs) and 
their assessed performance (presence) should be similar. According to this idea, in a graph 
[Importance - Presence], it would be ideal that the constructs be distributed along a 
diagonal: constructs with more importance would have more presence. 
If, for a construct, the represented point by importance x presence intersection is below the 
diagonal, this may mean that improvement actions in relation to this construct shall be 
taken. If this point is far above, it means there is an excess in the construct performance in 
relation to its importance. In this case, resources might be reallocated to constructs located 
far bellow the diagonal (urgent acting zone).  
Figure 5 presents the analysis. The two-dimensional space consists of the area for urgent 
action (priority much higher than presence); area of improvement (priority higher than 
presence); appropriate area (priority and presence balanced) and zone over (priority lower 
than presence). Characteristics, Materials and Energy constructs are balanced and should 
not be modified. Components and Wastes should be the target of improvement actions. 
Packaging and distribution are in the bordering areas. Constructs in the urgent area and the 
overflow area were not observed. Therefore, this may mean that there is no construct that 
removes productive resources for allocation to other constructs. 
There are no “urgent” or constructs in zone “excess”. At first, constructs that are in the 
excess performance area or that need urgent acting and therefore justify the reallocation of 
the resources of the organization were not observed.  
Under the managerial view, according to the perception of the participants from the 
company, the relative importance of ecodesign constructs shows the strategy and the actions 
of the company. It is primarily focused in the characteristics of the product and process, 
bound directly with management and wastes. The innovative characteristics of the products 
make their differences. The non generation of wastes is prioritized; once not possible, it is 
aimed the maximization of wastes usage on the productive process of the company itself. 
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Energy was one of the constructs with the smallest degree of importance; the usage and the 
respective costs with energy in the company are considered low when compared to the 
others; yet, there is the concern to have the user of the company product (usually shoes 
maker companies and furniture industry) to reduce the consume of energy in drying of 
adhesives, and in doing so focusing in the reduction of the usage of energy when using the 
product. Components also present a low relative importance; it is observed few presence of 
this construct due to the product technical characteristics.  
A criticism that can be made to the method relates to the subjectivity of the focus group. To 
avoid skewness on constructs appraisal it can be made up ad hoc, by experts with no 
interest in operation, but with knowledge on it. Another criticism concerns the AHP 
method. The method allows some inconsistency: the 10% limit was arbitrarily set by its 
proposers. Other methods can reach less then 10%. Another point is the lack of coherence in 
the results when the alternatives change, by criteria that is entered or already exist. The use 
of AHP is research delimitation. If this criticism is unsurpassed, the essential contribution of 
the case becomes the method and not the specific outcome of the case. 
 

 
Fig. 5. Analysis [Priority x Presence] of the constructs of ecodesign 

7. Conclusion 
The main objective of the first part of this article was to analyze the process of deployment of 
ecodesign in a company belonging to the automotive electronics industry in order to identify 
the elements that justified the motivation for the employment of this technique. The study was 
exploratory and does not allow generalizations about the process of implementation of 
ecodesign in automotive electronics industry. The repetition of the cases will allow that. 
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make their differences. The non generation of wastes is prioritized; once not possible, it is 
aimed the maximization of wastes usage on the productive process of the company itself. 
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Energy was one of the constructs with the smallest degree of importance; the usage and the 
respective costs with energy in the company are considered low when compared to the 
others; yet, there is the concern to have the user of the company product (usually shoes 
maker companies and furniture industry) to reduce the consume of energy in drying of 
adhesives, and in doing so focusing in the reduction of the usage of energy when using the 
product. Components also present a low relative importance; it is observed few presence of 
this construct due to the product technical characteristics.  
A criticism that can be made to the method relates to the subjectivity of the focus group. To 
avoid skewness on constructs appraisal it can be made up ad hoc, by experts with no 
interest in operation, but with knowledge on it. Another criticism concerns the AHP 
method. The method allows some inconsistency: the 10% limit was arbitrarily set by its 
proposers. Other methods can reach less then 10%. Another point is the lack of coherence in 
the results when the alternatives change, by criteria that is entered or already exist. The use 
of AHP is research delimitation. If this criticism is unsurpassed, the essential contribution of 
the case becomes the method and not the specific outcome of the case. 
 

 
Fig. 5. Analysis [Priority x Presence] of the constructs of ecodesign 

7. Conclusion 
The main objective of the first part of this article was to analyze the process of deployment of 
ecodesign in a company belonging to the automotive electronics industry in order to identify 
the elements that justified the motivation for the employment of this technique. The study was 
exploratory and does not allow generalizations about the process of implementation of 
ecodesign in automotive electronics industry. The repetition of the cases will allow that. 
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The theoretical reference approached the concept of ecodesign, the critical factors for success 
and difficulties of implementation. 
Among the elements capable of sustaining the implementation of ecodesign in the company 
studied, there is the prospect of cutting costs, because the technique is based on 
dematerialization and the reduction of waste and its subsequent treatment. 
The introduction of the ecodesign practices in the process of the company was guaranteed 
by the adoption of existing routines of project management. A multifunctional team with 
coordinator was constituted, and the scope, the schedule and the risk analysis were 
accompanied by the high management, similar to other products and processes developments 
in the company. 
Another essential element to ensure the implementation of ecodesign in the studied 
company was the commitment of top management. Indeed, this point can be demonstrated 
in the strategies of the company - performance indicators related to ecodesign were inserted 
in the Balanced Scorecard. It is also highlighted the training in ecodesign to all employees of 
the company, according to each one’s involvement with the process of implementation of 
ecodesign. 
The assumptions of ecodesign were implemented through checklists for the procedures of 
development of product and process. These checklists should be regarded as "living 
documents", i.e. each new event or experience of an aspect of ecodesign should be added as 
information to the correspondent checklist. 
It was also noticed that the industry of automotive electronics has peculiarities which must 
be adapted in the adoption of the technique. Problems of a technical nature were addressed 
in the implementation, such as the absence of information about the local reality in the 
analysis of the Life Cycle Assessment of products. The lack of information about the 
environmental impact of each alternative available in the design phase was also another 
problem identified. It suggests fronts for the development of future work in the area. 
As a continuity of this research is proposed to examine, in the medium and long term, the 
parameters about development of products affected by ecodesign and their impact on 
indicators of the organization. Similarly, it is suggested to extend the study to other 
organizations of various sizes and segments, in order to determine a method of deployment 
of ecodesign that is adaptable to various organizational realities. 
In relation to the second part of the chapter, the main objective was to assess the ecodesign 
performance on a chemical company. The constructs that compose and explain the 
ecodesign were established in the theoretical framework, based on the set of practical 
proposals by Fiksel (1996), Wimmer et al. (2005) and Luttropp & Lagersted (2006). The 
group of managers who participated in the survey felt that the scope is adequate, it is not 
necessary to include other practices. The importance of the constructs was obtained from a 
tree-like structure representing the ecodesign and it was weighted by AHP. An assessment 
tool was used to determine the degree of presence of each construct. Finally, the overall 
performance of the company in relation to the practice of ecodesign was determined. 
It is understood that this work contributes to further development of performance indicators 
associated with the ecodesign, complementing the exposed by Cabezas et al. (2005) and 
Svensson et al. (2006). The key performance indicators could be related to items included in 
ecodesign practice with a greater degree of importance. 
The research findings from the perspective of organizations will enable decision making, 
involving resources and priority for actions related to ecodesign and focusing on the 
constructs that most contribute to it. Under the scientific perspective, the contribution is 
focused on developing a method applicable to other organizations, including other industries. 
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It is understood that a study could be continued by widely assessing the performance of an 
industry, or even establishing performance indicators tied to each construct. 
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1. Introduction     
In the last few years, the application of ICT technologies in automotive field has taken an 
increasing role in improving both the safety and the driving comfort. In this context, 
systems capable of determining the traffic situation and/or driver behaviour through the 
analysis of signals from multiple sensors (e.g. radar, cameras, etc...) are the subject of active 
research in both industrial and academic sectors (Trivedi et al., 2007); (Yu et al., 2009); 
(Schneider et al., 2008). These systems, unlike autonomous vehicles or automated control 
systems are more acceptable for near future real applications since they try to improve 
driver’s sensing capabilities and to help the decision process in a non-intrusive way. 
According to this statement, car manufacturers are starting to introduce driving support 
systems in luxury vehicles as, for instance, parking sensors.  
The extraction of contextual information through the analysis of video streams captured by 
cameras can therefore have implications in many applications focused both on prevention of 
incidents and on provision of useful messages to drivers as traffic flows analysis, dangerous 
behaviour detection, traffic laws infringements (e.g. speed limits), etc…. For these 
applications the analysis of what happens inside and outside a car is a relevant source of 
information. 
A framework is proposed, integrating a dual camera network and a set of heterogeneous 
sensors communicating through a CAN-bus for the extraction of context data from on-board 
cameras mounted on vehicles and of other data as steering angle, speed, brakes, etc…. A 
camera is oriented so as to frame the portion of road in front of the vehicle while the other 
one is positioned inside the vehicle and pointed on the driver. As a matter of fact, the joint 
analysis of on board/off board car context can be used to derive considerations on driver’s 
behaviour and then to detect possible dangerous situations (sleep, dangerous lane changes, 
etc.) or a driving style which does not respect traffic regulation. 
Three blocks are considered: a) internal processing, b) external processing and c) vehicle 
status data coming from the CAN-bus. The most significant data that can be extracted from a 
camera monitoring the driver are the gaze direction, the position of face, frequency of 
blinking eyes and mouth movement. As well, the camera looking outside the vehicle allows 
detecting the position of the vehicle on the road and the lane changes. Moreover, the 
analysis of the road type (highway, urban road, etc.) and of traffic can provide relevant 
information to evaluate the possible risks of the driving behaviour. Finally, the data 
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status data coming from the CAN-bus. The most significant data that can be extracted from a 
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collected through the CAN-bus allow a more robust interpretation of internal context 
providing information concerning the steering angle, the speed of the vehicle, etc… which 
can be considered in order to evaluate the behaviour of the driver and consequently of the 
vehicle with respect to the surrounding environment. 
In this work, the architecture of the proposed system will be introduced, then the different 
blocks will be discussed in detail as well the impact of the proposed solutions on driver’s 
behaviour. Moreover, promising results will be presented concerning the single processing 
frameworks and the integrated framework where data alignment and data association 
techniques will be applied to provide a comprehensive description of the driving context 
towards situation assessment. Finally, the impact of potential improvements of the 
proposed system and the introduction of a statistical representation of interactions among 
the driver, the vehicle and the surrounding environment will be discussed. 

2. System architecture 
2.1 Physical architecture 
The physical architecture of the system (see Fig. 1) is composed as follows: 
• A processing unit directly mounted on the vehicle allowing real time storing and 

processing of the acquired signals; 
• A standard camera looking outside the vehicle and positioned as to frame the portion 

of the road in front of the vehicle. Such sensor allows, for instance, capturing video 
sequences concerning other vehicles which are occupying the lanes; 

 

 
Fig. 1. System physical architecture  

• A standard camera looking inside the vehicle and positioned as to frame the face of the 
driver. Such sensor allows, for instance, capturing video sequences in order to analyze 
the level of attention of the driver through the analysis of the facial traits;  
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• A Controller Area Network (CAN-bus) which communicates data concerning the 
internal state of the car (e.g. steering angle, acceleration) to the processing unit. Data are 
sent over an Ethernet network in an asynchronous mode as UDP datagram. 

2.2 Logical architecture 
The logical architecture of the system is presented in Fig. 2. 
 

 

Fig. 2. System logical architecture  

Three blocks have been considered, as described previously in the introduction, for the 
processing of the data coming from the camera looking inside the vehicle, the camera 
looking outside the vehicle and the CAN-bus (such blocks will be discussed in detail in the 
following paragraphs).  
Then, the output of each block provides different information as the level of attention of the 
driver, the safe/not safe behaviour of the vehicle with respect to the correct driving patterns 
(also taking into account what happens in the surrounding environment) and the 
parameters related to the internal state of the car (speed, status of the lights, etc…).   
Finally, data fusion techniques allow aligning and associating the collected data towards the 
assessment of potentially dangerous situations/behaviours which could affect not only the 
“intelligent vehicle” but also other cars. The preliminary studies concerning the application 
of bio-inspired data fusion models for understanding and, eventually, predicting anomalous 
events will be discussed in the following.  

3. Internal video processing and driver’s attention analysis 
3.1 Related work 
The most significant data that can be extracted from a camera monitoring the driver are the 
gaze direction, the position of the face, the eyes’ blinking frequency and the mouth state. 
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In the state of art several works can be found regarding face pose estimation that is the 
feature we will mainly focus on for the purposes of the internal processing block. Such 
feature has been considered particularly relevant in the context of Human-Computer 
Interaction (HCI) or automotive applications.  
A significant body of research has been carried out in the last few years. Various approaches 
can be categorized, according to the different proposed methodologies, by pointing out the 
condition of usage, the assumptions and the obtainable performances. 
In (Asteriadis et al., 2009) gaze is estimated by analyzing the motion of some relevant 
features in the eyes and mouth area. This last method, however, does not take into account 
possible illumination changes since it is designed for indoor Human-Computer Interaction 
applications.  
(Whitehill & Movellan, 2008) describe a method based on frame by frame head pose 
tracking robust to illumination changes and different facial appearance. Two classifier 
trained with the GentleBoost (Friedman et al., 2000) approach are used and the output are 
integrated using linear regression to estimate pose angles.   
Other works try to cope with the difficult environmental conditions of the automotive 
applications (i.e. frequent and relevant illumination changes) by detecting eyes using 
infrared cameras (Bergasa et al., 2006).  
These approaches are usually more robust and they can operate also with very low 
illumination even if not cost-effective (the cost of an infrared camera is much higher than a 
standard camera). 
Recently, researchers (Yang et al., 2002); (Murphy-Chutorian & Trivedi, 2009) have 
presented a complete and up-to date survey of head pose estimation algorithms in order to 
fix the most common issues and to provide adequate solutions. 
More in detail, head pose estimation methods can be not exhaustively classified as follows: 
• Appearance Template Methods: a comparison among an image of the head and a set of 

models is performed in order to find the most similar; 
• Detector Array Methods: a set of detector, each one specific for a pose discrete value, is 

trained; 
• Non-linear Regression Methods: non linear regression tools are exploited to map the 

images and the related features as head pose values; 
• Geometric Methods: Eyes, nose and mouth positions are exploited to determine the 

pose; 
• Tracking Methods: the pose is evaluated according to the movement observed over 

consecutive frames; 
• Hybrid Methods: two or more of the previously cited methods are combined to 

overcome drawbacks and limitations of each single method; 

3.2 Face detection, tracking and analysis 
The proposed internal processing system exploits a tracking based approach for driver’s 
gaze detection to the aim of obtaining a better ratio between accuracy of the method and 
computational speed. The aim of this work is not to present in deep the technical details of 
the algorithms but to provide a general description of the method applied for the internal 
processing block. A more detailed description of the proposed algorithm can be found in 
(Ciardelli et al., 2010). 
In particular, three processing steps have been considered:  
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• Face detection (face, eyes, mouth and nose); 
• Face tracking; 
• Face analysis and angle of view calculation.  
Firstly, an initialization step is performed for face detection. For each trait the Viola-Jones 
detector is applied. Secondly, the tracking algorithm enables localizing the position of the 
face in the video frame and evaluating the relative position of every facial trait like the nose, 
the mouth and the eyes. For each trait, an instance of Kanade-Lucas-Tomasi (KLT) feature 
tracker algorithm has been used. Lastly, for each video frame the pose of the face is 
evaluated in order to extract the angle of view and other relevant information (see Fig. 3).  
 

 

Fig. 3. Internal processing algorithm structure 

Face analysis has been focused on the evaluation of the driver’s view angle which is one of 
the most important information that is needed to assess his/her state. The information 
concerning the angle of view can be disassembled in yaw (rotation with respect to 
horizontal plane), roll (longitudinal rotation related to movement) and pitch (vertical 
rotation) angles as shown in Fig. 4. 
As a general rule, we have assumed (having been demonstrated in a large testing phase) 
that the information obtained by the analysis of the yaw component can provide sufficient 
knowledge about the direction of the driver’s gaze. More in detail, we can consider that 
values of the yaw angle near to 0 correspond to the situation of driver looking straight 
ahead (i.e. driver is looking at the street and his/her level of attention is adequate) while 
values far from 0 correspond to the case of driver looking in other directions rather than 
street one (i.e. a possible dangerous situation can happen because the driver is absent-
minded). 
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Fig. 4. Yaw, roll and pitch angles 

3.3 Driver’s attention and experimental results 
The aim of the proposed experiments is not to demonstrate the effectiveness of the proposed 
face detection, tracking and analysis method which has been already proven in other works 
but to discuss the capability of the proposed system to properly assess the driver’s attention 
in order to provide information useful for the analysis of the driving context. 
According to this statement, to calculate the driver‘s attention, we decided to analyze the 
angle of yaw extracted from the camera framing the internal context of the car. A time 
interval μ has been fixed and the follwing formula has been applied: 
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where dt can take values 0 or 1 depending on whether or not there is the face detection (0 if 
there is detection), w(x) is the weight function for the non-detection event, |y| is the 
modulus of the yaw angle and q(x) the corresponding weight function. For each frame, the 
value of attention att thus obtained is compared with two thresholds η0 and η1 in order to 
assess the level of attention (low, medium, high).  
A lot of experiments have been performed using a standard camera at 320x240 of resolution. 
The standard camera, installed on the vehicle as described in the previous paragraphs, has 
been used to analyze a driver during a thirty minutes drive aiming at identifying the level of 
attention.   
In Fig. 5 some shots are presented showing the capability of the system of correctly 
recognizing the attention of the driver.  
In the top left sub-figure, the exceeding rotation of the head with respect to the camera axis 
leads to a blank frame (due to a malfunctioning of the detection and tracking algorithms) 
which corresponds to a “low attention” message.  
In the top right one, as well as in the previous frame, the system recognizes a “low 
attention” situation according to the value of the att factor which is lower than threshold η0. 
Finally, bottom left and bottom right images show respectively an average and a high 
attention situation being the values of att respectively within η0 and η1 and over η1.  
Table 1 shows the experimental result obtained by the driver’s attention analysis. The 
percentage of frame with errors is obtained comparing algorithm results with observations. 
Actually, a more significant percentage of errors occur in the case of low attention because it 
is more difficult according to the proposed method to correctly detect this case. However, 
such performance could be improved modifying the thresholds. In this case (i.e. increase of 
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the threshold) the capability of correctly recognize a low attention situation should improve 
even if the percentage of false alarms (i.e. of incorrectly detected low attention situations) 
should increase reducing the capability of preventing dangerous events which usually 
happen while the driver's level of attention is not adequate. 
 

 

Fig. 5. Examples of driver’s attention assessment 
 

Low attention 7,1% 

Average attention 5,3% 

High attention 4,1% 

Table 1. Percentage of frames with errors 

4. External processing 
4.1 Related work 
The analysis of the road type (highway, urban road, etc.) and of traffic represent an 
important task  to provide relevant information to evaluate the possible risks of the driving 
behavior.  
In the literature, several works can be found addressing the problem of lane detection and 
vehicle’s tracking. Concerning the first problem, in (McCall & Trivedi, 2006), a survey of 
lane detection algorithms is proposed where the key element of these algorithms are 
outlined. In (Nieto et al., 2008) a geometric model derived from perspective distortion is 
used to construct a road model and filter out extracted lines that are not consistent. Another 
widely used technique to postprocess of the output of the road marking extraction is the 
Hough transform as shown for example in (Voisin et al., 2005).  
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Among the different potential applications of vehicle’s tracking, in (Chen) a security system 
for detection and tracking of stolen vehicles is discussed. A 360 degrees single PAL camera-
based system is presented in (Yu et al., 2009), where authors provide both the driver’s face 
pose and eye status and the driver’s viewing scene basing on a machine learning algorithm 
for object tracking. 
In (Wang et al., 2008) a road detection and tracking method based on a condensation particle 
filter for real-time video-based navigation applications is presented. The problem is also 
addressed using different approaches in other works. A real-time traffic surveillance system 
for the detection, recognition, and tracking of multiple vehicles in roadway images is shown 
in (Taj & Song, 2010). In this approach, moving vehicles can be automatically separated from 
the image sequences by a moving object segmentation method. Finally, in (Chung-Cheng et 
al., 2010) a contour initialization and tracking algorithm is presented to track multiple 
motorcycles and vehicles at any position on the roadway being not constrained by lane 
boundaries or vehicle size.  Such method exploits dynamic models to predict the horizontal 
and vertical positions of vehicle contours. 

4.2 Lane detection and vehicle(s)’s tracking 
The logical framework of the lane detection module is presented in Fig. 6. A detailed 
description of the steps that have been implemented in order to detect the number of traffic 
lanes and the position of the vehicle with respect to the road is out of the scope of this work 
and has been already discussed in (Beoldo et al., 2009). 
 

 

Fig. 6. Lane detection module logical framework 

According to the proposed framework, the following steps have been applied to extract road 
context information from a video sequence: 
1. Edges extraction using Canny operator (Fig. 7 - top left); 
2. Lines detection using Hough algorithm (Fig. 7 – top right) 
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3. Lanes detection and road model validation: 
a. The two lines that belong to the lane where the vehicle is driving on are located; 
b. Attention is focused on an area within the triangle formed by the extracted lines. A 

frame per frame statistical analysis of the pixels belonging to the road is performed 
to create a model of the road.  

c. All pixels in the image below the point of intersection between the two lines 
identified at step 3 are considered and each pixel is compared with the model of the 
road looking for those that are more similar to the model (Fig. 7 – bottom left).  

4. Evaluation of whether the road has one or two lanes and which is the position of the 
vehicle with respect to them (Fig. 7 – bottom right).  

 

 

Fig. 7. Lanes detection and vehicle’s position estimation: an example 

Towards the development on an efficient intelligent system that enables improvements in 
the cars’ safety, the extraction of the most accurate information concerning the space around 
the vehicle is needed. In such space, the targets to be considered are represented by fixed 
objects as buildings and trees and/or moving objects, mainly represented by all other 
vehicles (motorcycles, cars, trucks, etc…).  
The main focus of the proposed system is represented by the detection and tracking of 
vehicles acting in the smart vehicle’s surrounding space with particular regard to vehicles in 
front. 
The two main consecutive steps which characterize such a detection and tracking system 
are: 
• Generation of hypotheses (where the vehicle/object to be detected and tracked could be 

placed in the image); 
• Hypotheses testing (previous hypotheses verification concerning the presence of 

vehicles/objects within the image). 
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As a matter of fact, the implementation of a solution robust enough to deal with the strict 
requirements of the proposed application is not easy. In particular, such a system must 
guarantee, at the same time, a few missed alarms (i.e. the number of missed vehicle/object 
detections) and a few false alarms (i.e. the number of wrongly detected vehicles/objects). 
To this aim a feature-based tracking method is proposed where a Kanade-Lucas-Tomasi (KLT) 
feature tracking is used in a particle filter framework to predict local object motion (Dore et al., 
2009). In particular, such a multitarget tracking algorithm exploits a sparse distributed shape 
model to handle partial occlusions where the state vector is composed by a set of points of 
interest (i.e. corners) enabling to jointly describe position and shape of the target. 
An instance of the results obtained with the cited algorthm is presented in Fig. 8 
 

 

Fig. 8. Vehicle’s tracking algorithm: an example 

4.3 CAN-bus 
The Controller Area Network, also known as CAN-bus, is a vehicle bus standard designed 
to allow microcontrollers and devices to communicate with each other within a vehicle 
without a host computer. The CAN-bus interface allows extracting context data related to 
the vehicle’s internal state. The data are sent asynchronously via an internal Ethernet 
network as UDP packets. A not exhaustive list of the data made available by the CAN-bus is 
provided in the following: 
• Light: it indicates activation of the lights of the vehicle; 
• Lateral acceleration (positive value corresponds to the left); 
• Longitudinal acceleration; 
• Parking brake; 
• Speed; 
• Steering angle (positive value corresponds to the left). 
These and other data are made available and properly used according to the different type 
of application. 
Fig. 9 shows an example where the video stream coming from the camera positioned in 
order to frame the external context and the temporal evolution (graph) of three different 
data coming from the CAN-bus are considered. The data shown in this example are the 
speed in metres per second, the acceleration in metres per square second and the steering 
angle in degrees. For each video frame, the displayed graphs are instantly updated 
according to the new available data. 
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In the proposed example the vehicle is moving straight ahead (steering angle equal to zero 
as shown in the bottom left part of the figure) and is approaching a turn. According to this, 
the vehicle is in a deceleration phase (see speed Module in the top right of the figure) and 
the graph of the longitudinal acceleration is negative (see bottom right part of the figure).   
 

 

Fig. 9. Video/CAN-bus data visualization 

It is important to note that, in our experiments, the video data are stored at 25 frames per 
second and that each video sequence lasts 5 minutes. Moreover, the video capturing-
recording application works also as UDP receiver for the CAN-bus data so that the current 
frame is used as a reference for the synchronization of video and CAN-bus data. However, 
the CAN-bus data are sent asynchronously so it may also happen to not receive data for a 
few frames.   

4.4 Vehicle(s)’s behaviour analysis and experimental results 
The analysis of all the available information concerning the vehicle and the environment 
allows to generate alarms when a potentially dangerous situation happens. In particular, we 
have focused the attention on the analysis of the correlation between the distance with 
respect to the vehicle in front of the smart car (provided by the further processing of the 
information obtained from the detection and tracking modules) and the speed and the 
acceleration obtained via the CAN-bus. After a careful analysis it has been decided to define 
the following formula in order to establish whether or not to report an alarm: 
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true if dist(x ) ε , dist(x ) dist(x ) and a(t) 0nt tt 1danger
false otherwise  

< > >⎧⎪ −= ⎨
⎪⎩

 (2) 

where dist(xt) is the function that calculates the distance between the camera and the vehicle 
which is in the forn of the smart car, εn is the threshold below which there may be danger 
and a(t) is the value of the longitudinal acceleration at frame t. 
Figure 10 shows the experimental results obtained applying the proposed method. Three 
different distances have been considered: a) near (distance below the εn threshold), b) 
average (distance within the εn and a εa threshold, properly fixed according to the different 
applications (i.e. highway, street, heavy traffic, etc...)) and c) far (distance over the εa 
threshold). 
 

 

Fig. 10. Dangerous behaviour analysis: an example 

In Fig. 10, the top right image shows a far distance situation. The green rectangle symbolizes 
the low level of danger. In the top left image an average distance situation is presented 
characterized by a yellow rectangle. Finally in the bottom images two different near distance 
situation are presented. In the left one, the system recognizes a near distance potentially 
dangerous situation and a message is displayed (“Attention”). In the right one, the system 
recognizes a near distance but not dangerous situation so that no message is displayed. The 
difference between the two cases resides in the data coming from the CAN-bus. In the first 
case, an increasing value of longitudinal acceleration is detected (potentially leading to a 
crash) while in the second one the value of longitudinal acceleration of the car is decreasing.  
Future experiments will allow showing in the same GUI both the information coming from 
the video-sensors and from the CAN-bus. 
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5. Bio-inspired model for interaction analysis  
Parallel activities have been carried out in order to study an approach based on a 
"bio-inspired" model for the analysis of driver’s behavior and to detect possible dangerous 
situations. In (Dore et al., 2010) has been presented a general framework capable of 
predicting certain behaviors by studying interaction patterns between humans and the 
outside world. Such framework takes inspiration from the work of the neurophysiologist A. 
Damasio (Damasio, 2000). 
According to Damasio, the common shared model for describing the behaviour of a bio-
inspired (cognitive) system is the so-called Cognitive Cycle which is composed by four main 
characteristics: 
• Sensing: the system has to continuously acquire knowledge about the interacting 

objects and about its own internal status, sensing is a passive interaction component; 
• Analysis: the perceived raw data need an analysis phase to represent them and extract 

interesting filtered information; 
• Decision: the intelligence of the system is expressed by the ability to decide for the 

proper action, given a basic knowledge, experience and sensed data; 
• Action: the system tries to influence its interacting entities to maximize the functional of 

its objective; action is an active interaction component in relation to decision. 
The learning phase is continuous and involves all the stages (within certain limits) of the 
cognitive cycle. According to the cognitive paradigm for the representation, organization, 
learning from experience and usage of knowledge, a bio-inspired system allows an entity 
predicting the near future and reacting in a proactive manner to interacting users’ actions. 
Damasio states that the brain representation of objects or feelings, both internal and external 
to the body, can be defined as proto-self and core self. Proto-self and core self are respectively 
voted for the self-monitoring and the control of the internal state of a person and for the 
relationship with the external world.   
Thus, we can define as proto state Xp(t) the vector of values acquired by "sensors" related to 
the internal state of a system and as core state Xc(t) the vector of values acquired by "sensors" 
related to the external world. As well, a change in the proto state is defined as proto event 
while a change in the core state is defined as core event. To learn interactions between the 
internal and external context, the Autobiographical Memory (AM) algorithm, has been 
exploited (Dore et. al, 2010). In the proposed model, AM is the structure responsible for the 
representation of cause/effect relationships between state changes (events) occurring in the 
external world and in the internal system.  
Such relationships are stored in the AM as triplets of events { εP − , εC , εP + } or { εC − , εP , εC + }. 
This collection of relations between an entity (e.g. the system, a human subject, etc...) and 
the environment can be used to obtain a non-parametric estimation of the probability 
density functions (PDFs) p(εP − , εC , εP + ) and p(εC − , εP , εC + ). The PDFs describe the 
cause-effect relationships between the proto and the core events and allow to obtain a 
prediction of the future behavior of the interacting entities given a couple of proto and core 
events.  
In the proposed automotive application, preliminary studies have been carried out focusing 
on the vehicle’s behaviour analysis. In such a context, we have considered as core events all 
the data acquired from the sensor framing the external context (i.e. the position of vehicle 
with respect to the traffic lanes, the position of other vehicles, etc...) and as proto events the 
data collected via the CAN-bus.  
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Fig. 11 shows the logical architecture of the system based on the above described cognitive 
approach and designed to analyze the behavior of the driver.  
 

 

Fig. 11. Cognitive-based logical architecture of the system 

Such framework can be divided into a sensing phase corresponding to sensor data (video 
and CAN-bus) acquisition an analysis phase corresponding to the processing of the 
available data according to the AM algorithm in order to define causal relationship between 
internal/external events and to identify abnormal situations. Then, in the decision stage the 
most suitable strategy to be applied in the incoming situation is selected according to 
previously acquired experience (properly stored in the AM). Finally, in the action phase, the 
system interacts with the outside world according to the strategy identified in the previous 
module. 
It is important to highlight that the effectiveness of the proposed approach is strictly related 
to the amount of data available in the AM. According to this statement, the development of 
a simulator capable of resembling the behaviours observed in a real scenario is crucial. 
Actually, first steps have been performed in order to setup a simulation platform capable of 
providing a large set of training data resembling the scenario (a track) where a lot of real 
tests have been performed.  

6. Conclusions and future work 
In this work, a video-based system for context analysis and situation assessment in 
automotive applications has been presented. Two different solutions have been analyzed 
involving the internal and the external context of a vehicle. Promising results have been 
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shown concerning both the driver’s attention evaluation and the vehicle’s dangerous 
behaviour assessment. 
Future steps will deal with the implementation of a cognitive based framework for the joint 
analysis of internal and external events towards the prediction of incoming dangerous 
situations and the definition of a proper proactive reaction strategy. A bio-inspired model 
will be applied to define causal relationship between internal and external events and a 
simulation platform will be developed to provide a large set of training data. 
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1. Introduction 
The automotive industry has been going through a continuous process of adjustment due to 
the changes in its operating environment. Such factors; the govremental in addition to the 
National Standards Setting Bodies NSB’s regulations, for example the Corporate Average 
Fuel Economy CAFE standards controls the OEMs fleet fuel economy average, leading to 
the introduction of smaller vehicles or the use of light weight materials (low density) in the 
vehicle structures. In addition to the new environmental regulatons that have led to changes 
in the material usage, the levels of production emissions, and the expended energy. 
Additionally the NSB’s have different focus in different countries so for OEMs operating in 
different markets, they would have to respond to different regulations; for example the 
NSB’s in Eruope such as the DIN (German Institute for Standardization) and the CEN (The 
French Creative Environmental Network) have a recent focus on safety systems and 
standards in automobiles, while the american NSB’s such as American National Standards 
Institute ANSI focuses on the final vehicle testing protocoles. All these regulations have a 
direct effect on the automotive manufatuirng; to provide specific exmaple; the automotive 
OEMs have shifted their paint from the typical solventborne into waterborne paints, due to 
the Volatile Organic Compounds VOCs emissions. This shift led to additional production 
steps, such as the flash off zone which is necessary to control the amount of water 
evaporation from the paint once it is applied on the vehicle shell. Also, the waterborne paint 
requires tigher control over the spray booth air conditioning requirements, whih have led to  
more energy usage in the paint area. Another effect on the manufacturing came from the use 
of the Tailor Welded Blanks, Coils and Tubes TW B/C/T technology which is introduced to 
allow designers to custom mix different steel grades or panel thicknesses for some body 
panels to meet the different functional requirements (load-bearing vs. Non-load bearing) 
across the panel; a good example of the TWB is the door inner panel which has a stiffness 
requirement at the hinge area, hence thicker or stronger steel is used in that area while the 
rest of the panel is non-load bearing structure, which means that a thinner or weaker steel 
grade can be used. The TWB technolgy enabled the designers more freedom to met 
fucntionalities and save weight at the same time, however this technology have added 
several steps such as laser welding different pieces to from the new blank, which also 
require stacking and de-stacking steps; more importantly if the OEMs don’t have enough 
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1. Introduction 
The automotive industry has been going through a continuous process of adjustment due to 
the changes in its operating environment. Such factors; the govremental in addition to the 
National Standards Setting Bodies NSB’s regulations, for example the Corporate Average 
Fuel Economy CAFE standards controls the OEMs fleet fuel economy average, leading to 
the introduction of smaller vehicles or the use of light weight materials (low density) in the 
vehicle structures. In addition to the new environmental regulatons that have led to changes 
in the material usage, the levels of production emissions, and the expended energy. 
Additionally the NSB’s have different focus in different countries so for OEMs operating in 
different markets, they would have to respond to different regulations; for example the 
NSB’s in Eruope such as the DIN (German Institute for Standardization) and the CEN (The 
French Creative Environmental Network) have a recent focus on safety systems and 
standards in automobiles, while the american NSB’s such as American National Standards 
Institute ANSI focuses on the final vehicle testing protocoles. All these regulations have a 
direct effect on the automotive manufatuirng; to provide specific exmaple; the automotive 
OEMs have shifted their paint from the typical solventborne into waterborne paints, due to 
the Volatile Organic Compounds VOCs emissions. This shift led to additional production 
steps, such as the flash off zone which is necessary to control the amount of water 
evaporation from the paint once it is applied on the vehicle shell. Also, the waterborne paint 
requires tigher control over the spray booth air conditioning requirements, whih have led to  
more energy usage in the paint area. Another effect on the manufacturing came from the use 
of the Tailor Welded Blanks, Coils and Tubes TW B/C/T technology which is introduced to 
allow designers to custom mix different steel grades or panel thicknesses for some body 
panels to meet the different functional requirements (load-bearing vs. Non-load bearing) 
across the panel; a good example of the TWB is the door inner panel which has a stiffness 
requirement at the hinge area, hence thicker or stronger steel is used in that area while the 
rest of the panel is non-load bearing structure, which means that a thinner or weaker steel 
grade can be used. The TWB technolgy enabled the designers more freedom to met 
fucntionalities and save weight at the same time, however this technology have added 
several steps such as laser welding different pieces to from the new blank, which also 
require stacking and de-stacking steps; more importantly if the OEMs don’t have enough 
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epxertise in laser welding then such blanks will need to be shipped to the subcontrator 
location; adding more time delays and cost implications. Ultimately, each OEM will have to 
conduct a feaisbility study to assess the TWB technology benefits and challenges, before 
impelmenting such appraoch. Other impacts on manufacturing include; the role of the 
ergonomics on the design of the final assembly area and the usage of the different fixture 
and power-tool hardware to help the line workers in thier frequent activities. Also the 
ergonomic have a played a major role in the design of the conveyor systems.                
Other external factors include, the customer demand trends, which have changed to be more 
diverse in trems of product type and its power-train propulsion. These days, the OEMs will 
have to depart from the economy of scope perspective and focus on more economies of 
scope in terms of their product portfolio. To provide a quantitative example; the Japanese 
OEMs produced 85 different models in 1960‘s, which is further increased into 400 models in 
the 1980’s; at the same time the production volume per model kept decreasing, hence the 
OEM is producing the same umber of vehicles but with a higher product mix; meaning that 
the automotive manufacturing is shifting from high volume, low mix production strategy 
into a high volume, high mix, which have major impacts on the factory layout; shifting from 
the product type layout strategy where the processes and machinery are ordered and 
sequneced based on a known, repeatable product type with the goal of decreasing the 
product lead time; into the process and cell based layouts. The process and cell based 
layouts are better suited for higher product mix because it was designed to increase the 
manufactuirng flexibility to deal with varying product. Additionally, the change in 
customer demand is not only limited to vehicles with different body style, size, or platform, 
but also in terms of the product propulsion or power-train system; internal combustion 
engine (gasoline or diesel), or internal combusion engine assisted with a recchargeable 
battery system (hybrid), or a full electric vehicle. These variations in power-train 
complicates the manufacturing final assembly process due to the different power-train 
mariage steps required for each type, in addition to the different steps needed to assemble 
each of these sub-assemblies and of course the associated saftey considerations when 
dealing with fully charged battery packs.                  
The manufacturing operating cost is another challenge affecting the automotive OEMs. The 
operating cost is changing in terms of the raw material cost, which can be qunatified into 
vehicle structural materials mainly Steel and Aluminium in addition other materials 
including the trim material and the chemicals such as paint, wax, adheisves and sealants. 
Another issue with the operating cost is the relative cost of energy between the different 
countries; for example the electric energy consumption in Italy costs around 30 cents for 
each kWhr, compared with 10 cents in Germany, and 5 cents in South Africa. The energy 
cost not only affect the direct manufacturing energy expenditures but also affect the cost of 
raw materials, because of the intensive material extraction energy requirements; for example 
the to extract and process 1 kg of wrought Aluminium almost 60 kWhr are expended. Also, 
the labor wage cost is highly relative between the different countries; to illustrate with an 
example, the labor wage is South Africa is around $5/hr compared with more than $30/hr 
in the United States.    
The emerging of new markets and more distributed production and supply networks have 
also challenged the automotive industry and affected their production strategies. This factor 
is further exagerated with the penetration of new Original Equipment Manufacturers OEMs 
into established markets such as the Korean and Chinese OEMs. These factors have 
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impacted the vehicle manufacturing because, the new markets introduced new challenges in 
identifying a supplier base if the production is established in such markets, and maintaining 
the labor force for long time periods while other OEMs are trying to recriut the same labor 
force. To illustrate this point with an example, the avergae age for a team-leader working for 
an automotive OEM in Japan is around 35-40 years, while that for the same OEM in China is 
around 30 years. Further complications are the result of govermental monitoring regulations 
and Intellectual Property IP issues.        

2.  The current state of automotive manufacturing  
The automotive manufacturing systems in its three perspectives; the procedural side, the 
static/structural (machinery) side, and the transformational (material conversion processes) 
side, have been affected due to the above changes and challenges. To provide specific 
examples; the oil crisis in the 1970s have led to dramatic loss in customer proudct usage, 
hence halted the automotive production lines. In 1980’s, the entering of the East Asian 
OEMs with their manufacturing practices into the established markets of Europe and North 
America, forced the industry to change and adjust its operational side. Such changes 
included more seious adoption of the lean manufacturing and the value engineering 
practices into the automotive manufacturing systems; within the American and the 
European OEMs. This is apparent in the emergence of the company-wide specific 
production systems such as the Ford Prdouction System FPS, the Mercedes Benz Production 
System MPS which are built on the same pillars as the Toyota Production System TPS. In 
addition to changes in the forecasting and the Material Requirement Planning MRP 
practices and the departure from the mass-production practices; or push systems into the 
pull based systems, where the customer demand in terms of quantity and frequency decides 
on the production output. Additional adjsutments were in the static side, where several 
OEMs started to follow a celluar based production layouts to accomodate the assembly and 
the fabrication of the vehicle sub-assemblies. 
However, such practices did not affect the transformational side in any meaningful way; so 
the actual manufacturing processes from stamping to body-weld and then painting stayed 
the same since the 1970’s. Such processes not only control the production lead time and cost 
but also the research and development efforts required to develop the different jigs and 
fixtures in addition to the stamping dies, which cost the automotive OEM around $5 million 
per die and around 2 years for the development and the approval processes. Additionally, 
the actual fabrication processes governs and control the overall flexibility in terms of 
product volume and scope. Furthermore, the current and coming challenges of added 
environmental regulations, the wide variations in customer demand in terms of product 
type (vehicle platforms) and volume can only be met through adjusting the manufacturing 
processes into more dedicated yet flexible platforms. Additional motivation to adjust and 
change the existing transformational processes, is due to the increase in demand for light 
weight vehicles that features hybridized body materials from Aluminum, Magnesium and 
Adavnced High Strength Steels AHSS. Forming and fabricating such new materials onto the 
current production lines introduces several technical challanges due to these materials 
intrinsic propoerties. For example, forming Aluminum using mechanical or hydraulic 
presses is not trivial due to its narrower forming window and its higher springback levels 
when compared with steel; this have forced several OEMs to design  new body structures 
based on the space-frame design not the standard uni-body platform. However, the space-
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but also in terms of the product propulsion or power-train system; internal combustion 
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complicates the manufacturing final assembly process due to the different power-train 
mariage steps required for each type, in addition to the different steps needed to assemble 
each of these sub-assemblies and of course the associated saftey considerations when 
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cost not only affect the direct manufacturing energy expenditures but also affect the cost of 
raw materials, because of the intensive material extraction energy requirements; for example 
the to extract and process 1 kg of wrought Aluminium almost 60 kWhr are expended. Also, 
the labor wage cost is highly relative between the different countries; to illustrate with an 
example, the labor wage is South Africa is around $5/hr compared with more than $30/hr 
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The emerging of new markets and more distributed production and supply networks have 
also challenged the automotive industry and affected their production strategies. This factor 
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side, have been affected due to the above changes and challenges. To provide specific 
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type (vehicle platforms) and volume can only be met through adjusting the manufacturing 
processes into more dedicated yet flexible platforms. Additional motivation to adjust and 
change the existing transformational processes, is due to the increase in demand for light 
weight vehicles that features hybridized body materials from Aluminum, Magnesium and 
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presses is not trivial due to its narrower forming window and its higher springback levels 
when compared with steel; this have forced several OEMs to design  new body structures 
based on the space-frame design not the standard uni-body platform. However, the space-
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frame is based on extrusions and hydroformed components focring the OEMs to rely on 
external suppliers for such components in addition the space-frame designs can‘t be 
accomodated on mass production basis due to the high level of manual work content 
involved. Furthermore, with a space-frame platform, it is more difficult for OEMs to 
selectively incorporate other lower cost materials to provide improved functionalities at 
lower cost.  
So this chapter is intended to highlight some of the potential transformational changes that 
can be incorporated to change the current manufacturing practices into more streamlined 
and dedicated platforms that not only consolidate the number of components but also the 
number of processes involved in making the vehicle body structures. So this chapter is 
mainly focused on the transformational processes utilized in the automotive assembly 
plants.    

3. The automotive manufacturing transformational processes 
The current automotive manufacturing processes can be mainly perceived from the 
assembly operations which lead to the construction of the complete vehicle structure; and 
the power-train operations which are responsible for fabricating the power-train and drive-
line components. The assembly processes starts with the stamping and forming of the 
vehicle body sheet panels into the vehicle different structures, using a variety of mechanical 
and hydraulic presses and dies. The stamped body-parts are then joined to form the vehicle 
main sub-assemblies that include the under-body sub-assembly, the side members (left and 
right) sub-assembly also, the fractional sub-assemblies that include; the roof, the cowl, the 
upper and lower backs, and the engine compartment sub-assembly. Other stamped 
componenets are called the vehicle closures namely; the doors, trunk, fenders, and the hood. 
The joinng porcess features an army of robots that join the ~500 stamped components to 
form the vehicle body shape using a around 5000 spot welds, several meters (~2 m) of Metal 
Inert Gas MIG welds, and around 10-20 meters of adhesive bonding. Each of these joining 
technologies is applied based on each body location functionality (stiffness) and styling 
requirement requirements (surface finish). The spot welded are applied using electordes 
with different tip material and diameters, and using different combination of welding 
current and time to accomodate the different material types and thicknesses; even though 
the spot welding is a very effective joining process it still requires a two-side access for each 
joint which limits its application for certian locations within the vehicle. On the other hand, 
the MIG welding can be applied from one side, but results in a larger heating foot-print 
leading to a larger Heat Affected Zone HAZ around the weld. Additionally the MIG 
welding process requires a shielding gas environment to protect the welding pool from any 
contamination or oxidations, which might ultimately lead to a weaker weld. The adhesive 
bonding has been typically applied to join the inner and outer panels of doors and hoods, 
after it is hemmed. The adheisve bonding is gaining more acceptances within the 
automotive industry due to its added advantages, such as its ability to join dis-similar 
materials whicl alow the OEMs to join Aluminum and Steel without worrying about the 
differences in thermal characteristics (thermal expansion coefficient, melting point, etc) or 
the galvanic corrosion issue. At the same time, the adheisve bonded joints are stiffer than the 
spot welded ones, due to the fact that the joint is made up of folded material, which 
increases its moment of inertia hence increasing its stiffness. On the other hand, the adhesive 
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bonding should be selected carefully to ensure its compatability with the production 
conditions such as the curing oven temperatures, and the chemicals in the immersion paint 
tanks such as the E-Coat and the cleaning tanks. Additionally, the adheisve material should 
be checked for its comptability with the vehicle service life conditions, to avoid any toxic 
emissions or degradation in the adhesive performance.                     
Following the joining process in the body-shop area, the vehicle structure which is called the 
Body in White BiW at this stage, starts the painting process, which conditions, cleans, and 
convert the BiW surfaces to provide it with a corrosion resistance finish and prepare it for 
the sub-sequent spray painting steps. The spary paint covers the vehicle structure with three 
to five coats composed of the primer, the top-coat or base-coat and finally the clear coat. 
These coats provide not only a corrosion resistance, and a chip resistance layer but also the 
vehicles‘ final asthetics. The final assembly area then installs the different trim parts into the 
vehicle shell and joins the shell with the power-train, to complete the vehicle build. The final 
assembly area features mainly manual work assisted with power-tools.  
The power-train manufactuirng sequence is composed of a variety of casting, forging 
processes to form the engine cylinder blocks and head, the connecting rods, the cam and 
crank shafts. These processes are then followed by multiple machining steps to remove 
excess material, drill functional holes, and create the required surface roughness. The final 
assembly of the engine and transmission components is done manually with the aid of 
different fixtures and fault-proof jigs. The power-train plants rely mainly on in-house 
components, however the assembly plants receives more material content from the different 
suppliers. It is important to mention that the power-train plant and the assembly plant are 
sequenced to follow the same production takt-time, hence at the end of the day each 
produced engine will meet with a specific body-shell in the final assembly area to output a 
complete vehicle following one unified takt-time.     
Following text tries to highlight the main challenges and shortcomings of the current 
automotive assembly manufacturing processes and steps;  
- Having the stamping process right at the begining with a rigid die shape that can not be 

changed, locks the shape of the vehicle shell early on in the manufacturing process, 
hence it does not allow the OEM to operate based on make to order principles. The only 
thing that the OEM can change is the final color of the vehicle shell in addition to some 
of the trim options because such operations are done late in the process.     

- The stamping process yields around 400-500 parts and pieces that need to be joined and 
assembled which results in large number of processing steps in addition to even larger 
number of non-value added efforts in stacking, de-staging, staging, and transporting 
tasks. In addition stamping this large number of pieces requires more dies and adds 
more complexity to the sequencing and the allocation between/of the different presses 
and press lines. 

- The reliance on the stamping to form the body shell, limits the OEMs material choices 
and the final shapes and geometries. For example the formability of light weight 
materials such as Magnesium and Aluminium limits the bending radius to the panel 
thickness ratio, which can be achieved using a press based forming. So, Aluminium can 
only be stamped into flat or semi-flat panels such as the hood or the roof. Furthermore 
the stamping process does not allow the designers to manipulate the cross sectional 
shape freely to help compensate for the Aluminium lower stiffness from that of Steel.  
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joint which limits its application for certian locations within the vehicle. On the other hand, 
the MIG welding can be applied from one side, but results in a larger heating foot-print 
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welding process requires a shielding gas environment to protect the welding pool from any 
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bonding should be selected carefully to ensure its compatability with the production 
conditions such as the curing oven temperatures, and the chemicals in the immersion paint 
tanks such as the E-Coat and the cleaning tanks. Additionally, the adheisve material should 
be checked for its comptability with the vehicle service life conditions, to avoid any toxic 
emissions or degradation in the adhesive performance.                     
Following the joining process in the body-shop area, the vehicle structure which is called the 
Body in White BiW at this stage, starts the painting process, which conditions, cleans, and 
convert the BiW surfaces to provide it with a corrosion resistance finish and prepare it for 
the sub-sequent spray painting steps. The spary paint covers the vehicle structure with three 
to five coats composed of the primer, the top-coat or base-coat and finally the clear coat. 
These coats provide not only a corrosion resistance, and a chip resistance layer but also the 
vehicles‘ final asthetics. The final assembly area then installs the different trim parts into the 
vehicle shell and joins the shell with the power-train, to complete the vehicle build. The final 
assembly area features mainly manual work assisted with power-tools.  
The power-train manufactuirng sequence is composed of a variety of casting, forging 
processes to form the engine cylinder blocks and head, the connecting rods, the cam and 
crank shafts. These processes are then followed by multiple machining steps to remove 
excess material, drill functional holes, and create the required surface roughness. The final 
assembly of the engine and transmission components is done manually with the aid of 
different fixtures and fault-proof jigs. The power-train plants rely mainly on in-house 
components, however the assembly plants receives more material content from the different 
suppliers. It is important to mention that the power-train plant and the assembly plant are 
sequenced to follow the same production takt-time, hence at the end of the day each 
produced engine will meet with a specific body-shell in the final assembly area to output a 
complete vehicle following one unified takt-time.     
Following text tries to highlight the main challenges and shortcomings of the current 
automotive assembly manufacturing processes and steps;  
- Having the stamping process right at the begining with a rigid die shape that can not be 

changed, locks the shape of the vehicle shell early on in the manufacturing process, 
hence it does not allow the OEM to operate based on make to order principles. The only 
thing that the OEM can change is the final color of the vehicle shell in addition to some 
of the trim options because such operations are done late in the process.     

- The stamping process yields around 400-500 parts and pieces that need to be joined and 
assembled which results in large number of processing steps in addition to even larger 
number of non-value added efforts in stacking, de-staging, staging, and transporting 
tasks. In addition stamping this large number of pieces requires more dies and adds 
more complexity to the sequencing and the allocation between/of the different presses 
and press lines. 

- The reliance on the stamping to form the body shell, limits the OEMs material choices 
and the final shapes and geometries. For example the formability of light weight 
materials such as Magnesium and Aluminium limits the bending radius to the panel 
thickness ratio, which can be achieved using a press based forming. So, Aluminium can 
only be stamped into flat or semi-flat panels such as the hood or the roof. Furthermore 
the stamping process does not allow the designers to manipulate the cross sectional 
shape freely to help compensate for the Aluminium lower stiffness from that of Steel.  
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- The stamping dies not only lock the vehicle shell early in the manufacturing process, 
but also through the product life, for example a typical vehicle model life is around 4-5 
years. However if the vehicle model life is shortened due to low vehicle acceptance or 
other economical conditions, then the OEM will incur heavy losses due to the high 
development cost already paid for each major die. At the same time some “face lift” re-
design can be done but it will be limited to only one aspect of the vehicle overall 
geometry.   

- Each one of the manufacturing processes within the assembly plant is different in its 
drivers and sensitivities. For example the stamping process is driven by the material 
(sheet metal) and the machinery (presses), while the joining process is heavily 
dependent on the machinery (robotic welders), the painting process is dependent on the 
paint material and the booth conditions and controls. While the final assembly area is 
heavily dependent on manual work so it’s mainly controlled by the labour productivity 
and attitude (absenteeism). Hence these processes are not integrated but merely set in a 
serial fashion to apply different values to the vehicle semi-finished components as it 
travels through the production line. This adds greater complexity to the control and the 
monitoring schemes used to synchronize it. In addition this renders the overall 
production system sensitive to variety of market factors. The Toyota Production System 
tried to resolve the laakc of integration between the different production stages using 
the Andon system to highlight any problem areas within the production line, along 
with the Kanban system to synchronize the one-piece flow between the different 
stations. However, these systems are effective for known product type and quantity 
hence it need to be adjusted and changed to add more flexibility to the production 
sequence.  

- The current joining process is composed of around 5000 spot welds per vehicle, which 
adds more lead time in addition it adds more investment in machinery, because 
applying 5000 spot welds within a typical takt time of 60 seconds means more robotic 
welders. Additionally, the high frequency of the welding process translates into more 
intensive maintenance efforts, especially for dressing and changing the electrode tips 
for each welding guns. Furthermore, the reliance on the resistance welding schemes 
limits the materials that can be joined together; for example the direct joining of the 
Aluminium and Steel panels leads to galvanic corrosion, also the fusion welding is not 
applicable for plastic parts. Even though, more and more adhesive bonding is applied 
within the automotive industry, it is done on the expense of Metal Inert Gas MIG 
welding and the mechanical fastening techniques not the spot welding.  

- The tack welding step assembles the automobile shell parts together to form the basic 
vehicle shape, and only then a series of spot welding processes create the permanent 
joints and the final fit and dimensions of the panels’ relative positions. To create the first 
shape in tack welding, a fixture with the specific vehicle body shape should be used to 
hold the different panels in the exact relative positions needed, for each of the body 
main sub-assemblies. If several vehicle models are built on the same line, this will 
require multiplicity of these fixtures which add cost and precious manufacturing time 
to replace, transport, and store these fixtures. Different “flexible” and /or “intelligent” 
fixture designs have been developed by several of the automotive OEMs such as the 
Robogate system developed by the Fiat Motor Company, the Intelligent Body Assembly 
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System IBAS developed by Nissan, the Preciflex system developed by Renault, and the 
Intelligent Jig Fixture introduced by the Toyota Motor Company. However, these flexible 
fixturing solutions are not yet perfect, for example the Robogate system has a large 
footprint that limits its applicability and adoption, while the remaining fixturing 
solutions with the exception of the Preciflex, still require transporting the un-used pallet 
or fixture if it is not in use.  

- A more integrated solution to the fixturing problem is to incorporate fixturing and 
clamping reference points and features through the panel shape and geometry, which is 
created in the stamping process. These clamping features ensure that the panels will 
only fit one way, the right way.                       

- The painting process starts by immersing the vehicle shell into cleaning, conditioning 
and phosphate tanks, in addition to the electro-coat bath. Due to the complicated 
geometries of the vehicle shell and the large number of holes and gaps in it, even the 
immersion process can’t guarantee a full coverage of the shell surfaces and fill its gaps 
and crevices. Even though new dip systems are based on rotating the BiW inside the 
tank to ensure better coverage, such systems are limited by some physical limits, for 
example the E-Coat coverage is limited by the Faraday’s cage effect; hence the soluble 
paint does not reach inside the tubes and extrusions more distance than its external 
diameter. 

- The current paining process consumes around 60 to 70% of the total energy within an 
automotive assembly plant due to the number and the nature of the processes involved. 
The air conditioning inside the spray booths is the major consumer of electric energy 
while the curing ovens have the lowest efficiency (around 10 to 20%) consuming the 
majority of the fossil fuel requirements. Other major energy expenditures are in the 
water treatment, because the water is used in capturing the over sprayed paint in the 
under-booth area, then it passes through a scrubber system to separate the water to go 
to the treatment facility and the over sprayed paint to accumulate as sludge.    

- The final assembly processes are heavily dependent on manual operations which are 
not only difficult to integrate into the overall production control system but also, 
require further tooling and fixturing solutions to extend the operators reach and 
facilitate their operations. This adds further ergonomic considerations and training and 
liability issues.     

The mentioning of the above challenges are meant to show the current manufacturing lines’ 
limitations and major shortcomings, so new manufacturing sequence and processes are 
proposed to solve some of the above issues. Additionally listing the main limitations of 
current production lines can serve as a starting point for any new manufacturing systems.  
Also, from the above challenges, one can conclude that the current, automotive 
manufacturing main stations are not well integrated, on the contrary each station work 
might complicate the sub-sequent ones’ operation; for example the complex geometries and 
holes formed in the stamping process not only limits the paint coverage in the E-Coat baths 
but also complicates the robotic programming to apply the spray paint layers. Additionally, 
the different geometries created early on in the manufacturing sequence limit the robotic 
welders’ flexibility and accessibility. The robotic welders’ flexibility is limited by the fact 
that each body style will require a different fixture to hold the different panels in space so 
that the tack welding process can be applied to determine the vehicle body shape. So the 
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- The stamping dies not only lock the vehicle shell early in the manufacturing process, 
but also through the product life, for example a typical vehicle model life is around 4-5 
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development cost already paid for each major die. At the same time some “face lift” re-
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- Each one of the manufacturing processes within the assembly plant is different in its 
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dependent on the machinery (robotic welders), the painting process is dependent on the 
paint material and the booth conditions and controls. While the final assembly area is 
heavily dependent on manual work so it’s mainly controlled by the labour productivity 
and attitude (absenteeism). Hence these processes are not integrated but merely set in a 
serial fashion to apply different values to the vehicle semi-finished components as it 
travels through the production line. This adds greater complexity to the control and the 
monitoring schemes used to synchronize it. In addition this renders the overall 
production system sensitive to variety of market factors. The Toyota Production System 
tried to resolve the laakc of integration between the different production stages using 
the Andon system to highlight any problem areas within the production line, along 
with the Kanban system to synchronize the one-piece flow between the different 
stations. However, these systems are effective for known product type and quantity 
hence it need to be adjusted and changed to add more flexibility to the production 
sequence.  

- The current joining process is composed of around 5000 spot welds per vehicle, which 
adds more lead time in addition it adds more investment in machinery, because 
applying 5000 spot welds within a typical takt time of 60 seconds means more robotic 
welders. Additionally, the high frequency of the welding process translates into more 
intensive maintenance efforts, especially for dressing and changing the electrode tips 
for each welding guns. Furthermore, the reliance on the resistance welding schemes 
limits the materials that can be joined together; for example the direct joining of the 
Aluminium and Steel panels leads to galvanic corrosion, also the fusion welding is not 
applicable for plastic parts. Even though, more and more adhesive bonding is applied 
within the automotive industry, it is done on the expense of Metal Inert Gas MIG 
welding and the mechanical fastening techniques not the spot welding.  

- The tack welding step assembles the automobile shell parts together to form the basic 
vehicle shape, and only then a series of spot welding processes create the permanent 
joints and the final fit and dimensions of the panels’ relative positions. To create the first 
shape in tack welding, a fixture with the specific vehicle body shape should be used to 
hold the different panels in the exact relative positions needed, for each of the body 
main sub-assemblies. If several vehicle models are built on the same line, this will 
require multiplicity of these fixtures which add cost and precious manufacturing time 
to replace, transport, and store these fixtures. Different “flexible” and /or “intelligent” 
fixture designs have been developed by several of the automotive OEMs such as the 
Robogate system developed by the Fiat Motor Company, the Intelligent Body Assembly 
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System IBAS developed by Nissan, the Preciflex system developed by Renault, and the 
Intelligent Jig Fixture introduced by the Toyota Motor Company. However, these flexible 
fixturing solutions are not yet perfect, for example the Robogate system has a large 
footprint that limits its applicability and adoption, while the remaining fixturing 
solutions with the exception of the Preciflex, still require transporting the un-used pallet 
or fixture if it is not in use.  

- A more integrated solution to the fixturing problem is to incorporate fixturing and 
clamping reference points and features through the panel shape and geometry, which is 
created in the stamping process. These clamping features ensure that the panels will 
only fit one way, the right way.                       

- The painting process starts by immersing the vehicle shell into cleaning, conditioning 
and phosphate tanks, in addition to the electro-coat bath. Due to the complicated 
geometries of the vehicle shell and the large number of holes and gaps in it, even the 
immersion process can’t guarantee a full coverage of the shell surfaces and fill its gaps 
and crevices. Even though new dip systems are based on rotating the BiW inside the 
tank to ensure better coverage, such systems are limited by some physical limits, for 
example the E-Coat coverage is limited by the Faraday’s cage effect; hence the soluble 
paint does not reach inside the tubes and extrusions more distance than its external 
diameter. 

- The current paining process consumes around 60 to 70% of the total energy within an 
automotive assembly plant due to the number and the nature of the processes involved. 
The air conditioning inside the spray booths is the major consumer of electric energy 
while the curing ovens have the lowest efficiency (around 10 to 20%) consuming the 
majority of the fossil fuel requirements. Other major energy expenditures are in the 
water treatment, because the water is used in capturing the over sprayed paint in the 
under-booth area, then it passes through a scrubber system to separate the water to go 
to the treatment facility and the over sprayed paint to accumulate as sludge.    

- The final assembly processes are heavily dependent on manual operations which are 
not only difficult to integrate into the overall production control system but also, 
require further tooling and fixturing solutions to extend the operators reach and 
facilitate their operations. This adds further ergonomic considerations and training and 
liability issues.     

The mentioning of the above challenges are meant to show the current manufacturing lines’ 
limitations and major shortcomings, so new manufacturing sequence and processes are 
proposed to solve some of the above issues. Additionally listing the main limitations of 
current production lines can serve as a starting point for any new manufacturing systems.  
Also, from the above challenges, one can conclude that the current, automotive 
manufacturing main stations are not well integrated, on the contrary each station work 
might complicate the sub-sequent ones’ operation; for example the complex geometries and 
holes formed in the stamping process not only limits the paint coverage in the E-Coat baths 
but also complicates the robotic programming to apply the spray paint layers. Additionally, 
the different geometries created early on in the manufacturing sequence limit the robotic 
welders’ flexibility and accessibility. The robotic welders’ flexibility is limited by the fact 
that each body style will require a different fixture to hold the different panels in space so 
that the tack welding process can be applied to determine the vehicle body shape. So the 
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proposed manufacturing system will re-consider the sequence of the manufacturing 
processes to incorporate the ease of manufacturing perspective.                
The following section will address new concepts to replace some of the current automotive 
manufacturing processes to yield a more integrated and dedicated manufacturing sequence 
that is flexible, with higher value addition per unit time.       

4. New concepts in automotive manufacturing 
4.1 New manufacturing system, decision making 
The first step in proposing a new manufacturing process, sequence and ultimately a system 
is to recognize the improvements required and decide on metrics of success so that any 
proposed system can be benchmarked against the current one. One can extract such 
objectives and metrics from the discussion in section two to be in following aspects; 
increasing the flexibility of the production lines, reducing the overall production cost, and 
increasing the production stability and quality levels. These metrics can be further 
translated into; (a) reduction in the production lead time, which helps in increasing the 
production flexibility and reduce its overall cost. (b) Reduce the number of processes and 
manufacturing operations needed to complete the vehicle build, (c) reduce the 
manufacturing process complexity level, (d) reduce the re-work and scrap levels to reduce 
the cost and non-value added work. (e) Increase the production standardization level and 
facilitate equipment re-configuration for different body styles.   
The second step is to prioritize these improvements, by using systematic decision making 
tools. Such tools include the Quality Function Deployment QFD matrices and the Analytical 
Hierarchy Process AHP. The QFD is a systematic decision making tool that lists the 
improvements required as “customer demand” for example, short production lead time, 
along with a numerical rank to show their priorities. Also, the QFD describes the technical 
implications of each of these demands on the production line and more importantly on the 
product; also it explores the positive and negative interactions between these technical 
implications to help finalize a relative rank of each of the improvements. Figure 1 shows a 
standard QFD template filled with the current case study specifics, where the above 
mentioned customer demand are listed on the left hand side and the technical implications 
or the manufacturing system functional requirements are listed in the corresponding 
columns. Such technical requirements include; the reduction in parts count, the reduction in 
setup time, the number of materials selected, the panels’ intricate shapes and geometries, 
consolidation of processes, etc. Also, the inter-relationships between these technical 
requirements are listed in the top of the QFD matrix. For example, the reduction in number 
of components has a strong relationship or effect on the reduction in setup time, this is 
indicated as a score of 2, which means that any reduction in the number of parts leads to 
major reduction in the setup time. However, the reduction in variability in panels’ 
dimensions has a negative impact on the technical requirement of avoiding intricate shapes 
and geometries that is indicated as a score of -1.  
On the other hand the AHP process ranks the different objectives or customer demands 
based on their performance in achieving the sought goals and objectives. Additionally the 
AHP is based on straightforward computation that can accommodate qualitative and 
quantitative metrics and criteria; in the qualitative sense, it decomposes an unstructured 
problem into a systematic decision hierarchy. It then uses a quantitative ranking through 
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numerical numbers and weights in which a pair-wise comparison is used to determine the 
local and global priority weights and the overall ranking of the alternatives. It is worth 
mentioning that both QFD and AHP have provided the same results showing that the part 
consolidation and the use of modular sub-systems are the highest rank metrics. 

4.2 Process perspective 
Previous sub-section indicated that a manufacturing system capable of using modular 
structures and a common product platform will have the highest potential of meeting the 
automotive OEMs main objectives of cutting cost, lead-time, and increase the flexibility 
levels. So the proposed manufacturing system should accommodate these two metrics 
through process selection and sequence.    
To reduce the parts count, one can think of consolidating the body panels by re-designing 
their stamping dies; for example the body side outer is typically composed of 3 -5 pieces 
including the A, B, C pillars, the quarter panel, and the fender. Combining these panels into 
one piece can reduce the parts count, however it impacts the product functionality and 
design. To illustrate with more words, this consolidation approach can limit the freedom of 
designers to selectively select different materials for their different locations within the same 
body panel; for example the fender can be made out of plastic to reduce the vehicle weight, 
and the B-pillar to be made out of two panels with different thicknesses to serve the 
different load bearing requirement from each location. So from this discussion, the mere 
changing of the stamping dies to consolidate the body panels into lesser count is not trivial 
and can lead to loss of design freedom, in addition this approach alone will lead not only to 
lesser utilization of the generated engineering scrap but also to higher scrap and offal rates, 
which in turn translates into higher manufacturing cost. One should also consider the 
current technologies dependant on the parts count such as the Tailor Welded Blank TWB 
approach, where different panels in grade or thickness are joined together using laser 
welding then stamped to form a tailored body panel. In addition the consolidation of parts 
count based on changing stamping dies add another challenge to the OEM, that is the 
addition of a more expensive die to develop and validate. Also, at the same time, the body 
shape is still locked early in the production cycle and the complicated geometries and 
features are still created before the painting or welding activities.    
Based on above discussion, one might consider departing from forming the body panels 
using the press and die based systems, into more flexible fabrication techniques that allow 
for more flexibility from product and process perspectives. Such forming alternatives 
include super-plastic forming, which not only allows for fabricating large and complex 
shaped panels in single process step, but also it allows for the use of light weight materials 
such as Aluminium and Magnesium. The super-plastic forming can result into higher 
elongation from those achievable in typical press stamping, and can reach up to 800% total 
elongation. The super-plastic forming is achieved under, high temperature with low 
forming force and low strain rate; however not all materials can be formed using this 
technique due to the fact that the super-plastic forming is dependent on the material grain 
boundary sliding which is only achievable for materials with very fine grain size. 
Additionally, the super-plastic forming cycle is in the order of hours when compared with 
the press-stamping, which can achieve the final shape in few seconds. But one should 
consider all the time expended in the non-value added steps, such stacking and de-stacking 
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proposed manufacturing system will re-consider the sequence of the manufacturing 
processes to incorporate the ease of manufacturing perspective.                
The following section will address new concepts to replace some of the current automotive 
manufacturing processes to yield a more integrated and dedicated manufacturing sequence 
that is flexible, with higher value addition per unit time.       

4. New concepts in automotive manufacturing 
4.1 New manufacturing system, decision making 
The first step in proposing a new manufacturing process, sequence and ultimately a system 
is to recognize the improvements required and decide on metrics of success so that any 
proposed system can be benchmarked against the current one. One can extract such 
objectives and metrics from the discussion in section two to be in following aspects; 
increasing the flexibility of the production lines, reducing the overall production cost, and 
increasing the production stability and quality levels. These metrics can be further 
translated into; (a) reduction in the production lead time, which helps in increasing the 
production flexibility and reduce its overall cost. (b) Reduce the number of processes and 
manufacturing operations needed to complete the vehicle build, (c) reduce the 
manufacturing process complexity level, (d) reduce the re-work and scrap levels to reduce 
the cost and non-value added work. (e) Increase the production standardization level and 
facilitate equipment re-configuration for different body styles.   
The second step is to prioritize these improvements, by using systematic decision making 
tools. Such tools include the Quality Function Deployment QFD matrices and the Analytical 
Hierarchy Process AHP. The QFD is a systematic decision making tool that lists the 
improvements required as “customer demand” for example, short production lead time, 
along with a numerical rank to show their priorities. Also, the QFD describes the technical 
implications of each of these demands on the production line and more importantly on the 
product; also it explores the positive and negative interactions between these technical 
implications to help finalize a relative rank of each of the improvements. Figure 1 shows a 
standard QFD template filled with the current case study specifics, where the above 
mentioned customer demand are listed on the left hand side and the technical implications 
or the manufacturing system functional requirements are listed in the corresponding 
columns. Such technical requirements include; the reduction in parts count, the reduction in 
setup time, the number of materials selected, the panels’ intricate shapes and geometries, 
consolidation of processes, etc. Also, the inter-relationships between these technical 
requirements are listed in the top of the QFD matrix. For example, the reduction in number 
of components has a strong relationship or effect on the reduction in setup time, this is 
indicated as a score of 2, which means that any reduction in the number of parts leads to 
major reduction in the setup time. However, the reduction in variability in panels’ 
dimensions has a negative impact on the technical requirement of avoiding intricate shapes 
and geometries that is indicated as a score of -1.  
On the other hand the AHP process ranks the different objectives or customer demands 
based on their performance in achieving the sought goals and objectives. Additionally the 
AHP is based on straightforward computation that can accommodate qualitative and 
quantitative metrics and criteria; in the qualitative sense, it decomposes an unstructured 
problem into a systematic decision hierarchy. It then uses a quantitative ranking through 
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numerical numbers and weights in which a pair-wise comparison is used to determine the 
local and global priority weights and the overall ranking of the alternatives. It is worth 
mentioning that both QFD and AHP have provided the same results showing that the part 
consolidation and the use of modular sub-systems are the highest rank metrics. 

4.2 Process perspective 
Previous sub-section indicated that a manufacturing system capable of using modular 
structures and a common product platform will have the highest potential of meeting the 
automotive OEMs main objectives of cutting cost, lead-time, and increase the flexibility 
levels. So the proposed manufacturing system should accommodate these two metrics 
through process selection and sequence.    
To reduce the parts count, one can think of consolidating the body panels by re-designing 
their stamping dies; for example the body side outer is typically composed of 3 -5 pieces 
including the A, B, C pillars, the quarter panel, and the fender. Combining these panels into 
one piece can reduce the parts count, however it impacts the product functionality and 
design. To illustrate with more words, this consolidation approach can limit the freedom of 
designers to selectively select different materials for their different locations within the same 
body panel; for example the fender can be made out of plastic to reduce the vehicle weight, 
and the B-pillar to be made out of two panels with different thicknesses to serve the 
different load bearing requirement from each location. So from this discussion, the mere 
changing of the stamping dies to consolidate the body panels into lesser count is not trivial 
and can lead to loss of design freedom, in addition this approach alone will lead not only to 
lesser utilization of the generated engineering scrap but also to higher scrap and offal rates, 
which in turn translates into higher manufacturing cost. One should also consider the 
current technologies dependant on the parts count such as the Tailor Welded Blank TWB 
approach, where different panels in grade or thickness are joined together using laser 
welding then stamped to form a tailored body panel. In addition the consolidation of parts 
count based on changing stamping dies add another challenge to the OEM, that is the 
addition of a more expensive die to develop and validate. Also, at the same time, the body 
shape is still locked early in the production cycle and the complicated geometries and 
features are still created before the painting or welding activities.    
Based on above discussion, one might consider departing from forming the body panels 
using the press and die based systems, into more flexible fabrication techniques that allow 
for more flexibility from product and process perspectives. Such forming alternatives 
include super-plastic forming, which not only allows for fabricating large and complex 
shaped panels in single process step, but also it allows for the use of light weight materials 
such as Aluminium and Magnesium. The super-plastic forming can result into higher 
elongation from those achievable in typical press stamping, and can reach up to 800% total 
elongation. The super-plastic forming is achieved under, high temperature with low 
forming force and low strain rate; however not all materials can be formed using this 
technique due to the fact that the super-plastic forming is dependent on the material grain 
boundary sliding which is only achievable for materials with very fine grain size. 
Additionally, the super-plastic forming cycle is in the order of hours when compared with 
the press-stamping, which can achieve the final shape in few seconds. But one should 
consider all the time expended in the non-value added steps, such stacking and de-stacking 
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the different panels and pieces that can be replaced with one super-plastic formed panel. To 
provide a more descriptive example, one can super-plastic form the whole under-body as 
one piece that can be made out of Magnesium or Aluminium, while stamping the under-
body constitute forming many different Steel pieces that need to be transported, setup and 
then joined together; so when comparing the two under-body manufacturing methods, the 
super-plastic forming might offer more advantages and flexibility but at higher cycle time.     
Another possible forming technique that can be applied for some of the body panels is based 
on folding the sheet metal using slit and smiles created along the fold line. Even though this 
forming approach is not suitable for all body panels due to the surface finish requirements, 
it can eliminate the need for any forming dies in addition it can result in greater flexibility in 
changing the body style on the fly, because the slits location, number, and shape can be 
changed through a computer controlled laser cutting machine. Additionally this approach 
can reduce the engineering scrap and offal by optimizing the cutting process; also this 
forming approach can be done using different material types. Furthermore, this forming 
method helps in reducing the part count through integrating the different folds to create 
different shapes from one cut sheet. It also facilitates transporting the flat cut panels and 
reduces the efforts needed for stacking and de-stacking.  
Industrial Origami Incorporated IOI is pioneering the forming through folding technology, 
a demonstration of their technology is displayed in figure 2, which shows an instrument 
panel formed from one piece.              
 

 
Fig. 1. QFD matrix 
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Using the Industrial Origami IOI technique and the super-plastic forming can also present a 
new potential for facilitating the automobile production by changing its sequence. In more 
words, an OEM can move the conditioning phase of the painting process to be before the 
folding step; because it is easier and more efficient to immerse coat flat sheets than 
complicated geometries; also this will improve the phosphate and E-Coat coverage over the 
panels. Additionally, the slits and smiles compose referencing and clamping features within 
the stamping so no additional fixtures are needed to fixate the panels’ relative positions. 
This reduces the overall investment in fixtures and mounts and the production overall lead 
time, also it improves the flexibility of the joining process and the better utilization of the 
space floor; because, some of the proposed flexible fixturing systems as the Robogate has a 
large foot-print as mentioned previously. Additional benefits of the folding-based forming 
are due to the fact that the panels can be shipped and transported in and out of the plant in 
flat shape and also reduce the number of joining processes needed to create the different 
sub-assemblies, which can also be said about the super-plastic formed pieces because it 
integrates several smaller panels into one.                        
So, from the above discussion, one can layout a new production sequence to start with 
conditioning stage of the Steel and Aluminium sheets through immersing it in the cleaning, 
phosphating baths. Then the forming of the body panels is achieved through super-plastic 
forming, folding, and press-based forming. The press based forming will be mainly for the 
exterior panels; such as door outer skins, hood, roof, body-side outer that also incorporate 
the fenders. The use of super-plastic forming should consolidate several panels to 
compensate for its slow cycle time, such as the under-body, which should integrate the floor 
pan, the trunk pan, etc. Any considerations about the effect of the applied coatings on the 
formability of the material should be analyzed from the frictional interface conditions 
between the die and the sheet metal. Also, the coating integrity should be tested to ensure 
that it was not degraded because of the forming process. Even though this arrangement 
require the use of different forming technologies with different machinery and equipment 
requirements and expertise, it ultimately focuses on streamlining the overall production by 
reducing the stamped panels count while at the same time provide several modular sub-
assemblies that can be shared between the different vehicle models.     
For the new joining step, it starts by folding the interior components and fixating them 
relative to each other using the embedded clamping points and features. Then join them to 
the under-body panels to form a basic module that can be used for different body styles. 
Then, the body side outer can welded to this module. The body side outer along with the 
other closure panels (doors, hood, etc) will be the changing panels between the different 
vehicle models. The design of these panels will incorporate also clamping features to help 
locate the panels’ relative positions in the welding process to avoid the reliance on a dedicated 
fixturing systems or solutions. After the welding is completed, the BiW will go straight into the 
new paint area which features spray booths only to provide a single coat of anti-corrosion 
paint formulation to replace the E-Coat layer, in addition to the sealants and the under-body 
wax applications, then run the BIW through a curing oven to cure the sealants and the paint all 
at once, which saves energy and space, in addition to reducing the number of processes. The 
sprayed paint should also be applied for the internal panels and its colour should be neutral. 
The use of a curing oven is necessary and can’t be easily replaced in the automotive industry 
because some of the currently used steel grades require baking to add more strength to the 
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the different panels and pieces that can be replaced with one super-plastic formed panel. To 
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steel at its fabrication stages; such grades include the Bake-Hardenable BH grades. The BH 
steel microstructure contains small amounts of carbon in solid solution which when heated 
comes out of the solution to increase the steel strength and dent resistance. Such steels are 
developed so that the final steel strength and dent resistance meet the functional requirement 
without having to use a strong steel grade in the stamping stage, which requires more 
tonnage. The final paint coats, including the top-coat that include the colour pigments, the UV 
absorbing pigments, and the metallic flakes, in addition to the clear coat, are proposed to be 
applied in the dealership per the customer demand for colour and finish. This proposal try to 
further postpone applying the final colour so that the dealerships have greater flexibility in 
manipulating their car inventory per customer purchasing trends. Additionally, moving the 
top and clear coats painting outside the automotive manufacturing plant, hence reducing its 
overall energy consumption, its overall floor space requirements and also, reduce the process 
count leading to a shorter lead production times.  
For the new final assembly area, it should also use modular trim components that can be 
easily shared between the different vehicle models; also such modules should be designed 
in terms of its size and shape to fit into the vehicle without the need to remove the doors. 
This eliminates the need to remove the doors and have them move uselessly around the 
plant to meet with the vehicle shell at the end of the assembly line.  
The proposed manufacturing sequence and processes are selected based on the main two 
objectives extracted from the QFD and the AHP results that is reducing the number of parts 
and using more modules. The coming sub-section will discuss the changes and 
modifications needed to incorporate the suggested transformational changes and processes.                           

4.3 Structural and operational issues  
The difference in cycle time between the proposed forming techniques should be first 
addressed to ensure that the proposed production line functions based on an average takt 
time. To address this issue, one can use the Value Stream Mapping VSM technique to decide 
on the adequate buffer levels that will ensure the slow forming methods (super-plastic 
forming) are not bottle necks, using the minimum Work In Process WIP levels.  
One of the tools used in VSM is the implementation of a supermarket at the end of the press 
stamping operation so that the faster process (press stamping) is producing according to the 
quantity and type of panels pulled from the supermarket, as controlled and specified by the 
production and the withdrawal Kanban cards. Additionally, one can enrich the press-
stamping with more work content; such as assembling the doors inners and outers and the 
hood inners and outers. The enrichment of the work content has the added advantage of 
creating lesser number of stations that are easier to control and can accommodate a cellura 
base layout. The cellular layout offers better communication schemes and enables people 
and equipment sharing within the cell leading to better resource utilization and higher 
flexibility levels to accommodate different product types and volumes. For the super-plastic 
forming multiple stations might be established to help keep up with short cycle times, in 
addition to a buffer to further compensate for the cycle time difference.  
The above discussed plan not only enables the OEMs to use the super-plastic forming and 
other forming technologies for some sub-assemblies, but also it establishes lesser work-
stations that can produce more specialized complete sub-assemblies, that is each work-
station adds more value content to the vehicle in continuous fashion without the need for 
the stacking, de-stacking, and transporting items between smaller stations. 
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The new joining line will receive bigger sub-assemblies that can be joined directly to the 
vehicle under-body; this due to the fact that the cells that used to provide the welding line 
with the different assembled parts such as; floor assembly, rear-floor assembly, engine 
compartment, roof cowl, are all shifted to be done in the stamping step. Also, joining certain 
reinforcements can also be done in the stamping process by using the techniques of In-Die 
joining. So, a shorter body-weld line is achieved.     
 

 
Fig. 2. Folded Instrument Panel  

The new paint line layout is much simplified and is composed of; a cleaning station where 
the BiW are first cleaned from any accumulated sludge from the weld line using paint 
friendly detergent formulations. Also, this station can accommodate the sealant and under-
body wax applications steps; then the BiW travels through a single spray paint booth to 
receive an anti-corrosion coat, and then pass through the curing oven. The new paint line 
has much smaller foot-print because it doesn’t have the selectivity bank area that is typically 
used to change the sequence of the production vehicles so different colour batches can be 
created; in addition to pulling vehicles for paint defects repair. Also, the immersion process 
is already shifted and only one curing oven and one spray booth are used.  

5. Discussion and challenges 
To apply the proposed processes and layout into current vehicle designs and OEM facilities, 
require a collaborative effort between the different manufacturing stations’ engineers. For 
example, paint engineers should work with the stamping engineers to decide on the best 
way of applying the phosphate coats on the metal sheets, in addition to analyzing the effect 
of the stamping process on the paint adhesion and integrity. Furthermore, the welding 
engineers should work with the designers to help embed locating and clamping features 
into the panel designs to help alleviate the need for locating fixtures and jigs.  
Additional efforts are needed from the material scientists to develop new, cheaper 
Aluminium alloys that can be blow formed in super-plastic forming. Also, equipment 
supplier should be involved to help in developing faster super-plastic forming machines 
that can meet the production requirement of the new production line. Additionally, discrete 
event simulations should be done to optimize the material and content flow through the 
production shop floor and regular VSM activities should be carried out to ensure the 
continuous improvement of the production line operation.                                    
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1. Introduction  
Taking into consideration growing ecology and safety demands, there are a need for more 
accurate and cheaper ways to monitor workflows of gases, which can be used in automotive 
applications. Such researches come into prominence in case of more commonly applied gas 
systems, that use hydrocarbons as well as hydrogen, which in case of running down of oil 
resources, are predicated as the most probable fuel for intern combustion engines or fuel 
cells used in vehicles. Use of tomography can be an alternative (in relation to currently used) 
method for such monitoring methods. The ultrasonic flow measurement is one of the most 
promising. The main advantage of this method is the fact that it is based on contactless, non-
invasive flow measurement which does not cause any pressure or other physics-chemical 
changes in observed environment.  
 

 
Fig. 1. A scheme of the ultrasonic transit-time flowmeter 

The measurement principle of an ultrasonic transit-time flowmeter involves at least one pair 
of ultrasonic transducers: transmitter (T) and receiver (R). Transmitting transducers are 
triggered to send an ultrasonic pulse, one upstream and one downstream to the receiving 
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transducers. Due to the fact that the distance between the opposite arranged transducers L is 
known, the travel time of the pulses can be estimated if the temperature is also known. The 
measurement principle of an ultrasonic transit-time flowmeter utilizes an ultrasonic travel 
time measurement for the calculation of both velocity v of the flowing medium and the 
speed of sound c (Kupnik, 2008): 
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In general, the measure of the matter that moves in a given time through a given transport 
cross-section is termed flow rate. The matter can be in solid, liquid or gaseous form. I should 
distinguish between volumetric flow rate Qv (quantity of a flow in cubic metre per unit 
time) and mass flow rate Qm (quantity of a flow in kilograms per unit time) (Kupnik, 2008): 
 

 v A
dVQ v A
dt

= =  (3) 

and 

 m v A
dmQ Q v A
dt

ρ ρ= = =  (4) 

where V is the volume, m is the mass, A is the cross-section of the transport way, vA is the 
averaged velocity over cross-sectional area of the transport way and ρ is the density. 
A fundamental problem in  acoustic flow measurement is the fact that the distribution of the 
velocity in the measurement pipe in each case is not known exactly, because an ultrasonic 
transit-time flowmeter  always determines the averaged velocity along the sound path (vs), 
i.e. it integrates the velocity profile over the volume of the sound beam. Exact knowledge of 
the velocity profile is essential to convert the line averaged path velocity vs to the velocity 
vA. The connection between these two velocities is usually considered by a correction factor 
kv, also termed meter factor (Kupnik, 2008): 
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For a given axially symmetric flow profile v(r), where r denotes the radius and D denoted 
the internal diameter of the pipe, can write (Kupnik, 2008): 
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Equation (6) shows clearly that meter factor kv.depends directly on the flow profile v(r). Each 
deviation of the flow profile from the assumed one, which is used in Equation (6), forcibly 
leads to uncertainties of the flowmeter. Finding an appropriate model equation for the flow 
profile  v(r) for each flow measurement problem is essential (Kupnik, 2008).  
Multipath systems with different sets of emitters and receivers are used in order to enlarge 
the data and accuracy of measurement (Mandard at al., 2008). In considered system equally 
spaced sensors around the pipe’s perimeter in perpendicular surface to pipe’s axis were 
placed. In the system the transmitters one by one generates ultrasound impulses, which 
with different delays reach all receivers. The time duration of these waves is the basis for 
calculation of the average value of measured flow’s speed (Roger & Baker, 2005). 
If I assume that the transmitters emit ultrasound waves of not too high frequencies, than the 
angle of spreading groups of waves is big enough to allow them to reach all of the receivers 
placed in pipe’s perimeter (Opieliński at al., 2006). 
The speed profile image (a magnitude of speed vectors distribution on the surface 
perpendicular to flow direction) we can achieve with an aid of ultrasonic tomography method. 

2. The inverse problem solution 
New generations of computer’s tomography systems often based on algebraic algorithms of 
image reconstruction (ART) from projections. The tomography image is constructed with 
the help of algorithm, which digitize the diagnosed area to the quadratic cells, which 
geometric centres are handled like pixels of the image. 
Velocity profile image construction in a plane of receivers means estimation of a set of 
unknown values, which we can denote as f(x, y). 
I can get integrated values of speed on a base of time measurement of ultrasonic impulses 
travelling like rays from transmitters to the receivers (Fig. 2). These values, according to 
projection method, are named the ray-sum measured with i-th ray si. I have assumed that in 
each cell of the rectangular or square grid, the function f(x, y) is constant. The relationship 
between the fj’s and si’s may be expressed as: 
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where: m is total number of rays (main and auxiliary ones) in all projections, n number of 
cells crossed by rays, wij is the weighting factor that represents the contribution of the j-th 
cell to the i-th ray integral. 
The iterative method, based on the “method of projections” as first proposed by Kaczmarz 
(Kak & Slaney, 1999) is very useful for solving this problem. In this method a grid 
representation with n2 cells gives image of n degrees of freedom. Therefore, an image, 
represented by (f1, f2, …, fn) may be considered to be a single point in an n dimensional 
space. In this space each of equations (8), represents a hyperplane. When a unique solution 
of these equations exists (for m ≥ n), the intersection of all these hyperplanes is a single point 
giving that solution. 
The equation (7) we can write in an expanded form: 
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where: m is total number of rays (main and auxiliary ones) in all projections, n number of 
cells crossed by rays, wij is the weighting factor that represents the contribution of the j-th 
cell to the i-th ray integral. 
The iterative method, based on the “method of projections” as first proposed by Kaczmarz 
(Kak & Slaney, 1999) is very useful for solving this problem. In this method a grid 
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represented by (f1, f2, …, fn) may be considered to be a single point in an n dimensional 
space. In this space each of equations (8), represents a hyperplane. When a unique solution 
of these equations exists (for m ≥ n), the intersection of all these hyperplanes is a single point 
giving that solution. 
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In order to solve the system of equations (8) we have used least squares method which gives 
an excellent results particularly in case when m is bigger than n (over-determined system of 
equations). 
 

 
Fig. 2. A square grid and the rays in the cross-section of the transport way 

If n and m were small we could use conventional matrix theory methods to invert the 
system of equations (1). For larger values m and n may have to be used some least squares 
method for solving this problem (Lawson at al., 1995). 
I’m looking for set of solutions of [f1, f2, …, fn] which equally well satisfy all of equations (8), 
but every value si is measured with an error. So, in order to solve this problem we should to 
look for a global minimum in an n–dimensional space, for example with the help of the least 
squares method. 
The factors wij of the cells, which are not crossed by the rays are equal to 0. When a j-th cell 
is crossed by i-th ray this factor could be calculated according to very simple relation (9): 
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Problem of image construction in case of the ultrasonic flowmeters very often leads to the 
over determined algebraic set of equations (2), which in matrix form can be expressed: 

 Wf = s  (10) 

where: W is the matrix of dimensions m × n and m > n, s=[s1,s2,…,sm] – right hand side 
vector, and f=[f1,f2,…fn]T – the solution vector. One of the ways of the solution of the problem 
(8) is to find the vector f*, which minimize Euclidean norm of residual vector r for the 
known matrix W and vector s. It means:  ║r║2=min║s-Wf║2, ║f*║2=min║f║2,  
where - the last minimum is taken for all vectors f  which fulfil the previous relation. This is 
Linear Least Squares Problem (LSP) (Lawson at al., 1995). 
In order to calculate the solution to Problem LS and analyzing the effect of data errors as 
they influence to it, we will use the Singular Value Decomposition (SVD) theorem. This 
theorem says that for any arbitrary matrix W∈Rm×n(m ≥ n) of pseudo-rank k exists an m by m 
orthogonal matrix U∈Rm×n an n by n orthogonal matrix V∈Rm×n  and  D∈Rm×n such that: 

 T=W UDV  (11) 
where: 
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and k is the pseudo-rank of matrix W. 
The diagonal entries diof the diagonal matrix D are known as singular values of matrix W 
and relation (11) as a Singular Value Decomposition (SVD), (Polakowski at al., 2007, a). 
This decomposition is closely related to the eigenvalue-eigenvector decomposition of the 
symmetric nonnegative matrix WTW, and diagonal terms of matrix D are the squared 
eigenvalues of WTW. Columns of matrix V are the orthonormal eigenvectors of WTW, and 
columns of matrix U are eigenvectors of WWT. 
Knowing the Singular Value Decomposition (11) one can easily to find the solution of LSP: 

 * +=f W s  (13) 

where: W+=VD+UT is the pseudoinverse of matrix W (or inverse matrix in Moore – Penrose 

sense) and 
1

1 1,..., ,0,...,0 m n
k

diag R
d d

+
×

⎛ ⎞
= ∈⎜ ⎟

⎝ ⎠
D . 

For a square nonsingular matrix W, the pseudoinverse of matrix W is the inverse of matrix W. 

 1+ −=W W  (14) 

In case of ill-conditioned problem (in tomography usually we have to deal with ill-
conditioned problems) the solution can be achieved in the following way. Suppose the 
singular value decomposition is computed for the matrix W: 
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W U V  (15) 

One can compute: 

 T=g U s  (16) 
and consider the least squares problem: 
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D
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where q is related to f by the orthogonal linear transformation: 

 =f Vq  (18) 

Problem (18) is equivalent to the problem ≅Wf s  in the sense of general orthogonal 
transformations of least squares problems. Since D is diagonal (D=diag{d1,d2,…,dn}) the effect 
of each component of q upon the residual norm is immediately obvious. Introducing a 
component qj with the value: 

 j
j

j

g
q

d
=  (19) 

reduces the sum of squares of residuals by the amount 2
jq . 

Assume the singular values are ordered so dk ≥ dk+1, k=1,2,…,n. It is then natural to consider 
“candidate” solutions for problem (18) of the form: 
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where qj is given by Eq. (19). The candidate solution vector q(k) is the pseudoinverse solution 
(i.e., the minimal length solution) of problem (18) under the assumption that the singular 
values dj for j ≥ k are regarded as being zero. 
From the candidate solution vectors q(k) one obtains candidate solution vectors f(k) for the 
problem ≅Wf s  as: 
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k
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where Vj denotes the j-th column vector of V. 
Note that: 
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hence ║f (k)║ is a nondecreasing function of k. 
The squared residual norm associated with f (k) is given by: 
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Inspections of the columns of the matrix V associated with small singular values are a very 
effective technique for identifying the set of columns of W that are nearly linearly 
dependent. 
Suppose that the matrix W is ill-conditioned; then some of the later singular values are 
significantly smaller than the earlier ones. In such a case some of the later qj values may be 
undesirably large. One hopes to locate an index k such that all coefficients qj for j ≤ k are 
acceptably small, all singular values dj for j ≤ k are acceptably large, and the residual norm 
r(k) is acceptably small. If such an index k exists, then one can take the candidate vector f(k) as 
an acceptable solution vector. (Polakowski at al., 2007, b). 
In order to choose a preferred value of index k one can use a graph of residual norm versus 
solutions norm ║r(k)║=f(║f(k)║). For ill-conditioned problems we have „L” shaped curve. 
Using such the graph it is easy to determine the optimal value of index k. 
Using the method called FOCUSS (FOCal Underdetermined System Solver) we could solve 
a system of underdetermined algebraic set of equations (fewer measurements than the 
unknowns which are a common case for industrial tomography), (Gorodinitsky at al., 1995). 
It let us consider the following constrained optimization problem  
Minimize 

 ( ) | |p p fj=J f  (24) 

subject to 

=Wf s  

where fj are non zero values of the matrix f and Jp(f) (often called the diversity measure) is 
some measure of sparsity of signals and it can take form, called the generalized p-norm : 
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sign p p f

=
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where p ≤ 1 and is selected by the user. 
To minimize the generalized p norm diversity measure Jp(f) in (21), subject to the equality 
constraint  Wf = s we define the Lagrangian L(f,λ) as: 

 ( , ) ( ) ( - )p= +L f λ J f λ s Wf  (26) 

where λ∈Rn  is a vector of Lagrange multipliers and D|f|∈R(n×n) is a diagonal matrix with the 
entries dj=|fj|2-p. 
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Solving the above equations by simple mathematical operations, we obtain that 

 ( )| || | ( ) 1T
fp ∗= −*λ WD f W s  (27) 

 1 1
| | | || | ( ) ( ) ( | | )T T

f fp − −
∗ ∗ ∗ ∗= =f D f D f W WD f W s  (28) 

The equation (24) is not in a convenient form for computation since the desired vector f* is 
implicitly in the right side of the equation f*.  However, it suggests that an iterative algorithm 
for estimation of the optimal vector f* is given as: 

 1
| | | |( 1) ( ) ( ( ) )T T

f fk k k −+ =f D W WD W s  (29) 

where 

 2 2 2
| | 1 2( ) {| ( )| ,| ( )| ,| ( )| }p p p

f nk diag f k f k f k− − −=D  (30) 

The above algorithm, called the generalized FOCUSS algorithm can be expressed in a more 
compact form: 

 | |( 1) ( )[ | |( )]fk k f k ++ =f D WD s  (31) 

where the superscript ( . )+ denotes the Moore-Penrose pseudo-inverse and 

 1 /2 1 /2 1 /21/2
| | 1 2| |( ) ( ) {| | ( ),| | ( ),| | ( )}p p p

f nfk k diag f k f k f k− − −= =D D  (32) 

It’s should be noted that the matrix D|f| exists for all f and even for a negative p. For p=2, the 
matrix D|f| =J and the FOCUSS algorithm simplifies to the standard LS or the minimum    2-
norm solution: 

 1( )T T −
∗ =f W WW s  (33) 

 

3. Results 
The system of equations describing the tomographic flowmeter was solved with the aid of 
Linear Least Squares method for overdetermined algebraic set of equations. With the 
method called FOCUSS (FOCal Underdetermined System Solver) I have solved a system of 
underdetermined algebraic set of equations. 
Condition number of the resulting rectangular matrix was high enough so that the classical 
Kaczmarz’s algorithm was not able to produce correct results. That’s why I have to take into 
account pseudo rank deficiency of the matrix coefficients. I have considered all possible 
candidate solutions, when k was changing from 1 till the full pseudo – rank equal to 1000 
(Polakowski at al., 2008, a). 
The images and their relief plots constructed on the basis of the candidate solutions are 
presented in Figure: 4b, 6b and 7b. The images and their relief plots constructed on the basis 
of FOCUSS are presented in Figure: 4c, 5b, c, d, 6c and 7c. 
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Fig. 3. Diagram ║r(k)║=f(║f(k)║)of the residual vector norm versus the solution vector norm 
for the cross shaped object 

 

 The resolution of grid 16x16, number of 
the rays 256 

The resolution of grid 16x16, number of the 
rays 624 

a) 

 

b) 

  

c) 

  

Fig. 4. The changes of images and the relief plots of a cross shaped object in dependence of 
number of the rays a) reconstructed object, b) reconstruction with the aid of Linear Least 
Squares Method , c) reconstruction with the aid of FOCUSS 
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a) 

 

b) 

 

c) 

 

d)

 

Fig. 5. Images and the relief plots of a cross shaped object reconstructed with the aid of 
FOCUSS in dependence of regularity index a) reconstructed object, b) regularity index 0.02 , 
c) regularity index 0.2, d). regularity index 50. 
When I compare Figure: 5b, c and d we can also see, that the images have not been 
improved with the bigger regularization parameter, when the resolution of the grid was not 
to high. 
Inspecting those images we can observe the influence of the resolution of the square greed 
and number of the rays on the object forming inside the region. The influence of resolution 
and number of the rays on improving the image we can clearly see on Figure 4, 5, 6 and 7. 
 

 The resolution of grid 32x32, number of the 
rays 256 

The resolution of grid 32x32, number of the 
rays 512 

a) 

 

b) 

  

c) 

  
Fig. 6. The changes of images and the relief plots of a cross shaped object in dependence of 
number of the rays a) reconstructed object, b) reconstruction with the aid of Linear Least 
Squares Method , c) reconstruction with the aid of FOCUSS 

It is worth to mention, that shown in Figures: 4÷7 achieved results were constructed for 
unpolluted synthetic data and the images were not filtered in order to check the behaviour 
of the image construction algorithm. 
Theoretical and experimental researches carried out in this work prove that by increasing 
the number of radiuses which cross the pipe we increase the number of rows in the 
coefficient matrix W. It causes the results improvement, but at the same algorithm’s  
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Fig. 7. The changes of images and the relief plots of a cross shaped object in dependence of 
number of the rays a) reconstructed object , b) reconstruction with the aid of Linear Least 
Squares Method , c) reconstruction with the aid of FOCUSS 
execution time. Thus the number of rays should be selected in reasonable and considered 
way, thinking about image’s quality and algorithm’s execution time. By increasing the size 
of the resolution of the square greed (increase number of pixel) we cause a rise of the 
number of columns in coefficient matrix W. On the other hand, with higher resolution of the 
square greed, reconstructed object could have more details and it is more similar to the real 
object. We should notice that with higher resolution of the square greed, the number of rays 
has to be increased proportionally. 
After checking the behaviour of described above the image construction algorithms we tried 
to receive a velocity profile of the flow. For receive a velocity profile computations were 
made in area of a pipe with 0,20 m diameter. In the model transmitters (N=32) and receivers 
(O=48) were evenly distributed around cross-sectional area of the pipe as shown in Fig. 8.  
In analyzed model the transmitters one by one generates ultrasound impulses, which with 
different delays reach all receivers (Polakowski at al., 2008, b). 
This work contains examples of simulation computations of the complex shape modelling 
the flow with complicated 3D shape (Fig. 9). Chosen methods made it possible to obtain 
tomographic images that accurately map tested shape (Fig. 11). 
The tested area with modelled object was divided into 5 surfaces (Fig. 10). In each surface 
were made 32 projections with help of 32 x 48 rays between 32 transmitters and 48 
receivers in each surface. In all surfaces were made calculations, which gave tomography 
images of calculated area. On figure 9 are shown only 9 from all achieved results with 
their relief plots.  
From these 2,5 D results we can quite accurately reconstruct the whole 3D modelled flow 
shape. 
The system of equations describing that tomographic imaging was solved with the aid of 
Linear Least Squares Method. Condition number of the resulting rectangular matrix was 
high enough so that the classical Kaczmarz’s algorithm was not able to produce correctly 
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results (Polakowski at al., 2008, b). That is why I have to take into account pseudo rank 
deficiency of the matrix coefficients. I have considered all possible candidate solutions 
according Eq. (21), when k was changing from 1 till the full pseudo–rank. 
 

 
 
 

 
 
 
 
 

Fig. 8. Modelled area divided with 32x32 pixels and evenly distributed transducers: 32 
transmitters N x 48 receivers O 
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Fig. 9. All possible 1536 rays in modelled cross-sectional area from 32 projections between 32 
transmitters and 48 receivers 
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Fig. 10. Model of the complicated flow shape and its 2,5D visualization 
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Fig. 11. Two examples of obtained tomography images with their relief plots in W1 (a, b) 
and W2 (c, d) surfaces used for reconstruction of the flow in 2,5 D 

I also have performed calculations for noise polluted data. The noise was generated 
according to algorithm where the changes in rays flow were achieved through changing the 
position of transmitters and receivers according to Eq. (33), where in case of noise a random 
number llos with weight w was added to ny coordinate llos was within the <0, 1> scope and 
was calculated by random numbers generator.  

 ( 0,5)y y los yn n w l n= + −  (33) 

After that the value was reduced by 0,5 in order to get positive or negative values. 
In this case even data with high noise haven’t caused big image deformation. It is an 
essential fact, because real data consists of noise from measurement errors. 
The obtained tomography images (Fig. 11) confirm that chosen method gave us images that 
accurately map tested shape. 
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The obtained tomography images (Fig. 11) confirm that chosen method gave us images that 
accurately map tested shape. 
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3. Conclusion 
The calculations with use of the modelling in 2,5D space, give a chance to get results which 
reflect the phenomenon in the analyzed 3D area, quite accurately (Fig. 9). The obtained 
results are satisfying and further work should be given the answer for the question, if the 
proposed method will finding practical application in automotive applications. The 
simplification of calculations with assuring the sufficient accuracy in making tomography 
images of analyzed physical phenomenon should succeed in faster obtaining of results. This 
issue is important because the contemporary tomography is expected to bring real time 
tomography images of dynamically changing environment. 
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1. Introduction    
The automotive industry has pioneered the large scale use of robots. Long production runs 
of identical car bodies were the ideal field of application for early industrial robots, and spot 
welding lines with hundreds of robots have become a familiar sight. However, a lot of the 
production equipment is still based on hard automation. Today’s market is increasingly 
putting automobile manufacturers under pressure to offer customers more choice of 
products and variants with decreasing life cycle, while at the same time demanding lower 
production costs. To fulfill these apparently contradictory requirements, a single line must 
be able to produce a mix of different models, and must “learn” to make new models without 
calling for a total re-design of its equipment – and preferably without even stopping 
production (“rolling launches”). 
To responded to these demands it is necessary to make the automotive body assembly more 
adaptable, easier to install and more economic on space. This can be achieved with the 
presented concept (FlexLean) that introduces modular and highly flexible solutions based 
on modular, standardized components consequently in all levels of the automation (Negre 
& Legeleux, 2006). 
First of all the line is based on standardized and freely configurable cell modules. The 
complete line is made up of these highly flexible modules which are connected by a material 
handling track motion and standard communication interfaces only. The cells again achieve 
their high flexibility through a rigorous utilization of robot technology, not only for 
handling and welding with robots but also for clamping and fixturing systems. Key 
elements are here programmable flexible positioners, called FlexPLPs. These positioners can 
have depending on requirements different types of kinematics with one up to four axes and 
replace the tooling equipment used today for locating, handling and fixing car bodies or 
other parts. A special Deltapod kinematic is described in more detail that combines high 
accuracy and stiffness with an excellent compactness and light weight. To fulfill the wide 
range of requirements on the flexible positioners for the totally different tasks in the car 
body assembly they are built based on standardized components. A concept will be 
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1. Introduction    
The automotive industry has pioneered the large scale use of robots. Long production runs 
of identical car bodies were the ideal field of application for early industrial robots, and spot 
welding lines with hundreds of robots have become a familiar sight. However, a lot of the 
production equipment is still based on hard automation. Today’s market is increasingly 
putting automobile manufacturers under pressure to offer customers more choice of 
products and variants with decreasing life cycle, while at the same time demanding lower 
production costs. To fulfill these apparently contradictory requirements, a single line must 
be able to produce a mix of different models, and must “learn” to make new models without 
calling for a total re-design of its equipment – and preferably without even stopping 
production (“rolling launches”). 
To responded to these demands it is necessary to make the automotive body assembly more 
adaptable, easier to install and more economic on space. This can be achieved with the 
presented concept (FlexLean) that introduces modular and highly flexible solutions based 
on modular, standardized components consequently in all levels of the automation (Negre 
& Legeleux, 2006). 
First of all the line is based on standardized and freely configurable cell modules. The 
complete line is made up of these highly flexible modules which are connected by a material 
handling track motion and standard communication interfaces only. The cells again achieve 
their high flexibility through a rigorous utilization of robot technology, not only for 
handling and welding with robots but also for clamping and fixturing systems. Key 
elements are here programmable flexible positioners, called FlexPLPs. These positioners can 
have depending on requirements different types of kinematics with one up to four axes and 
replace the tooling equipment used today for locating, handling and fixing car bodies or 
other parts. A special Deltapod kinematic is described in more detail that combines high 
accuracy and stiffness with an excellent compactness and light weight. To fulfill the wide 
range of requirements on the flexible positioners for the totally different tasks in the car 
body assembly they are built based on standardized components. A concept will be 
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proposed how different types of positioners again can be designed automatically based on 
the standard components matching exactly the requirements of the process like workspace, 
load, stiffness, accuracy. Finally such a flexible automation system needs a control concept 
that allows the engineering and programming of the cells with minimal effort for the line 
builder and customer. The proposed control solution profits directly from the concept of the 
modular and standardized cells. This allows also a very modular control concept based on 
standardized control modules. Going this way consequently to the end, it will be shown that 
it is even possible to replace the classical programming by only simply configuring the 
desired behaviour of the components up to the sequence of a whole cell. 
 

 
Fig. 1. Assembly line based on standardized modular cells 

2. The FlexLean concept 
2.1 Flexible and modular assembly line 
With FlexLean an automotive body assembly line is composed out of freely configurable 
and standardized cells (see Fig. 1). Each of these cells is a modular robot cell where all 
equipment from the robots up to the controllers and cabling are pre-mounted on a platform. 
Every cell has its own control and operational system responsible for all operations in the 
cell from robot movements, part handling and transport of the car body up to the whole 
production cycle. A cell is connected to its neighbouring cells only by a standardized 
communication interface for handling the handover of parts from on cell to the next and by 
a handling track motion for the car body. In this way every cell is a standalone system that 
can, if necessary, be replaced very easily by another cell module at any time or new cells can 
be introduced in the line to adapt to extended requirements, new processes or a new type of 
car model. 
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Fig. 2. FlexLean standardized cell with 6 robots, track motion and positioners for multi-
model car body assembly 

Fig. 2 shows a schematic layout of such a standardized cell. It can have a different number of 
robots (typically 2 to 6) that can be equipped with a choice of predefined process packages 
(like spot welding, material handling, sealing ...). Further it can have e.g. a different number 
of manual loading stations. For the part handling of the car body in the cell and between the 
cells a robot like servo controlled track is used enabling for precise and high speed part 
transfer. Further key elements of the standard cells are the programmable flexible 
positioners that replaces fixed tooling equipment used today holding and fixing car bodies 
on the track motion as well as for holding and handling of parts in the cell . 

2.2 Flexible positioning and gripping 
A car body is made out of 300 to 500 parts (Wemhöner, 2005). Robotized spot welding is the 
most common process to reliably join the parts; to secure the geometry of the car, every part 
has to be held in place by a fixture prior to welding. The accuracy and stiffness of fixturing 
of the shaped metal sheets defines the final quality of the car body geometry. 
To achieve this, the cars are built often on top of skids which are transported by a conveyor 
through the factory (see Fig. 3). These skids have some drawbacks: first of all they need to be 
returned to the beginning of the line after finishing the car. Since they are not flexible and 
assigned to one car model only, they need to be exchanged when changing to another car 
model. This requires heavy skid handling equipment in the line and a lot of place for storing 
the different types of skids. The effort for this explodes with the number of car models 
produced in one line. 
In FlexLean the traditional conveyors have been replaced by the already mentioned track 
that transports the car body from on cell to the next only. The proposed flexible and lean 
approach is to avoid car model specific tooling altogether and replace them by fixtures with 
programmable geometry that can adapt to any car body. This is achieved by the flexible 
programmable positioners (FlexPLP) replacing every pole carrying a locator by a positioner. 
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Fig. 3. A model specific skid (pallet) with fixtured car underbody on roller table 

Thus instead of the skids a number of FlexPLP is mounted on the track carrying the car 
body from one cell to the next (see Fig. 4 in the background). In the cell again fixed mounted 
flexible positioners take over the car body from the track motion allowing the track motion 
to get the next car body from the previous cell (see Fig. 4 in the foreground). 
 

 
Fig. 4. Car body on track motion carried by flexible positioners (background) and flexible 
positioners taking over the car body in the next cell (foreground) 

As for the handling of underbodies/car bodies it is also necessary to find a new solution for 
the part handling in the cell. Today mostly geometric grippers are used, which can already 
have a modular structure but are restricted to a fixed geometric shape for only one part. To 
achieve the required flexibility to adapt to different sizes of parts for different car models, it 
is possible in the same way as for the skids to replace the fixed locators off the geometric 
grippers with programmable positioners. Fig. 8 shows examples for such a type of highly 
flexible geometric gripper with different types of flexible positioners that will be mounted 
on robots. Since all them use robot technology they can be programmed and controlled like 
the conventional robots integrated in each car body assembly cell. 

3. Flexible positioners 
3.1 Conventional Cartesian positioners 
The obvious approach to build a 3-axis positioner for carrying the pin locators and clamping 
tools typically used for positioning and fixing car body parts is based on a Cartesian 
arrangement of single linear axis modules. 
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Such a design involves low design and engineering complexity on one hand which make 
them quite easy to use for stationary positioner arrangements. Furthermore they allow for 
robust and dust protected designs which can be easily scaled for different workspace sizes 
on each axis separately. But on the other hand this concept involves quite high masses and 
inertia for a certain level of stiffness which implies directly less suitability for mobile 
application e.g. the positioners are mounted on the track motion based part transfer system 
or mounted on a flexible gripper which is attached to the robot. Furthermore the TCP of 
Cartesian positioner axes can hardly reach out of the footprint without a tremendous design 
effort which is also required for positioner applications on mobile servo shuttles in order to 
allow for a short part transfer time. 

3.2 Positioners based on parallel kinematic machines 
After a screening of machine concepts that would fulfill the requirements, especially the 
small footprint and the fact that the TCP will have to move outside the footprint, posed a 
challenge. It became obvious that the combination of requirements called for a parallel 
kinematic machine (PKM) concept, but none of the known kinematics became an obvious 
candidate. 

3.2.1 The 3 dof challenge of parallel kinematic machines 
The 3-UPU machine – based on a characteristic kinematic chain using an universal joint U, 
and one prismatic joint P afterwards and then another universal joint U – was first 
introduced by Tsai (Tsai, 1996). It looks strikingly simple and promises to be a very lean and 
low cost machine for pure translational motions compared to the well known Hexapod, as it 
uses only 3 instead of 6 variable length struts and blocks the unwanted rotational degrees of 
freedom by using universal joints. Many researchers have built 3-UPUs and reported 
interesting results, but the main problem remains that the struts experience very high 
rotational moments, which results almost unavoidably in a low stiffness, or in a very bulky 
design. Surprisingly, this fact has not been widely published in terms of real measurements. 
After prototyping a simple 3-UPU machine, this option was ruled out, and it became clear 
that 6 legs are needed to avoid torsional moments and get high stiffness. Using Hexapods 
for translational motions, however, is not an option either in applications that are sensitive 
to cost. The need for extra motors, cables, power amplifiers and control prohibits the use of 
Hexapods in purely translational applications in most cases. Other machines for 3-axis 
translational motions use fixed strut length and linear motions that would either violate the 
footprint constraint (by moving the foot points horizontally) or the requirement to have a 
workspace area bigger than the footprint (by moving the foot points vertically up). 
A Delta machine (Clavel, 1988) would come closest, but still could not be made compact and 
stiff enough. So the only feasible machine would be a combination of Delta (for 3-axis 
motion) and Hexapod (Gough & Whitehall, 1962) (for stiffness and footprint). Such a 
machine would use parallelograms in a Delta configuration that could be changed in length 
by a single motor and pivot around 2 axes. Unfortunately, such parallelograms did not exist 
so far, and it was not obvious how to design them.  
A parallelogram that can be extended and retracted by a single motor can be made out of 
two cylinders with ball screws and a mechanical coupling, like gears or belts. If such a 
parallelogram is required to pivot around two axes, the distance between the cylinders 
changes and things become more complicated. Nevertheless, several solutions were 
developed by the authors, and the most compact one was chosen (see Fig. 5). The coupling 
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Fig. 3. A model specific skid (pallet) with fixtured car underbody on roller table 
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Fig. 4. Car body on track motion carried by flexible positioners (background) and flexible 
positioners taking over the car body in the next cell (foreground) 
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uses a sequence of bevel gears and a synchronization belt to accommodate for the 
parallelogram’s pivoting motion (patent pending). Four universal joints provide the 
required degrees of freedom. 
 

  
Fig. 5. FlexPLP based on pivotable extensible parallelogram actuator module (left) and its 
application on a twisted Deltapod mechanism (right) 

3.2.2 The Deltapod positioner kinematics 
With the parallelogram actuator required machine element in place, a variety of PKMs can 
be synthesized. According to the above requirements, the Deltapod was constructed, which 
is based on the Delta geometry with equilateral triangles defining the position of the 
alignment of the joints on the base and on the moving platform.  
However – due to the small footprint and the offset length of the cylinders, a symmetrical 
Delta configuration exhibits an insufficient stiffness in horizontal direction, and would be 
badly-conditioned. The solution here was to twist the base joint positions points around the 
center axis of symmetry, and to twist the upper platform joints in the opposite direction, 
while at the same time reducing the diameters of the principal circles that define the 
geometry (see Fig. 6).  
 

 
Fig. 6. Compacting footprint by twisting joint axes positions from the classic delta (left) to 
the twisted delta (right) configuration 
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The result of this operation is that the machine is compacted, while the condition number 
remains almost identical – hence stiffness and velocity relations are not affected. The only 
drawback of this operation is that a twist torque on the plat-form is created due to loss of 
symmetry. It turns out, though, that this can be easily compensated by anti-rotational 
measures of the legs – the resulting torsional moments in the legs are much lower than in 
the 3-UPU design. As a result, a very compact and strong PKM is achieved, and it was 
possible to meet all of the requirements for the flexile underbody fixturing application. 

3.2.3 T-pod4- positioner kinematics 
Parallel kinematic machines offer an inherent modularity. It is therefore natural that for any 
new PKM concept, a variety of derivatives exist.  
In the given case, we derive the T-pod based on the developed parallelogram module, by 
aligning two parallelogram planes such that the upper joints form (nearly) a single line, 
hereby blocking two rotations, and by placing the third parallelogram plane perpendicular, 
(see Fig. 7). The name was chosen because the joint locations on the movable platform 
resemble a T-shape. 
The advantage of this machine is the reduced footprint in one direction, so that it can be 
place in very narrow spaces, but in particular the possibility to remove the synchronization 
and add an extra motor to the perpendicular parallelogram, so that an optional tilt motion 
around the symmetry axis can be introduced leading to the T-pod4 configuration. This can 
be particular useful when fixturing buckled car body parts. The T-pod4 is somewhat related 
to the Kanuk (Rolland, 1999), even though the drive mechanism is different. 
 

 
Fig. 7. A T-pod with 3 d.o.f. (left) and a T-pod4 with 4 d.o.f.(right) 

3.2.4 Flexible grippers based on positioners 
Combining e.g. four of those T-POD positioners to a common backbone attached to a 
powerful handling robot a flexible programmable gripper can be achieved which provides 
an excellent payload compared to its own mass (see Fig. 8).  
By use of flexible grippers the part logistics within highly flexible car body assembly lines 
which is another big issue become addressed. With flexible grippers’ space and cycle time 
consuming tool changing of different grippers as well as additional grippers themselves can 



 New Trends and Developments in Automotive Industry 

 

214 

uses a sequence of bevel gears and a synchronization belt to accommodate for the 
parallelogram’s pivoting motion (patent pending). Four universal joints provide the 
required degrees of freedom. 
 

  
Fig. 5. FlexPLP based on pivotable extensible parallelogram actuator module (left) and its 
application on a twisted Deltapod mechanism (right) 

3.2.2 The Deltapod positioner kinematics 
With the parallelogram actuator required machine element in place, a variety of PKMs can 
be synthesized. According to the above requirements, the Deltapod was constructed, which 
is based on the Delta geometry with equilateral triangles defining the position of the 
alignment of the joints on the base and on the moving platform.  
However – due to the small footprint and the offset length of the cylinders, a symmetrical 
Delta configuration exhibits an insufficient stiffness in horizontal direction, and would be 
badly-conditioned. The solution here was to twist the base joint positions points around the 
center axis of symmetry, and to twist the upper platform joints in the opposite direction, 
while at the same time reducing the diameters of the principal circles that define the 
geometry (see Fig. 6).  
 

 
Fig. 6. Compacting footprint by twisting joint axes positions from the classic delta (left) to 
the twisted delta (right) configuration 

FlexLean - Flexible Automation for Automotive Body Assembly   

 

215 

The result of this operation is that the machine is compacted, while the condition number 
remains almost identical – hence stiffness and velocity relations are not affected. The only 
drawback of this operation is that a twist torque on the plat-form is created due to loss of 
symmetry. It turns out, though, that this can be easily compensated by anti-rotational 
measures of the legs – the resulting torsional moments in the legs are much lower than in 
the 3-UPU design. As a result, a very compact and strong PKM is achieved, and it was 
possible to meet all of the requirements for the flexile underbody fixturing application. 

3.2.3 T-pod4- positioner kinematics 
Parallel kinematic machines offer an inherent modularity. It is therefore natural that for any 
new PKM concept, a variety of derivatives exist.  
In the given case, we derive the T-pod based on the developed parallelogram module, by 
aligning two parallelogram planes such that the upper joints form (nearly) a single line, 
hereby blocking two rotations, and by placing the third parallelogram plane perpendicular, 
(see Fig. 7). The name was chosen because the joint locations on the movable platform 
resemble a T-shape. 
The advantage of this machine is the reduced footprint in one direction, so that it can be 
place in very narrow spaces, but in particular the possibility to remove the synchronization 
and add an extra motor to the perpendicular parallelogram, so that an optional tilt motion 
around the symmetry axis can be introduced leading to the T-pod4 configuration. This can 
be particular useful when fixturing buckled car body parts. The T-pod4 is somewhat related 
to the Kanuk (Rolland, 1999), even though the drive mechanism is different. 
 

 
Fig. 7. A T-pod with 3 d.o.f. (left) and a T-pod4 with 4 d.o.f.(right) 

3.2.4 Flexible grippers based on positioners 
Combining e.g. four of those T-POD positioners to a common backbone attached to a 
powerful handling robot a flexible programmable gripper can be achieved which provides 
an excellent payload compared to its own mass (see Fig. 8).  
By use of flexible grippers the part logistics within highly flexible car body assembly lines 
which is another big issue become addressed. With flexible grippers’ space and cycle time 
consuming tool changing of different grippers as well as additional grippers themselves can 



 New Trends and Developments in Automotive Industry 

 

216 

be abandoned. Different from typical tool (gripper) changing a flexible gripper will be 
reconfigured according to the part geometry of the successive car model during the transfer 
motion of the handling robot without affecting the primary processing time. 
 

  
Fig. 8. Flexible Gripper Examples T-pod based (left) and hybrid linear module based 
attached to a handling robot (right) 

4. Engineering of flexible postioners 
4.1 Application specific positioner requirements 
For the concept for a flexible multi-model car body assembly line presented in this chapter, 
positioners are used for different applications: These are stationary flexible fixtures, mobile 
flexible fixtures on the shuttle and mobile flexible grippers. Each application involves 
different requirements which need to be reflected by an adequate design and configuration 
of the positioner mechanism. Both the serial Cartesian as well the parallelogram actuator 
basing parallel mechanisms can be optimized and dimensioned towards these requirements. 
 

 Flexible Fixtures 
stationary/mobile 

Flexible Gripper 
mobile 

Repeatability ± 0.05 mm ± 0.1 mm 
Speed 100 – 250 mm 100 mm 
Reach per axis 200 – 400 mm 100 – 200 mm 
Stiffness > 1 N/μm > 1 N/μm 
Mass 50 – 130 kg 20 – 40 kg 
Payload Dynamic 30-50 kg 5 – 30 kg 
Payload Static 150 kg 55 – 100 kg 

Table 1. Examples for positioner mechanism related requirements with respect to 
application 
Choosing the optimal mechanism dimensions for the best performance is still a challenging 
task because variations of the geometric parameters lead to greater variations of the machine 
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performance than for conventional serial structures. Furthermore there are a lot of 
performance criteria which have to be taken into account. Another problematic issue is to find 
global values for criteria which depend on the pose of the working platform of the mechanism.  
The most important requirements on PKM especially but not only for tooling applications 
are workspace, accuracy, stiffness, velocity and lifetime. But these keywords must be looked 
at more precisely and put into mathematical expressions. The characteristic functions allow 
establishing performance criteria and help to recognize the degree of fulfillment of a PKM 
structure with regard to the requirements (Tsai, 1999).  
Typically all requirements and developed characteristic functions assigned to PKM 
structures are generally not constant or isotropic, but depend on the location or pose 
(position and orientation) of the working platform in the plane or space. Isotropic behaviour 
is strongly desired, but is a subsequent task of selection, often in coherence with optimizing 
procedures. Almost all performance criteria depend on the position and orientation of the 
TCP of the PKM. However, in an optimization design process we have to compare and 
assess different parameterized kinematic structures using global criteria characterizing the 
structural behaviour inside of the workspace (Krefft et al., 2005) (Gosselin, 1998).  
Since these complex calculations are mainly reserved to mechanism experts it is hard to use 
the inherent modularity of PKM to full potential in view of the requirements give by each 
single tooling application. 
 

 
Fig. 9. Schematic architecture of mechanism engineering tool 

4.2 Tool concept for efficient positioner engineering 
One promising approach is a software tool based methodology that enables an efficient 
engineering of optimized modular mechanisms for tooling applications based on flexible 
positioners and grippers. In general it should support the specifics of parallel mechanisms 
but it is preferably also extendable to serial and hybrid kinematic mechanisms. 
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According to the concept of the engineering tool the user has to provide all available 
application related information where the tooling is required for, but the user does not need 
to provide mechanism design expertise (see Fig. 9). The tool is mapping application specific 
requirements to an adequate layout of mechanism subsystems and their optimized 
configuration via defined characteristics functions.  
A selection and optimization sub routine ensures to find the best possible mechanism 
solution in terms of technical requirements but also cost based on the entered information of 
the specific application.. It considers a variant strategy with a predefined number of 
standard components and variants provided by libraries for proved positioner mechanism 
families and their subunits and components. 
A set of interfaces provide mechanism related model data for control (motions files and user 
interface parameters) and for sub-sequent simulations with advanced tools for line concept 
simulation, offline programming.  
These features enable not only an efficient design and planning positioners but also 
manufacturing, assembly and commissioning of these mechanisms. In order to guarantee 
for a high uptime of the positioner units during their operation one important element will 
be to derive some predictions of required maintenance cycles or even lifetime estimates 
depending on the specific tasks the positioner units are supposed to perform. 

5. Flexible engineering of cell control 
5.1 Flexible programming and engineering of cells 
Full advantage of the FlexLean concept can only be taken if the corresponding 
manufacturing process control is supporting the concept’s flexibility and modularity. 
Therefore the program of the programmable logic controller (PLC) has to fulfill certain 
requirements as modular structure, well-defined interfaces, encapsulation and functional 
flexibility. One PLC program per cell is managing the manufacturing process inside the cell. 
Each manufacturing device as FlexPLPs, track motion, robots, fixtures, etc. has its own 
control code module within the PLC program handling all device functionalities. These 
control modules are interconnected via well-defined standard interfaces allowing high 
flexibility in module interactions. The working sequence of a device (e.g., handling or 
welding of car parts) is controlled and executed only by its control module. Working 
sequences of several devices are synchronized via the module interfaces.  
Instead of fixed and pre-programmed working sequences limiting the device functionalities 
to a few procedures, the working sequences on their part are split into a set of basic 
standard working steps which can be set in an arbitrary order. For example the taking of a 
car part by a robot from a fixture and subsequently placing it on the car body for welding is 
organized in steps as “Approach to fixture”, “Pick-part”, “Approach to track”, “Put-Part on 
car body on track”, “Wait-for Welding”, “Back-Approach from track”. The single working 
step is a predefined and independent subsequence without need for synchronization with 
other device sequences during its execution. Synchronization takes place only between 
working steps. The working step concept allows high flexibility in coping with a wide range 
of different working sequences. The control module of each device has a control routine for 
each possible working step which is executed according to the complete working sequence. 

5.2 Configuration instead of programming 
One of the most innovative aspects of the engineering concept is that the working sequence 
is no longer hard coded in the control program but only configured. The customer can 
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configure the desired working sequences for each devices and product type via a wizard on 
the human-machine-interface (HMI) just by selecting and configuring working steps from a 
list (see Fig. 10) without knowledge of PLC-programming.  
The time-consuming process of programming, compiling, transferring to the PLC and 
debugging the generated code is no longer necessary. The control program contains all 
necessary control functionalities to handle all possible working steps. The corresponding 
control code for a specific working sequence is not generated and then transferred to the 
PLC but exists already as pre-programmed and fully tested control module on the PLC. The 
control module of each device reads the customer-configured working sequence and 
executes it working step by working step. These sequences of working steps are executed for 
each device by a sub-control module called sequencer.  
The customer can synchronize several sequencer with a working step called “Wait”, for 
which a devices and a working step number are parameterized. Once the sequencer is 
executing this step, it is waiting until the sequencer of the specified device has reached the 
corresponding working step number.  
 

 
Fig. 10. Configuration wizard for working sequences 

Start conditions are checked before executing a working step to ensure that no constraints 
are violated by starting this step. End conditions have to be fulfilled before declaring a 
working step as finished and launching the next step in the sequence.  
Thus the configuration data contains not only the working sequences but also information 
about safety constraints for working steps and devices. As for example a robot is only 
allowed to pick a part from a fixture if certain fixture clamps are open or closed. For each 
product type different constraints and settings can be configured by the customer. Complete 
flexibility is available via the configuration of settings for part sensors, fixture clamps, robot 
moves, safety settings, robot interlocking, working steps and sequences for all devices, etc. 
Even the cell layout can be configured. If robots, fixtures or operators are present within the 



 New Trends and Developments in Automotive Industry 

 

218 

According to the concept of the engineering tool the user has to provide all available 
application related information where the tooling is required for, but the user does not need 
to provide mechanism design expertise (see Fig. 9). The tool is mapping application specific 
requirements to an adequate layout of mechanism subsystems and their optimized 
configuration via defined characteristics functions.  
A selection and optimization sub routine ensures to find the best possible mechanism 
solution in terms of technical requirements but also cost based on the entered information of 
the specific application.. It considers a variant strategy with a predefined number of 
standard components and variants provided by libraries for proved positioner mechanism 
families and their subunits and components. 
A set of interfaces provide mechanism related model data for control (motions files and user 
interface parameters) and for sub-sequent simulations with advanced tools for line concept 
simulation, offline programming.  
These features enable not only an efficient design and planning positioners but also 
manufacturing, assembly and commissioning of these mechanisms. In order to guarantee 
for a high uptime of the positioner units during their operation one important element will 
be to derive some predictions of required maintenance cycles or even lifetime estimates 
depending on the specific tasks the positioner units are supposed to perform. 

5. Flexible engineering of cell control 
5.1 Flexible programming and engineering of cells 
Full advantage of the FlexLean concept can only be taken if the corresponding 
manufacturing process control is supporting the concept’s flexibility and modularity. 
Therefore the program of the programmable logic controller (PLC) has to fulfill certain 
requirements as modular structure, well-defined interfaces, encapsulation and functional 
flexibility. One PLC program per cell is managing the manufacturing process inside the cell. 
Each manufacturing device as FlexPLPs, track motion, robots, fixtures, etc. has its own 
control code module within the PLC program handling all device functionalities. These 
control modules are interconnected via well-defined standard interfaces allowing high 
flexibility in module interactions. The working sequence of a device (e.g., handling or 
welding of car parts) is controlled and executed only by its control module. Working 
sequences of several devices are synchronized via the module interfaces.  
Instead of fixed and pre-programmed working sequences limiting the device functionalities 
to a few procedures, the working sequences on their part are split into a set of basic 
standard working steps which can be set in an arbitrary order. For example the taking of a 
car part by a robot from a fixture and subsequently placing it on the car body for welding is 
organized in steps as “Approach to fixture”, “Pick-part”, “Approach to track”, “Put-Part on 
car body on track”, “Wait-for Welding”, “Back-Approach from track”. The single working 
step is a predefined and independent subsequence without need for synchronization with 
other device sequences during its execution. Synchronization takes place only between 
working steps. The working step concept allows high flexibility in coping with a wide range 
of different working sequences. The control module of each device has a control routine for 
each possible working step which is executed according to the complete working sequence. 

5.2 Configuration instead of programming 
One of the most innovative aspects of the engineering concept is that the working sequence 
is no longer hard coded in the control program but only configured. The customer can 

FlexLean - Flexible Automation for Automotive Body Assembly   

 

219 

configure the desired working sequences for each devices and product type via a wizard on 
the human-machine-interface (HMI) just by selecting and configuring working steps from a 
list (see Fig. 10) without knowledge of PLC-programming.  
The time-consuming process of programming, compiling, transferring to the PLC and 
debugging the generated code is no longer necessary. The control program contains all 
necessary control functionalities to handle all possible working steps. The corresponding 
control code for a specific working sequence is not generated and then transferred to the 
PLC but exists already as pre-programmed and fully tested control module on the PLC. The 
control module of each device reads the customer-configured working sequence and 
executes it working step by working step. These sequences of working steps are executed for 
each device by a sub-control module called sequencer.  
The customer can synchronize several sequencer with a working step called “Wait”, for 
which a devices and a working step number are parameterized. Once the sequencer is 
executing this step, it is waiting until the sequencer of the specified device has reached the 
corresponding working step number.  
 

 
Fig. 10. Configuration wizard for working sequences 

Start conditions are checked before executing a working step to ensure that no constraints 
are violated by starting this step. End conditions have to be fulfilled before declaring a 
working step as finished and launching the next step in the sequence.  
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FlexLean cell can be set via parameters on the HMI and thus the corresponding control 
module is activated for execution on the PLC.  
This configuration concept meets the flexibility of the whole FlexLean solution. Starting 
from basic manufacturing device functionalities, specific working sequences for different 
product types can be configured by the customer and executed directly after downloading 
the configuration data to the PLC.  

6. Summary 
When car model specific and geometrically fixed toolings for fixtures and grippers will be 
replaced by flexible tooling using programmable and lean positioners, new assembly 
concepts can be introduced. Thus the FlexLean concept allows designing highly flexible 
automotive body assembly lines for a changing mix of different models in the same line. The 
need for redesigning when introducing new models is now replaced by a simple 
reconfiguration of the cell control. This allows model change on the fly. 
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1. Introduction  
Nowadays, the world faces unprecedented challenges in the social, environmental and 
economic dimensions. Industrial design has an important contribution shown in all of these 
dimensions with solutions that provide positive answers. In particular, due to its relevance, 
the automotive industry confronts a moment of crisis, and based on the ecodesign of 
products it has been transforming the challenges in opportunities. 
In the broad sense of Bertalanffy´s (1969) theory, earth and its inhabitants form a single live 
body in constant evolutive dynamics, in which the human activity influences and is 
influenced by the environment. Since natural and artificial systems work in holistic 
relationship, synergy between and self-organization of living organisms maintains the 
global equilibrium of the systems. 
According to Uexküll (1982) there are different and tangible environments which depend on 
the environmental perception of each species. Thus, the activity and influence of each species 
in nature are directly related to biological scope. In this sense, the human being developed the 
ability to create goods and tools to ensure its survival in a hostile and unknown world, 
beginning a new age based, exclusively, on material consumption from local environment, in 
which societies perceived and recognized themselves as an integral part of nature. Thus, the 
consumption rate was consistent with the capacity of the natural systems to absorb waste and 
generate new natural resources. It did not imply large changes in the environment since it was 
constrained by biological limits of societies to reach so far lands. 
After the industrial revolution, landmark of human domain over nature, this equilibrium 
between natural and human (artificial) systems was changed drastically. The industrialized 
society expanded its natural limits, accelerating the consumption of natural resources hence 
the environmental impacts, unprecedented in human history. 
The human activity has reached a scale that resulted in severe perturbation of the nature 
(Schumacher, 1989) and as a consequence environmental issues constitute a central theme in 
international policy debates since the 60s. In this context, a group of researchers founded the 
Rome Club, which pointed out the limits for population and economic growth based on the 
finiteness of natural resources, through the well-known report “The limits to growth” 
(Meadows et al., 1972). From that moment, policy changes were perceived in some countries 
and sustainability became a central point among policy makers, managers, environmental 
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movements and scientific debates. In the 70s sustainable development emerged as a concept, 
providing a new view point for environmental issues from purely qualitative to quantitative 
approaches, recognizing technological, economic and environmental constrains for that 
growth. 
In the 80s, environmental impacts were assigned to the industrial systems and their 
technological determinism. Nature was considered as a development constraint and costly 
to global production, reducing the competitiveness of companies. Then, to emphasize the 
natural resources finitude and the necessity to reduce the consumption, the United Nations 
established the World Commission on Environment and Development (WCED), which 
produced the so called Brundtland Report “Our common future” (United Nations, 1987). In 
the 90s, the globalization brought a new perspective on environmental issues, recognizing 
them as a global as well as the common interest of nations to establish policies for 
sustainable development. 
At the global conference Rio-92, sustainable development was defined as “the model of 
development which aims the environmental sustainability through the rational use of 
natural resources in order to meet the current generation needs without compromise future 
generation needs”. It was established the “Agenda 21” (United Nations, 1992), suggesting 
targets for sustainable policies of nations, and after that societies have noted that the 
environmental depletion implies direct impacts on global economic development, as 
demonstrated by the results in recent decades. In order to foster the evaluation of the Rio-92 
proposals, by 2002, the UN organized the World Summit on Sustainable Development – 
Johannesburg (Rio+10), and it confirmed the poor advance until then. Indeed, only 40 
countries had achieved their environmental targets, 24% of the forests around the world had 
disappeared only in the 90s, and fossil fuel consumption (and CO2 emissions) had increased 
about 10% from 1992 to 2002 (United Nations, 2002). It was made clear that the current 
development model emphasis economic activities as more important than environment, 
leading to the depletion of natural resources that are essential to satisfy society’s needs, even 
to maintain the current economic system. 
According to the UN – Commission for Sustainable Development (United Nations, 1996), 
sustainability has four dimensions: social, economic, environmental and institutional. It is 
concerned with the reduction of raw materials usage, and should focus on quality instead of 
quantity, promoting a better quality of life for everyone, even for future generations and 
also improving economic and social standards. Therefore, it is necessary to develop a new 
relationship between society and environment, in which the limits of natural ecosystems in 
support human activities are taken into account. 
This new approach requires deep mentality and behaviour changes to develop the 
environmental consciousness of societies. In fact, in a world with limited resources and 
many environmental impacts, it is obvious that environmental damage requires the 
integration of environmental factors in company budgets, promoting sustainable 
management strategies (Alves, 2006). In recent years, due to the growing global awareness 
and societal concern related to environmental issues, people perceive industrial products 
besides their look and performance. There are increasing concerns on the whole life-cycle of 
products, e.g. how they are made, used and disposed off. Therefore, in many countries, the 
environmental approach is becoming a relevant strategy to increase the market share of 
companies through sustainable products and processes. 
In this context, during the last decades several companies have been introducing sustainable 
concepts in their management and processes through the development of tools and methods 

Sustainable Design of Automotive Components Through Jute Fiber Composites: 
An Integrated Approach   

 

225 

to introduce fully environmental concerns in their activities related to product design. Since 
the design phase receives and manages information from other phases, it influences the 
whole company, determining activities such as production, marketing, sales, styling etc 
(Jeswiet & Hauschild, 2005). 
Many authors have pointed out the importance of design for company’s success, linking it 
to the global product development (Fig. 1). It makes decisions during planning, which 
influence the efficiency of products and processes in their whole life-cycle, also leading the 
definition of the best way to meet customer needs (Goedkoop et al., 1999). In the 90s, 
researchers stressed the design phase as essential to define the success of products and 
companies, pointing out that only among 5% – 15% of the launched products were 
profitable for companies (Baxter, 1999). Moreover, according to Bettina (Stamm, 2003) a 
British survey found that in 2002, about 75% of the SMEs (Small and Medium Enterprises) 
recognized the design phase as a significant strategic phase. Compared to other product life-
cycle phases, different studies indicate that design can anticipate new business 
opportunities and that about 70% of the product costs are decided in design phase (Deng, & 
Edwards, 2007). 
 

 
Fig. 1. Phases of the product development process 

Therefore, the earlier the improvements are taken into account, the higher the potential for 
cost savings. However, the large set of different functions and activities of the design 
process highlighted that a single method or even more a single tool is not enough to address 
all issues. Many design methods and tools have been developed and mixed to overcome 
those differences. For example, Chan and Tong (2007) have developed a specific method for 
a materials selection stage within a design phase based on a life-cycle approach.  
In this context, through the multidisciplinary nature of product design, companies can 
catalyze innovation and prevent pollution, since environmental issues need to be considered 
in the design phase. Moreover, design also represents an interface between people and 
companies that pressure and respond to it. Due to this, a collaborative design approach can 
better fulfill at the same time economic, social and environmental requirements. On the 
other hand, as discussed by Papaneck (1992), among others, design has been used as an 
instrument to motivate consumption. It has indirectly focused on profitable outcomes, 
driven by economic performance of products, in which such approach illustrates the 
predominance of economic rationality at the expense of environmental issues. Then, since 
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the design phase is presented as the core of the product development, in the last years 
environmental design has been widely studied to ensure that efforts toward increased 
environmental rationality and the sustainability of industrial systems are made. 

2. Ecodesign into the life-cycle thinking approach 
Over the last two decades the interest in environmental issues has grown significantly. Ever 
increasing attention has been paid to the environmental impacts emerged from design 
activities, hence from manufacture, usage, and disposal of industrial products. Since the 70s 
one of the authors, Victor Papanek (1971), also has been discussing the relationship between 
projectual professions and the environmental impacts raised by their activities. 
Twenty years later, Fiksel (1998) published one of the most famous works on the relationship 
between environmental and projectual issues. The book, illustrated with successful examples, 
states that projects can meet their environmental requirements without a decrease in other 
performances. He considers that designers must take into account environmental aspects in a 
broad life-cycle approach. In recent years, Manzini and Vezzoli (2002) also discussed about 
life-cycle thinking and the environmental effects from design. 
Environmental issues are vital for modern societies, besides the obvious survival problem, 
because natural resources depletion also implies the drastic decline of the current industrial 
and economic systems. However, only in recent years people have perceived industrial 
products besides their look and performance, mainly due to the growth of global awareness 
and societal concern about environmental impacts. People are increasingly concerned with 
the whole product life-cycle, for instance how products are made and how they are disposed 
of. In a world with limited resources and many environmental impacts, sustainable societal 
and industrial styles have become essential, requiring the integration of the environmental 
issues in public and private budgets. Consequently, nowadays several companies have been 
considering the environment as a powerful factor and a business opportunity. 
Recent surveys show that environmental issues now seem to be taken seriously by most 
business agendas. In the past, the majority of companies perceived environment as external 
or peripheral to their business activities, solving environmental issues by a “curative 
approach”, pollutant emissions were found and cleaned up (end of pipe). Afterwards, a 
preventive approach was developed to prevent pollution, it showed better results saving 
costs and resources, and it also motivated life-cycle thinking, hence the ecodesign concepts. 
Ecodesign also lead designers to take into account environmental aspects, besides 
traditional aspects currently considered. It implies a holistic outlook (life-cycle thinking) on 
all phases of a product or system, well known as cradle-to-grave approach, by measuring 
environmental outcomes that form the basis of ecodesign. The basic idea of ecodesign is to 
find the source of impacts, increasing the products eco-efficiency still in the design phase. 
Due to its preventive life-cycle nature, ecodesign represents the best set of strategies to 
improve companies’ market performance whereas it can be applied to develop “greener” 
projects for any industrial sector. Ecodesign has been recognized as an enabler of companies’ 
transformation, it can lead to behaviour changes that are urgently needed to improve our 
future, addressing environmental issues and problems behind problems. 
Although the design phase itself is a "clean phase”, most environmental impacts are defined 
there, and once a project moves from design to production, its environmental performance 
is largely defined/fixed. Thus, when potential environmental loads are made explicit even 
in that phase, strategies may be developed to prevent them. In the Netherlands, a research 
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suggested that the design process can reduce the current levels of pollution and resource 
consumption by about 25% to 50% per person (Hilton, 2008). 
Many terminologies of ecodesign have emerged during the last years, such as Design for 
Environment (DfE), Sustainable Design (SD) and Design for Sustainability (DfS) etc. They 
represent just an evolution of the perspectives on how the subject is perceived and also to 
some extent an increasingly critical perspective on ecology and design in theory and 
practice. (Baumann et al., 2002). Despite many definitions, ecodesign emerges as a 
conciliatory proposal between sustainability and design concepts, also influencing potential 
life and behaviours of communities when facing the environment in which they live. 
Unlike current design, used to stimulate consumption by creating desire for ownership and 
possession, ecodesign aims at a balance between tools and beliefs to establish a new ethic. Its 
concepts have potential to change consumer behaviours and ideas about satisfaction and 
quality of life. Moreover, ecodesign must be thought as a synergy towards a new aesthetical, 
technical and environmental reasoning, hence, toward new society beliefs. 
The main advantage of ecodesign is taking into consideration the environment at the earlier 
phases, in which constrains are more flexible, once in latter stages despite the project 
knowledge is large, few changes are feasible since most critical decisions have been taken, 
decreasing the creativeness, hence reducing the innovation level. 

3. Materials and ecodesign 
The control, extraction and use of materials have always been closely linked to the human 
history. For instance, the evolutionary ages are represented by materials such as Stone Age, 
Iron Age etc, and currently it is possible to state that modern societies have been living in 
the Plastic and Silicon age, despite the significant introduction of new materials in market. 
Nowadays, there are probably over 100.000 commercial materials on the market with 
different types of impacts on environment (Ljungberg, 2007). This long list demonstrates the 
problem related to the depletion of natural resources worldwide. Despite the increasing 
awareness of environmental problems in industrialized societies, society still depends on 
conventional materials to produce goods. The inability of the environment to support the 
constant abuse of human activities is becoming clear through various forms of pollution and 
natural resources depletion that threaten the survival of the planet. Due to this, some studies 
have demonstrated the depletion and scarcity of resources, even considering that the per 
capita consumption of natural resources in developing countries is about 1/6 of the 
consumption in developed countries (Tukker et al., 2000). For instance, the European waste 
generation is expected to increase about 43% by 2020, while its energy and resources 
intensity will decline (OECD, 2001). 
In this sense, the discussion about the preservation of natural resources has led to the 
renewed interest concerning materials, motivating changes in product design to address this 
environmental issue (Papanek, 1995). Collaborative R&D efforts among material scientists 
and engineers, research institutions and government have been stimulated to find 
commercial application for renewable natural raw materials, employing them in technical 
products and/or structural parts. Thus, ecodesign is not just a newly coined buzzword, but 
it has guided the development of a new generation of natural materials. It shows the 
importante role played by ecodesign related to the natural resource depletion, since it 
dictates the type and quantity of raw materials and energy that is required to produce and 
dispose products. Hence, it also shows how important materials are also in product design 
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suggested that the design process can reduce the current levels of pollution and resource 
consumption by about 25% to 50% per person (Hilton, 2008). 
Many terminologies of ecodesign have emerged during the last years, such as Design for 
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represent just an evolution of the perspectives on how the subject is perceived and also to 
some extent an increasingly critical perspective on ecology and design in theory and 
practice. (Baumann et al., 2002). Despite many definitions, ecodesign emerges as a 
conciliatory proposal between sustainability and design concepts, also influencing potential 
life and behaviours of communities when facing the environment in which they live. 
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quality of life. Moreover, ecodesign must be thought as a synergy towards a new aesthetical, 
technical and environmental reasoning, hence, toward new society beliefs. 
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phases, in which constrains are more flexible, once in latter stages despite the project 
knowledge is large, few changes are feasible since most critical decisions have been taken, 
decreasing the creativeness, hence reducing the innovation level. 

3. Materials and ecodesign 
The control, extraction and use of materials have always been closely linked to the human 
history. For instance, the evolutionary ages are represented by materials such as Stone Age, 
Iron Age etc, and currently it is possible to state that modern societies have been living in 
the Plastic and Silicon age, despite the significant introduction of new materials in market. 
Nowadays, there are probably over 100.000 commercial materials on the market with 
different types of impacts on environment (Ljungberg, 2007). This long list demonstrates the 
problem related to the depletion of natural resources worldwide. Despite the increasing 
awareness of environmental problems in industrialized societies, society still depends on 
conventional materials to produce goods. The inability of the environment to support the 
constant abuse of human activities is becoming clear through various forms of pollution and 
natural resources depletion that threaten the survival of the planet. Due to this, some studies 
have demonstrated the depletion and scarcity of resources, even considering that the per 
capita consumption of natural resources in developing countries is about 1/6 of the 
consumption in developed countries (Tukker et al., 2000). For instance, the European waste 
generation is expected to increase about 43% by 2020, while its energy and resources 
intensity will decline (OECD, 2001). 
In this sense, the discussion about the preservation of natural resources has led to the 
renewed interest concerning materials, motivating changes in product design to address this 
environmental issue (Papanek, 1995). Collaborative R&D efforts among material scientists 
and engineers, research institutions and government have been stimulated to find 
commercial application for renewable natural raw materials, employing them in technical 
products and/or structural parts. Thus, ecodesign is not just a newly coined buzzword, but 
it has guided the development of a new generation of natural materials. It shows the 
importante role played by ecodesign related to the natural resource depletion, since it 
dictates the type and quantity of raw materials and energy that is required to produce and 
dispose products. Hence, it also shows how important materials are also in product design 
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(Deng & Edwards, 2007).  Despite being generally regarded for their functional attributes, 
they have become fundamental in a sustainability context. It explains why most eco-
methods are implicitly related to material and/or energy management, directly linked with 
resource scarcity. Then, designers must find materials that can address environmental issues 
related to the natural resources depletion, besides other requirements, since earth has a 
limited capacity to cope with the current wide level of impacts raised by human activities. 

3.1 Natural resource consumption (depletion) 
Halog (2004) defined sustainability as the optimization of the human activity level within 
both the limit of renewable resources supply and the capacity of the environment to absorb 
waste. Although this is not the unique dimension of sustainability, it is clear that in the last 
decades the unsustainable human activities have exceeded the threshold of recovery of the 
planet, which threatens the welfare of future generations. Even religions, which are 
traditionally pro-natal, perceive the human being as conqueror of living things on earth, 
neglecting the environment and its limits (Ljungberg, 2007) 
According to WWF (Hails et al.,2006), 40% of natural resources have been consumed since 
80s and under the current consumption rate two planets like Earth would be needed to 
sustain the current patterns (Fig. 2). This was also quantified by the global Ecological 
Footprint (EF) which in 2003 was already about 2.2 global hectares per person. In other 
words, each person needs at least 2.2 hectares of productive land to support its activities. 
 

 
Fig. 2. Global Ecological Footprint. Adapted from (Hails et al., 2006, 2008) 

Baudrillard (2005) states that nowadays the social and satisfaction values are fake, they are 
based on consumption and due to the eternal creation of new products and social needs 
they become an eternal dissatisfaction motivating more consumption ad infinitum. Easterlin 
(2006) explained the “eternal dissatisfaction” stating that there is no relationship between 
the increase of individual income (purchasing power) and the happiness increase. He 
presented surveys carried out in US and Japan that pointed out the limitation of income 
growth to produce satisfaction, it means that money and happiness are not directly related. 
Nevertheless, consumption has been growing worldwide, motivating the development of 
the global environmental policy related to sustainable consumption that also considers the 
existence of a maximum consumption to provide individual well-being, beyond a minimum 
threshold. 
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Facing this grim context, in which societies can neither give up development nor maintain 
the current environmental depletion, the last decades have been thought to be hard to 
replicate. The achievement of a sustainable state depends at least on three key factors: the 
population, the demand for human welfare and eco-efficiency of applied technologies. The 
eco-efficiency factor stands out to reach the condition toward sustainability, with a constant 
growth of population worldwide. 
It is a fact that the world population is growing, according to the UN (2004) and the OECD 
report (2008), it is expected that the world will have about 8.2 billion and 10 billion of 
inhabitants by 2030 and 2050, respectively (Fig. 3). In Western Europe (WEU) and in South-
Eastern Europe (SEE), the population will grow about 1.1% and 16%, respectively, from 2005 
to 2030, while in North American countries it will increase about 21%. Moreover, Asian 
countries will continue increasing their already remarkable population. India with a 
population of about 1.3 billion inhabitants (growth of about 31%) tends to achieve China´s 
population by 2030 (OECD, 2008). This constant increase has become a constraint for global 
economy and social development. It will put more pressure on environment through 
increased consumption, and hence more search for natural resources to provide greater 
welfare for developing countries. 
 

 
Fig. 3. Forecast of the global population growth. Adapted from (United Nations, 2004) 

The situation is dramatized by the forecast of the global increase of the Gross Domestic 
Product (GDP) by 2030 (European Environment Agency, 2007). According to Field III et al 
(2001), at a GDP global growth rate of 3% per year, societies will produce and dispose of 
more objects in the next 25 years than in the whole history of the human being. However, 
nature will not be able to sustain such growth rates of up to 3% per year expected for the 
next years by 2030. Indeed, the GDP per capita of Central Europe (CEU) will grow about 
141%, while India´s will grow about 169%. China will present the highest increase of about 
200% by 2030, even though the USA and Canada will still have the highest GDP per capita 
(European Environment Agency, 2007). 
The expected growth of the incomes is heavily dependent on natural resource use, so the 
demand for resources will increase, mainly for fossil fuels that are used to produce energy 
and products in many industrialized countries. Although they are essentially non-renewable 
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and limited resources, their usage has increased at least 20-fold per capita since the end of 
the 19th century, highlighting the necessity to reduce their consumption (Ljungberg, 2007). 
Indeed, about 40% of the global energy is derived from petroleum and recently, European 
studies (OECD, 2008; EEA, 2007) indentified that food and beverage, as well as transport 
and housing account for 70% to 80% of the environmental impacts and 60% of the natural 
resource consumption. Also, the global resource extraction is expected to increase about 50% 
from 2002 to 2020 and almost 50% of it is related to non-metallic minerals. However, 
sustainability can be achieved e.g. by reducing the over-population and/or the 
consumption, even by eco-efficiency of industrial systems, using less energy or material per 
unit product. Whereas the expected population growth and therefore the larger 
consumption of natural resources, for ecodesign the eco-efficiency stands out as the best 
condition toward sustainability. 
In this sense, to minimize environmental loads the ecodesign strategies focus on eco-
efficiency, maximizing material productivity. Eco-efficiency measures have shown 
significant savings in most circumstances, using natural resources in a consistent manner 
combining environmental and economic performance. To embrace eco-efficiency some 
publications envisage a reduction in the material flows by Factor 4 or Factor 10 concepts 
(Schmidt-Bleek, 2008; Weizsäcker et al., 2009). They are based on the dematerialization idea 
of production and consumption in which all needed products and services as well as energy 
demands are to be met with less resources. 
Figure 4 illustrates levels of eco-efficiency for a given innovation applied on a product 
against a sustainability degree. Accordingly, environmental improvements are classified 
into four categories in regards to different levels of eco-efficiency. A potential sustainable 
level can be achieved by systemic innovations, where new scenarios are proposed to meet 
sustainable lifestyles (Factor X). It focuses on cultural activities and new standards for 
quality of life, altering the industrial and social structure of behaviours. 
 

 
Fig. 4. The Brezet Model for environmental innovations. 

Due to the over-consumption and the irreversibility of resource exhaustion, the scarcity of 
natural resources tends to reach permanent degradation. Renewable resources such as 
plants, air, water, have a short natural growth of few months, maybe years and can be 
replenished in a useful time. In contrast, non-renewable resources such as fossil fuel and ore 
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have a long natural formation cycle. It is important to note that a renewable resource can 
become non-renewable if its replenishment rate is smaller than its consumption rate, 
exceeding its biological growth. Many empirical projects that use renewable sources have 
reduced environmental loads from resource depletion, keeping the quality of life (Figure 5). 
 

 
Fig. 5. Potential of renewable resources to reduce depletion. Adapted from (Community and 
Information Society Technology Programme, 2003) 

Several researches (Datschefski, 2001; EEA, 2007) have pointed out Europe as the leading 
continent in investments related to the use of renewable sources in two important sectors: 
energy and transport. It has helped to reach targets established in Kyoto’s protocol related 
to the reduction of the greenhouse gases (GHG). 

3.2 Sustainable mobility through ecodesign of renewable materials 
Nowadays, substantial environmental impacts are induced mainly by four economic sectors: 
energy, transport, agriculture and tourism. Among them, transport is considered to be the 
largest pollutant sector with pervasive negative impacts. It is the largest source of 
greenhouse gases (GHG) due to the rapid growth rate of the global fleet, compared with its 
progress in energy efficiency. The transport sector requires the introduction of new 
technologies, which can promote more eco-efficiency in the whole transport system, even 
changing consumer behavior to achieve a satisfactory reduction of environmental impacts 
(EEA, 2007). 
In recent years, despite the adoption of national programs to reduce emissions, the global 
indices have shown that GHG concentration grew about 30% from 1980 to 2000 and it is 
projected to increase about 37% and 52% until 2030 and 2050 respectively compared to 
levels in 2005 (United Nations, 2009). It will engrave the impact load on environment (e.g. 
increasing the global warming), since transport sector is the second largest (about 24%) and 
the second fastest growing source of GHG and CO2 emissions after the energy sector (about 
45%) (Fig. 6). Global emissions of CO2 from the transport sector are expected to double 
between 2005 and 2050, from 6.1 GtCO2 to 12.2 GtCO2. In OECD countries the transport’s 
share represents 30% of CO2 emissions, in which road transport accounts for almost 80% of 
them (EEA, 2007; OECD, 2007). 
This is why the transport sector is a greatest concern to the EU member states, specifically 
regarding to climate changes. Then, it is important the development of cleaner vehicles 
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combining lower environmental impacts with affordable cost, or even to develop new 
concepts of transport systems based on eco-efficiency levels that a given innovation project 
aims to achieve. 
 

 
Fig. 6. CO2 emissions related to combustions. (OECD, 2007) 

In this specific context, in which automotive companies are undergoing several 
environmental pressures, ecodesign and renewable materials converge to develop eco-
friendly vehicles and/or components, achieving tighter environmental targets towards 
sustainable mobility. Among a wide range of materials made of renewable sources, there are 
the composites materials reinforced with vegetable fibers, which show a great potential for 
automotive usage. 
They offer many advantages compared to synthetic fibers, reducing the dependence of non-
renewable resources and the greenhouse emissions, they also present light weight, high 
specific strength and are biodegradable, which is crucial in their disposal phase. They 
corroborate with the questions and hypothesis of this research since they are a great 
candidate to replace synthetic fibers as reinforcement of polymeric matrices for 
industrial/structural automotive components. 

3.3 Greener composite materials: vegetable reinforcements 
The wide usage of glass fibers with thermoset matrices are considered critically. They have 
caused several environmental impacts mainly in their disposal phase related to the landfill 
and incineration control, besides the natural resources depletion, since glass fibers are made 
of non-renewable sources (e.g. silica and lime). 
In this context, many researchers (Puglia et al, 2005; Suddell et al., 2002) have been studying 
natural fibers as replacement of glass fibers, improving the environmental performance of 
composites and products made of them. Products are classified based on their source: 
vegetable, animal or mineral, and they are commonly used as reinforcement of 
thermoplastic and thermosetting polymeric matrices. 
Among them, vegetable fibers have emerged as realistic alternative and they are the most 
commercially used natural fibers, pointing out a great possibility for industrial application 
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in composite materials. Furthermore, they are an important source of income for 
agricultural societies implying positive social impacts. For example, in Brazil there are many 
types of fibers such as jute, sisal, coir and curauá, all of them already with commercial 
applications. Brazil has a large potential to produce vegetable fibers that can be found 
natively or cultivated, becoming a source of income for several local communities (Alves, 
2006). 
Currently, automotive industry is the most avid and significant in terms of vegetable fibers 
usage in composite materials. They demand a shift of vehicle design from oil-derived 
polymers and synthetic reinforcements to natural materials, focusing on the environmental 
requirements of vehicles. Joshi et al (2004), shows that vegetable composites present better 
environmental performance than glass composites, e.g. their incineration consume lesser 
energy (about 45%), resulting in lower GHG emissions. 
In Europe, automotive companies have developed components made of vegetable 
composites motivated mainly by regulations that have played an important role toward 
sustainable mobility. A good regulation example is the European Directive 2000/53/EC, in 
which vehicles have to be partially decomposable or recyclable (95%) by 2015 (Suddell et al., 
2002). In USA, about 1.5 million vehicles are already using vegetable fibers as reinforcement 
of thermoplastic and thermosetting polymers (Faruk, 2009). 
In Brazil some automotive initiatives are concerned with the selection of “greener” materials 
from renewable sources. For instance, in 1992 Mercedes-Benz of Brazil agreed to make an 
initial investment of US$1.4 million to research the vegetable fibers usage in its vehicles. 
This initiative translates into new jobs in the coconut fiber production including agricultural 
producers, and processing plant workers (Alves_a et al., 2009). It is expected that the use of 
natural fibers in automotive components will grow about 54 % per year, since European and 
American car makers have been already using them [194]. Projections point out an increase 
of the European demand for vegetable fibers in automotive industry from 70,000 tones in 
2005 to 100,000 tones by 2010, which means a potential European market at about €100 
millions (Faruk, 2009). 
In Europe the use of natural fibers in the automotive sector increased from virtually “0” in 
1994 to more than 28,000 tones in 2000, and in 2002 the global market share of vegetable 
composites reached 685,000 tones (US$775 million) mainly motivated by their low cost and 
density (Margets, 2002). In 2003 the automotive industry consumed about 45,000 tones of 
natural fibers, in which about 18,000 tones (40%) was accounted for German automotive 
industry with a linear consumption growth of about 30% (Karus et al., 2003). Indeed, 
Germany is the most significant customer of vegetable fibers (about 3.5kg per vehicle, 
excluding wood and cotton) it means about 2/3 of the total European consumption. 
Predominantly, using vegetable fibers results in lighter internal components (about 25% eu) 
with comparable properties to glass fibers composites. It reduces the fossil fuel consumption 
and then the GHG emissions of vehicles (Miller, et al, 2000), which comply with 
Environmental Directives and Kyoto’s Protocol (Rouison, D. et al., 2006; Dietrich, A.B, 2005). 
Undoubtedly, vegetable or ‘green’ composites have played a major role in the product 
design process, presenting many environmental advantages compared to synthetic 
composites, and offering a possibility for developing countries to use their own natural 
resources in a wide range of industries. Among various vegetable fibers available to the 
automotive sector one of the most used is jute fiber, which grows in sub-tropical countries 
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in composite materials. Furthermore, they are an important source of income for 
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automotive sector one of the most used is jute fiber, which grows in sub-tropical countries 
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such as Bangladesh, India and Brazil. Table 1 shows properties of some natural and 
conventional synthetic fibers. 
 

Fiber Density 
(g/cm3) 

Elastic 
Modulus

(GPa) 

Specific 
Elastic 

Modulus 
(E/ρ) 

Tensile 
Strength 

(GPa) 

Specific 
Tensile 

Strength  
(σ/ρ) 

Elongation 
at break 

(%) 

Cost($/kg) 
(1€=2.5R$) 

E-Glass 2.6 73 28.07 1.8 – 2.7 0.69 – 1.04 2.5 6 

Carbon 
(PAN) 1.8 260 144.44 3.5 – 5.0 1.94 – 2.78 1.4 – 1.8 60 

Aramid 1.45 130 89.66 2.7 – 4.5 1.86 – 3.10 3.3 – 3.7 30 

Jute 1.45 10 – 32 6.89 – 22.07 0.45 – 0.55 0.31 – 0.38 1.1 – 1.5 0.8 

Sisal 1.45 26 – 32 17.93 – 22.07 0.58 – 0.61 0.40 – 0.42 3 – 7 0.8 

Coir 1.33 4 – 6 3.01 – 4.51 0.14 – 0.15 0.11 15 – 40 0.8 

Table 1. Mechanical properties of some fibers. (Alves_b et al., 2009) 

Extracted from the stem of the jute plant (Corchorus capsularis and Corchorus olitorius), 
jute fibers grow mainly in India and Bangladesh, the largest global producers. They also 
grow natively in China, Nepal, Thailand and Brazil, and together all of these countries 
represent about 95% of the global jute fiber production (Alves_b et al., 2009). The global 
production of jute fibers have increased since last century reaching 1 million tones per year 
in 1900 and about 3,292 millions tones in 2004. In the last years, the jute production growth 
occurred mainly due to their production and consumption in India. India has a set of 
policies that have motivated the production and export of jute fibers and their derived 
products (Anderson et al., 2004). 
Jute fibers have irregular cross-sections and their micro-cellular structure is composed of 
micro fibrils. They have an average length of about 0.5 - 6.0mm with fiber diameter varying 
from 0.01 to 0.04mm. Their chemical composition varies according to the plant age and the 
maceration, presenting as main constituents: lignin 12.5% - 13.5%, cellulose from 59% to 
61%, fats and waxes 0.9% - 1.4%, minerals 0.5% - 0.79%, nitrogenous matter 1.56% - 1.87% 
(Alves, 2006). 

4. Ecodesign parameters of the case study: The buggy 
This work presents the Buggy vehicle as the case study (Fig. 7), defining its frontal bonnet, 
made of composite material, as the Functional Unit (FU) for technical and environmental 
analysis. Through the Buggy case study (CS-Buggy) this research intends to evaluate the 
feasibility of the jute fibers to replace glass fibers as the reinforcement of composite 
materials, also evaluating the social and environmental performance of the Buggy’s 
enclosures made of jute composites. This work also presents the Sustainable Design 
Procedure (SDP), a systematic method to introduce environmental concerns in small and 
medium size companies (SMEs) through their materials knowledge expertise. 
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Since the design phase dictates most of inputs and environmental loads of a product or a 
process, composite materials are the innovation focus of the CS-Buggy, also introducing 
environmental concerns into SMEs planning, this work developed a Sustainable Design 
Procedure (SDP), for more details see Alves_a et al (2009). SDP is a systematic procedure 
that aims an “integration” of environmental concepts into the materials selection stage 
within the design phase. Since materials and their processes are the core business of SMEs, 
SDP can act as a strategic ecodesign procedure extending environmental awareness for the 
whole company from design to company policies. 
 

 
Fig. 7. CS-Buggy vehicle. 

SDP intends to influence different decision levels of companies beyond product 
development, providing a comprehensive and long term approach to achieve the potential 
sustainable level of eco-efficiency as discussed before. In this sense, a significant attention 
must be paid to the educational aspects of designers since SDP is based on the philosophy in 
which to do “sustainable design”. One first needs to breed “sustainable designers”. 
Subsequently, the environmental knowledge is expected, otherwise it becomes difficult to 
do any environmental improvement and/or innovation. 
SDP aims to optimize the CS-Buggy regarding to the following factors: user needs, design 
requirements, production process, cost and environmental factors. The SDP structure is 
composed by qualitative and quantitative stages and it is presented as a sequential 
procedure in Figure 8. Even though it is a concurrent design approach, in which all stages 
are defined by traditional and environmental inputs, they can be combined in a 
simultaneous and interactive way. 
Through a filter step, SDP can have as multiple feedback loops as required to re-evaluate 
previous decisions that have been made, ensuring a collaborative system in which all goals 
were reached. It is important to note that, to increase the innovation, environmental inputs 
must be taken into account from the beginning of the design process, and not as a final 
appendix. According to Manzini and Vezzoli (2002), environmental factors, besides their 
technical and economic advantages, change the professional perspective, creating an 
innovative environment. 
In fact, environmental inputs improve the innovation as a new variable combined with 
traditional inputs, generating new ideas (environmental proposals) from a new 
environmental point of view. The qualitative phases Design Goals and Design Requirements 
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are detailed in Alves_a et al (2009), in which the following total performances were obtained 
based on the five parameters (Table 2): 
 

 Parameters 
 Environmental Aesthetical Technical Economic Process Total 

FC 12 8 25 2 17 64.32 
FK 13 6 23 5 17 64.31 
FJ 23 17 14 15 13 80.39 
FC 23 17 13 17 13 81.93 
FS 23 17 14 15 13 80.50 

Table 2. Total performance (Г) of the fibers reinforcement. 

 
Fig. 8. Structure of the Sustainable Design Procedure. 
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Finally, it is important to note that the design requirements point out a possible solution. 
Therefore, after this stage it is necessary to carry out a quantitative analysis to evaluate the 
feasibility of the best choice and to ensure the success of the whole project, mainly when the 
best choice is a new and unknown material like in this case study (vegetable fibers). Thus, 
the remainder discussions are exclusively dedicated to the final SDP stage: evaluation and 
validation of the choice, due to its crucial influence on the final decision making. 

5. Enclosures of the CS-Buggy: from sustainability to the use of vegetable 
fibers in vehicles 
In the previous analysis, the total performance has shown vegetable fibers (sisal, jute and 
coir) as a potential replacement of glass fiber reinforcements usually used to produce the 
enclosures of concurrent buggies. Among selected vegetable fibers, jute fiber presents the 
lowest total performance (see Table 2), even tough it was defined as the best potential choice 
to be evaluated due to the following aspects: 
• No significant difference among all vegetable fibers performance; 
• Among selected vegetable fibers, only jute fiber allows an useful production of bi-axial 

and multi-axial fabrics. 

5.1 Materials 
The fiber reinforcements (Jute and Glass-E) used in this research to manufacture the reinforced 
polyester composites have two different fabric arrangements (bi-axial and multi-axial) (Fig. 9). 
The jute fibers were supplied by Castanhal Têxtil Inc from Amazonas State, Brazil. The glass 
fibers, used as the control material, were supplied by Matexplas Ltda. (Lisbon, Portugal). The 
standard thermosetting liquid resin used as matrix was the orthophthalic Unsaturated 
Polyester (UP) Quires 406 PA, and the peroxide methyl ethyl ketone (PMEK) used as the 
curing agent, was also obtained from Matexplas Ltda. (Lisbon, Portugal). Acetone (technical 
grade) was used as bleaching solvent to the superface treatment of the jute fibers. 
 

 
Fig. 9. Fiber’s fabrics. (a) Bi-axial glass fibers; (b) Multi-axial glass fibers; (c) Bi-axial jute 
fibers; (d) Multi-axial jute fibers. 

5.2 Characterization and treatments of the jute fibers 
Despite the good properties of the vegetable fibers, they are often considered only for 
applications that require low mechanical performance, due to their hydrophilic nature related 
to the presence of hydroxy groups in their cellulose structure, besides their natural oleines on 
the surface, raising their inadequate interface adhesion with polymeric matrices that present a 
hydrophobic character (Westerlind, & Berg, 1998; Belgacem & Gandini, 2005). These opposite 
features obstruct the contact between the vegetable fiber and polymeric matrix, resulting in a 
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poor efficiency to transfer loads across the composite. It implies the failure of the interface 
between matrix and fibers and accelerates the degradation of the composite. To obtain the 
percentage of the moisture content and other volatile compounds (mostly oleines) of the jute 
fibers as well as their thermal stability, a thermogravimetry analysis was performed (TG – 
weight loss versus temperature). The TG analysis was carried out under He flow (2.0 NL/h) 
from room temperature to 500ºC with a heating rate of 10ºC/min. All the tests used 50-60 mg 
of jute fibers placed in an alumina crucible (100μL), using a TG-DTA-DSC LabSys equipment. 
For the analysis three replicas were obtained. The thermogram for the jute fibers (Fig. 10) 
shows a small weight loss (about 8.7%) in the range 30ºC-125ºC. This weight loss can be 
ascribable to the loss of fiber moisture, and for temperatures higher than 240ºC the drastic 
weight loss can be ascribable to the jute fiber thermal degradation (Joseph et al., 2003). 
In this context, in order to increase the wetting behavior of the jute fibers with apolar 
polyester, and thus improving the interface bonding fibers/matrix, jute fibers were 
subjected to two treatments to remove their moisture content and the oleines. In the first 
drying treatment, focused on moisture content in jute fibers, some bi-axial and multi-axial 
samples of jute fabrics were dried overnight (12h) at 140ºC (temperature based on TG 
analysis), using an universal oven. In the second bleaching/drying treatment, focused on 
oleines and waxes on the jute fiber surfaces, other samples were previously soaked in 
acetone (technical grade) during 24h, and were then dried according to the first treatment. 
The treated jute fabrics were designated as Jute Fibers Dried (JFD) and Jute Fibers 
Bleached/Dried (JFB/D), while untreated jute fibers were assigned as Jute Fibers Control 
(JFC) and glass fiber was assigned as Glass Fibers Control (GFC). 
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Fig. 10. Thermogram of the untreated jute fiber. 
To understand the effects of the treatments on the surface of the jute fibers, an infrared 
spectra was carried out with a resolution of 16 cm−1. It was performed using a Horizontal 
Attenuated Total Reflectance Infrared Spectroscopy (FTIR-HATR). Sixty-four scans were 
accumulated for each spectrum to obtain an acceptable signal-to-noise ratio. During spectra 
acquisition samples were pressed with 408 PSI. The absorbance of each spectrum was 
corrected with the Kubelka-Munk transform (Kruse & Yang, 2004). 
Figure 11 presents the collected spectra from untreated and treated jute fibers. Several bands 
were obtained, in which the vibration modes were assigned according to the previously 
published researches (Ray & Sarkar, 2001). 
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Fig. 11. FTIR-HATR of untreated and treated jute fibers: (a) 3800 – 2600; (b) 2000 – 1200. 
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Fig. 11. FTIR-HATR of untreated and treated jute fibers: (a) 3800 – 2600; (b) 2000 – 1200. 
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For the analyzed sample the major spectral differences were observed for the regions related 
to the –OH vibrations. Figure 11 (a and b) shows that for the JFD the O-H stretching band 
(3720-3000 cm-1) and the vibration of the adsorbed water (1640 cm-1) are significantly less 
intense than the respective bands for JFC and JFB/D. It can be concluded that the drying 
treatment was effective to decrease surface moisture content, contributing to improve the 
compatibility between jute fibers and unsaturated polyester matrix. On the other hand, it is 
possible to note that the bleaching/drying treatment reduced the efficacy of the drying 
treatment, since acetone removes waxes and oils from the jute fibers surface, which provide 
a protective layer for vegetable fibers. Thus, the removal of this natural protection exposes 
fibers surfaces, which increases their hydrophilic behavior. 
Another thermogravimetry analysis was performed to investigate the effects of the 
treatments on the jute fibers, using the same set up of the first thermogravimetry, in which 
three replicas were obtained for each sample (JFC, JFD and JFB/D). 
Figure 12 shows the main results from thermal analysis of JFC, JFD and JFB/D. The 
differentiated curves of weight loss are presented (DTG). The thermal decomposition profile 
was similar for all the analyzed samples. A small weight was observed in the range 30-200ºC 
corresponding to dehydration of fibers. The JFC presents a moisture content of about 8.7% 
while JFD presented about 6.8%. It also points out the efficacy of the drying treatment, since 
it removed more than 20% of the fibers moisture content. On the other hand, JFB/D 
treatment as explained before, removed the protective layer made of waxes and oils from 
the jute fibers surface. In this sense, it presents fiber moisture content of about 7.6%, which 
means 11.7% higher than the moisture content found for JFD, pointing out its effect to 
decrease the efficacy of the drying treatment. 
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Fig. 12. Thermogravimetry analysis of untreated and treated jute fibers. 

Thermogravimetry results are in accordance with FTIR data. In fact, the FTIR bands related 
to the –OH species are more intense for JFC and JFB/D samples. The thermal stability of the 
jute fibers was slightly affected by both treatments. For treated jute samples, the maximum 
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temperature of the thermal decomposition process is 5ºC lower than the maximum 
temperature observed for the untreated jute samples. 
After the chemical/physical characterization of the jute fibers and the effects of their 
respective treatments, composites were manufactured with untreated and treated jute fibers 
(JFC, JFD and JFB/D) and glass fibers (GFC), and then specimens were obtained from 
composites and tested under tensile and bending tests, according to ASTM standard (D-3039 
and D-790), and Dynamic Mechanical Analysis (DMA). The specimens were cut from 
composite plates, produced with both bi-axial and multi-axial fiber arrangements. They 
were produced by Resin Transfer Molding (RTM) process using a RTM UNIT obtained from 
ISOJET Equipments (France). Composites were prepared varying the fiber content (Vf) from 
20% to 30% to reach the maximum volume fraction (Vf) of reinforcement that was used to 
balance RTM processability and the mechanical properties of the composites. Each Vf was 
obtained based on jute fibers as volume control, due to their larger filament’s diameter (40 
μm) compared with the glass fibers (14 μm). 
Multi-axial plates were manufactured with one layer of fabrics, while bi-axial plates were 
manufactured with six layers according to the following stacking sequence [(0/90), (45/-45), 
(0/90)]S. Polyester matrix was then mixed with PMEK (0.25 % in volume) and the resin 
mixture was degassed under a vacuum of 10 mm Hg for 10 min before the impregnation of 
the fabrics. After that, it was allowed to pass through the mold under different pressures, 
which were optimized for each fabric arrangement. After the complete filling of the mold, 
the plates kept 1h curing inside the mold, and were then extracted from the mold and 
allowed to post cure at room temperature (about 300 h). 

5.3 Mechanical behavior of the composites 
Figure 13 and Table 3 present the results of the mechanical behavior of the composites, in 
which the data given for each property are the average of five specimens. For all specimens, 
the composite materials displayed nearly linear elastic behavior up to the fracture. In the bi-
axial samples, GFC presents higher tensile strength (about 100%) than the JFC. It is not 
associated with the fiber content of the composites (Vf), since the GFC has a lower volume 
fraction (about 33%) compared to the maximum Vf reached for JFC, produced by RTM 
process. In fact, it is related to the nature of the fibers used to reinforce the polyester matrix. 
For multi-axial composites, the specimens have roughly equivalent strengths around 26 
MPa. Like in the bi-axial composites, for multi-axial arrangement the tensile strength is not 
associated with the fiber content, since for GFC the Vf of the glass fiber is much lower (about 
50%) than the maximum Vf achieved for JFC, produced by RTM process. Moreover, the Vf 
of the multi-axial GFC was of about 50% of the maximum volume fraction in which would 
be possible to produce it, implying a significant decrease of the mechanical properties of the 
multi-axial GFC composite. 
Results also revealed that both treatments brought a significant increase on the stiffness of 
the jute composites, moving their elastic modulus from about 1.83 GPa for JFC to 5.29 GPa 
(about 189%) and 4.91 GPa (about 168%) for JFD and JFB/D, respectively. Both treatments 
provided a significant improvement on the interface bonding of bi-axial jute composites, 
decreasing significantly their strain (average 55%), in fact their strain became lower even 
than the strain of glass fiber composites (about 16%). Moreover, the coefficient of variation 
(CV) for bi-axial jute composites presents a very significant decrease, from 14.70% for JFC to 
4.10% and 3.59% for JFD and JFB/D, respectively. 
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For the analyzed sample the major spectral differences were observed for the regions related 
to the –OH vibrations. Figure 11 (a and b) shows that for the JFD the O-H stretching band 
(3720-3000 cm-1) and the vibration of the adsorbed water (1640 cm-1) are significantly less 
intense than the respective bands for JFC and JFB/D. It can be concluded that the drying 
treatment was effective to decrease surface moisture content, contributing to improve the 
compatibility between jute fibers and unsaturated polyester matrix. On the other hand, it is 
possible to note that the bleaching/drying treatment reduced the efficacy of the drying 
treatment, since acetone removes waxes and oils from the jute fibers surface, which provide 
a protective layer for vegetable fibers. Thus, the removal of this natural protection exposes 
fibers surfaces, which increases their hydrophilic behavior. 
Another thermogravimetry analysis was performed to investigate the effects of the 
treatments on the jute fibers, using the same set up of the first thermogravimetry, in which 
three replicas were obtained for each sample (JFC, JFD and JFB/D). 
Figure 12 shows the main results from thermal analysis of JFC, JFD and JFB/D. The 
differentiated curves of weight loss are presented (DTG). The thermal decomposition profile 
was similar for all the analyzed samples. A small weight was observed in the range 30-200ºC 
corresponding to dehydration of fibers. The JFC presents a moisture content of about 8.7% 
while JFD presented about 6.8%. It also points out the efficacy of the drying treatment, since 
it removed more than 20% of the fibers moisture content. On the other hand, JFB/D 
treatment as explained before, removed the protective layer made of waxes and oils from 
the jute fibers surface. In this sense, it presents fiber moisture content of about 7.6%, which 
means 11.7% higher than the moisture content found for JFD, pointing out its effect to 
decrease the efficacy of the drying treatment. 
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Fig. 12. Thermogravimetry analysis of untreated and treated jute fibers. 
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to the –OH species are more intense for JFC and JFB/D samples. The thermal stability of the 
jute fibers was slightly affected by both treatments. For treated jute samples, the maximum 
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temperature of the thermal decomposition process is 5ºC lower than the maximum 
temperature observed for the untreated jute samples. 
After the chemical/physical characterization of the jute fibers and the effects of their 
respective treatments, composites were manufactured with untreated and treated jute fibers 
(JFC, JFD and JFB/D) and glass fibers (GFC), and then specimens were obtained from 
composites and tested under tensile and bending tests, according to ASTM standard (D-3039 
and D-790), and Dynamic Mechanical Analysis (DMA). The specimens were cut from 
composite plates, produced with both bi-axial and multi-axial fiber arrangements. They 
were produced by Resin Transfer Molding (RTM) process using a RTM UNIT obtained from 
ISOJET Equipments (France). Composites were prepared varying the fiber content (Vf) from 
20% to 30% to reach the maximum volume fraction (Vf) of reinforcement that was used to 
balance RTM processability and the mechanical properties of the composites. Each Vf was 
obtained based on jute fibers as volume control, due to their larger filament’s diameter (40 
μm) compared with the glass fibers (14 μm). 
Multi-axial plates were manufactured with one layer of fabrics, while bi-axial plates were 
manufactured with six layers according to the following stacking sequence [(0/90), (45/-45), 
(0/90)]S. Polyester matrix was then mixed with PMEK (0.25 % in volume) and the resin 
mixture was degassed under a vacuum of 10 mm Hg for 10 min before the impregnation of 
the fabrics. After that, it was allowed to pass through the mold under different pressures, 
which were optimized for each fabric arrangement. After the complete filling of the mold, 
the plates kept 1h curing inside the mold, and were then extracted from the mold and 
allowed to post cure at room temperature (about 300 h). 

5.3 Mechanical behavior of the composites 
Figure 13 and Table 3 present the results of the mechanical behavior of the composites, in 
which the data given for each property are the average of five specimens. For all specimens, 
the composite materials displayed nearly linear elastic behavior up to the fracture. In the bi-
axial samples, GFC presents higher tensile strength (about 100%) than the JFC. It is not 
associated with the fiber content of the composites (Vf), since the GFC has a lower volume 
fraction (about 33%) compared to the maximum Vf reached for JFC, produced by RTM 
process. In fact, it is related to the nature of the fibers used to reinforce the polyester matrix. 
For multi-axial composites, the specimens have roughly equivalent strengths around 26 
MPa. Like in the bi-axial composites, for multi-axial arrangement the tensile strength is not 
associated with the fiber content, since for GFC the Vf of the glass fiber is much lower (about 
50%) than the maximum Vf achieved for JFC, produced by RTM process. Moreover, the Vf 
of the multi-axial GFC was of about 50% of the maximum volume fraction in which would 
be possible to produce it, implying a significant decrease of the mechanical properties of the 
multi-axial GFC composite. 
Results also revealed that both treatments brought a significant increase on the stiffness of 
the jute composites, moving their elastic modulus from about 1.83 GPa for JFC to 5.29 GPa 
(about 189%) and 4.91 GPa (about 168%) for JFD and JFB/D, respectively. Both treatments 
provided a significant improvement on the interface bonding of bi-axial jute composites, 
decreasing significantly their strain (average 55%), in fact their strain became lower even 
than the strain of glass fiber composites (about 16%). Moreover, the coefficient of variation 
(CV) for bi-axial jute composites presents a very significant decrease, from 14.70% for JFC to 
4.10% and 3.59% for JFD and JFB/D, respectively. 
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Despite treated composites still presenting lower elastic modulus (about 26%) than that 
obtained from Classical Theory of Laminated – CTL (6.89 GPa), the results make clear that 
both treatments provided really great effects related to the interface bonding of bi-axial jute 
composites. Nevertheless, results also point out an unsuitability of the CTL to predict the 
mechanical properties of the bi-axial vegetable composites. Unlike for the stiffness, the 
treatments did not bring a significant increase for the strength of treated composites 
(average 18%). Indeed it increased from 27.76 MPa (JFC) to 30.38 MPa and 35.33 MPa for 
JFD and JFB/D, respectively (Table 3). Thus, based on the fact that the elastic modulus is 
determined from the slope of the stress versus strain curves, its large increase after the 
treatments can be explained by the improvement of the interface jute/polyester, due to the 
significant decrease in the maximum strain of the composites. 
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Fig. 13. Evolution on tension of the composites (Bi-axial and Multi-axial, each curve is a plot 
of a particular specimen whose behavior is representative of its group). 
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Composites Fiber 
Arrangement

Vf 
(%)

Maximum 
Stress (MPa)

Maximum 
Strain (%) 

Elastic 
modulus 

(GPa) 

Coefficient of 
Variation for 
modulus (%) 

Bi-axial 21 60.52 0.69 8.81 6.02 
GFC 

Multi-axial 9 23.21 0.51 4.69 4.81 
Bi-axial 31 27.76 1.49 1.83 14.70 JFC 

Multi-axial 14 26.41 0.83 3.19 5.34 
Bi-axial 28 30.38 0.58 5.29 4.10 JFD Multi-axial 11 24.39 0.60 4.23 5.14 
Bi-axial 23 35.33 0.72 4.91 3.59 JFBD 

Multi-axial 9 25.58 0.80 3.55 3.91 

Table 3. Mechanical properties of the composites. 
On the contrary, for multi-axial fiber composites, both treatments did not imply significant 
improvements on their mechanical properties. Unlike the bi-axial jute composites, treatments 
implied no significant change in the elastic modulus of the multi-axial composites (average 
22%), moving it from about 3.19 GPa (JFC) to 4.23 GPa and 3.55 GPa for JFD and JFB/D, 
respectively. Since this fabric’s arrangement does not require fibers in tow form, their 
wettability is much more efficient than the wettability found for bi-axial arrangement, 
confirming that the arrangement of jute fabrics has large influence on the fiber impregnation. 
Related to the maximum stress, again treatments did not imply significant changes on it, 
decreasing from 26.41 MPa (JFC) to 24.39 MPa (JFD) and 25.58 MPa (JFB/D) (about 6%). 
Figure 14 emphases the fracture cross section of the JFC specimens using a Scanning 
Electron Microscope (SEM). The rupture was accompanied by a clear withdrawal of the 
fibers from matrix (pull-out effect), leaving holes that indicate the very poor interface bond 
(Fig. 14 b). Besides the weak interface, Figure 14 (a and b) also shows that the fibers in the bi-
axial JFC composite are not completely involved by matrix, indeed it makes clear the poor 
wettability in the center of the jute tow. 
 

 
Fig. 14. SEM of the bi-axial jute composites. (a, b and c) untreated; (d and e) treated. 
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Despite treated composites still presenting lower elastic modulus (about 26%) than that 
obtained from Classical Theory of Laminated – CTL (6.89 GPa), the results make clear that 
both treatments provided really great effects related to the interface bonding of bi-axial jute 
composites. Nevertheless, results also point out an unsuitability of the CTL to predict the 
mechanical properties of the bi-axial vegetable composites. Unlike for the stiffness, the 
treatments did not bring a significant increase for the strength of treated composites 
(average 18%). Indeed it increased from 27.76 MPa (JFC) to 30.38 MPa and 35.33 MPa for 
JFD and JFB/D, respectively (Table 3). Thus, based on the fact that the elastic modulus is 
determined from the slope of the stress versus strain curves, its large increase after the 
treatments can be explained by the improvement of the interface jute/polyester, due to the 
significant decrease in the maximum strain of the composites. 
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Fig. 13. Evolution on tension of the composites (Bi-axial and Multi-axial, each curve is a plot 
of a particular specimen whose behavior is representative of its group). 
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Composites Fiber 
Arrangement

Vf 
(%)

Maximum 
Stress (MPa)

Maximum 
Strain (%) 

Elastic 
modulus 

(GPa) 

Coefficient of 
Variation for 
modulus (%) 

Bi-axial 21 60.52 0.69 8.81 6.02 
GFC 

Multi-axial 9 23.21 0.51 4.69 4.81 
Bi-axial 31 27.76 1.49 1.83 14.70 JFC 

Multi-axial 14 26.41 0.83 3.19 5.34 
Bi-axial 28 30.38 0.58 5.29 4.10 JFD Multi-axial 11 24.39 0.60 4.23 5.14 
Bi-axial 23 35.33 0.72 4.91 3.59 JFBD 

Multi-axial 9 25.58 0.80 3.55 3.91 

Table 3. Mechanical properties of the composites. 
On the contrary, for multi-axial fiber composites, both treatments did not imply significant 
improvements on their mechanical properties. Unlike the bi-axial jute composites, treatments 
implied no significant change in the elastic modulus of the multi-axial composites (average 
22%), moving it from about 3.19 GPa (JFC) to 4.23 GPa and 3.55 GPa for JFD and JFB/D, 
respectively. Since this fabric’s arrangement does not require fibers in tow form, their 
wettability is much more efficient than the wettability found for bi-axial arrangement, 
confirming that the arrangement of jute fabrics has large influence on the fiber impregnation. 
Related to the maximum stress, again treatments did not imply significant changes on it, 
decreasing from 26.41 MPa (JFC) to 24.39 MPa (JFD) and 25.58 MPa (JFB/D) (about 6%). 
Figure 14 emphases the fracture cross section of the JFC specimens using a Scanning 
Electron Microscope (SEM). The rupture was accompanied by a clear withdrawal of the 
fibers from matrix (pull-out effect), leaving holes that indicate the very poor interface bond 
(Fig. 14 b). Besides the weak interface, Figure 14 (a and b) also shows that the fibers in the bi-
axial JFC composite are not completely involved by matrix, indeed it makes clear the poor 
wettability in the center of the jute tow. 
 

 
Fig. 14. SEM of the bi-axial jute composites. (a, b and c) untreated; (d and e) treated. 
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Table 3 also shows that the treatments brought an increase of the matrix volume fraction 
(Vm) of the jute composites. It is important to remark that JFD and JFB/D present higher 
elastic moduli than JFC, even with a decrease in their fiber content (Vf). This effect is 
associated with the better impregnation of the jute fibers by matrix, emphasized by Figure 
14 (d and e) that shows the cross section surfaces of the treated bi-axial JFD and JFB/D 
specimens. After both treatments and on the absence of the moisture content, the tows of the 
jute fibers are completely impregnated by polyester matrix even into their center, unlike the 
bi-axial JFC composites. Sydenstricker et al (2003) analyzed sisal fibers after treatments and 
also found an effective improvement in interfacial adhesion, decreasing the pull-out effect. 
Since the results of the mechanical properties of both treated jute composites showed no 
significant difference between the effects raised by both treatments, drying treatment was 
assigned as the best choice due to its lower costs and environmental impacts. Thus, DMA 
tests were performed on JFD composites to refine the effects of the drying treatment. The 
DMA shows that for both fiber arrangements the activation energies present an increase for 
both JFD composites compared with their respective JFC composites (44% and 21% for 
multi-axial and bi-axial), which confirms the better interaction between jute/polyester, 
requiring more activation energy to flow the matrix (Table 4). 
The activation energy observed for both treated jute composites is higher than for untreated 
jute composites, by about 22% and 45% for bi-axial and multi-axial, respectively (Table 4). 
Compared to the neat polyester matrix, the activation energies of the treated jute composites 
are higher by about 57% and 22% for multi-axial and bi-axial respectively. In this sense, it is 
clear that the drying treatment improved the interface bonding, and increased the 
interaction jute/polyester. All of these results corroborate the previous results, as discussed 
before. Finally, all results show that both treatments were responsible for a significant 
improvement on the mechanical behaviors of the jute composites by extraction of moisture 
and other compounds from jute fiber. In fact, the treatments improved the wetting behavior 
of the twisted tow of the bi-axial jute fibers, improving the interface bonding jute/polyester. 
 

Tg em E” (ºC) Composite 
1 Hz 5 Hz 10 Hz 

Ea (kJ.mol-1) E´ (MPa) 

Polyester Matrix 51.75 57.24 60.00 252.72 2,456 (23ºC) 
2,538 (10ºC) 

JFC 34.73 39.16 41.54 274.75 1,971 (23ºC) Multi - axial 
JFD 65.06 69.50 70.32 398.04 2,987 (23ºC) 
JFC 41.5 46.8 49.2 252.52 1,322 (10ºC) Bi - axial JFD 60.65 66.11 67.45 307.64 2,754 (10ºC) 

Table 4. Activation energy of the neat polyester and the composite materials. 

5.4 Numerical analysis of the jute composites: design optimizations 
In the experimental evaluation of the composites (quantitative analysis), results have shown 
vegetable fibers as the potential solution, corroborating with qualitative analysis of SDP. 
Given the bi and multi-axial JFD composite as the best choice, they were carried out through 
numerical evaluation using ABAQUS 6.7 software. The frontal bonnet of the CS-Buggy with 
thickness at 4 mm was assigned as the Functional Unit (FU) to predict the behavior of the 
glass and jute composites during their usage, investigating the suitability of jute fibers to 
manufacture technical parts. The control bonnet was defined based on the current glass 
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composite used to produce a concurrent buggy. It is made of multi-axial glass fiber 
composite with about 23% of fiber volume fraction (Vf) and about 4 mm of thickness, and 
was assigned as Glass Bonnet Control (GBC). The candidate bonnet made of JFD composites 
was assigned as Jute Bonnet Composite (JBC). 
The boundary conditions of the model can be seen on Figure 15, in which the pressure load 
was about 800 N (80 kg). The pressure area was assumed as circular with the diameter of 
about 200 mm placed at the center of the bonnet. 
 

 
Fig. 15. Boundary conditions of the FEA of the frontal bonnet of the CS-Buggy. 

Although the lower mechanical properties of the jute fiber composites comparing with glass 
fiber composites, and despite their current applications being somewhat limited to non-
structural components, the experimental and numerical results pointed out jute fibers as a 
useful possibility to replace glass fibers in automotive components, satisfying the needs of the 
end customer. The results of the optimization of the bi-axial JBC show that the bi-axial 
arrangement of the jute fibers supports the load pressure of the project without implies any 
change in the design (dimensions and styling) of the bi-axial JBC, besides the change in its 
layers stacking sequence from [(0º/90º), (45º/-45º), (0º/90º),]s to [(0º/90º), (0º/90º), (45º/-45º)]s. 

6. Environmental performance of the jute composites 
The main goal of this work, based on the Triple Bottom Line concepts (Alves, 2006), is to 
obtain the equilibrium among social, environmental and economic performance of the jute 
fiber composites to produce technical automotive components. In the previous paragraphs it 
was possible to evaluate and confirm, through numerical and experimental analysis of the 
composites, the technical and economic feasibility of the jute fibers in replacing of the 
traditional glass fibers as reinforcement of composite materials. Thus, to ensure the 
sustainability and ecodesign concepts based on the Triple Bottom Line, a Life Cycle 
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Table 3 also shows that the treatments brought an increase of the matrix volume fraction 
(Vm) of the jute composites. It is important to remark that JFD and JFB/D present higher 
elastic moduli than JFC, even with a decrease in their fiber content (Vf). This effect is 
associated with the better impregnation of the jute fibers by matrix, emphasized by Figure 
14 (d and e) that shows the cross section surfaces of the treated bi-axial JFD and JFB/D 
specimens. After both treatments and on the absence of the moisture content, the tows of the 
jute fibers are completely impregnated by polyester matrix even into their center, unlike the 
bi-axial JFC composites. Sydenstricker et al (2003) analyzed sisal fibers after treatments and 
also found an effective improvement in interfacial adhesion, decreasing the pull-out effect. 
Since the results of the mechanical properties of both treated jute composites showed no 
significant difference between the effects raised by both treatments, drying treatment was 
assigned as the best choice due to its lower costs and environmental impacts. Thus, DMA 
tests were performed on JFD composites to refine the effects of the drying treatment. The 
DMA shows that for both fiber arrangements the activation energies present an increase for 
both JFD composites compared with their respective JFC composites (44% and 21% for 
multi-axial and bi-axial), which confirms the better interaction between jute/polyester, 
requiring more activation energy to flow the matrix (Table 4). 
The activation energy observed for both treated jute composites is higher than for untreated 
jute composites, by about 22% and 45% for bi-axial and multi-axial, respectively (Table 4). 
Compared to the neat polyester matrix, the activation energies of the treated jute composites 
are higher by about 57% and 22% for multi-axial and bi-axial respectively. In this sense, it is 
clear that the drying treatment improved the interface bonding, and increased the 
interaction jute/polyester. All of these results corroborate the previous results, as discussed 
before. Finally, all results show that both treatments were responsible for a significant 
improvement on the mechanical behaviors of the jute composites by extraction of moisture 
and other compounds from jute fiber. In fact, the treatments improved the wetting behavior 
of the twisted tow of the bi-axial jute fibers, improving the interface bonding jute/polyester. 
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Table 4. Activation energy of the neat polyester and the composite materials. 

5.4 Numerical analysis of the jute composites: design optimizations 
In the experimental evaluation of the composites (quantitative analysis), results have shown 
vegetable fibers as the potential solution, corroborating with qualitative analysis of SDP. 
Given the bi and multi-axial JFD composite as the best choice, they were carried out through 
numerical evaluation using ABAQUS 6.7 software. The frontal bonnet of the CS-Buggy with 
thickness at 4 mm was assigned as the Functional Unit (FU) to predict the behavior of the 
glass and jute composites during their usage, investigating the suitability of jute fibers to 
manufacture technical parts. The control bonnet was defined based on the current glass 
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composite used to produce a concurrent buggy. It is made of multi-axial glass fiber 
composite with about 23% of fiber volume fraction (Vf) and about 4 mm of thickness, and 
was assigned as Glass Bonnet Control (GBC). The candidate bonnet made of JFD composites 
was assigned as Jute Bonnet Composite (JBC). 
The boundary conditions of the model can be seen on Figure 15, in which the pressure load 
was about 800 N (80 kg). The pressure area was assumed as circular with the diameter of 
about 200 mm placed at the center of the bonnet. 
 

 
Fig. 15. Boundary conditions of the FEA of the frontal bonnet of the CS-Buggy. 

Although the lower mechanical properties of the jute fiber composites comparing with glass 
fiber composites, and despite their current applications being somewhat limited to non-
structural components, the experimental and numerical results pointed out jute fibers as a 
useful possibility to replace glass fibers in automotive components, satisfying the needs of the 
end customer. The results of the optimization of the bi-axial JBC show that the bi-axial 
arrangement of the jute fibers supports the load pressure of the project without implies any 
change in the design (dimensions and styling) of the bi-axial JBC, besides the change in its 
layers stacking sequence from [(0º/90º), (45º/-45º), (0º/90º),]s to [(0º/90º), (0º/90º), (45º/-45º)]s. 

6. Environmental performance of the jute composites 
The main goal of this work, based on the Triple Bottom Line concepts (Alves, 2006), is to 
obtain the equilibrium among social, environmental and economic performance of the jute 
fiber composites to produce technical automotive components. In the previous paragraphs it 
was possible to evaluate and confirm, through numerical and experimental analysis of the 
composites, the technical and economic feasibility of the jute fibers in replacing of the 
traditional glass fibers as reinforcement of composite materials. Thus, to ensure the 
sustainability and ecodesign concepts based on the Triple Bottom Line, a Life Cycle 
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Assessment (LCA) was performed to assess the environmental impact of using jute fiber 
composites and their required treatments for automotive design applications to 
manufacture the enclosures of the CS-Buggy. The results were compared with the impacts 
raised by current enclosures made of glass fiber composites over the entire life cycle of the 
CS-Buggy, assessing the consequences of replacing glass fibers for untreated and treated jute 
fibers on the overall sustainability of this specific and important automobile sector in Brazil 
(leisure and tourism). 
Like the previous numerical analysis, in the LCA evaluation the frontal bonnet of the CS-
Buggy was also assigned as functional unit of the analysis, or in other words, the functional 
unit can be stated as “the engine cover of 0.35 m2 which achieves the required mechanical 
and structural performance”. Since the LCA was performed to achieve environmental 
impacts related to the composite materials used to produce the frontal bonnet of the CS-
Buggy, its boundary conditions is the entire life cycle of the bonnets made of composite 
materials and their influence for whole CS-Buggy vehicle, from the extraction of raw 
materials, over production processes and the use phase to the end-of-life of the vehicle. It 
includes all the needed transportations as well as the infrastructure to apply the treatments 
to the jute fibers and to produce the bonnets and to dispose of them. 
The inputs regarding the jute fibers cultivation and production were provided by the 
supplier Castanhal Têxtil Inc, nevertheless they can also be estimated based on the 
literature. Inputs related to the polyester matrix, glass fibers and vehicles used for 
transportation were based on SimaPro 7.0 database in its IDEMAT and Ecoinvent libraries. 
Inputs related to the production of all bonnets were based on the production of the 
composites (Table 5). The journey logistic inputs were based on the supplier’s database, 
while electric energy inputs were obtained from Coltro et al (2003) and they are related to 
the Brazilian electric energy system. Finally, the landfill and incineration scenarios of the 
end of life of the bonnets were based on Brazilian government reports (Alves_b et al., 2009), 
the recycling scenario was based on experimental results of the mechanical recycling. Figure 
16 shows the schematic diagram of the assumed life-cycle to the functional unit, in which 
green colored inputs were obtained by the authors and black colored inputs were obtained 
in the SimaPro database. 
 

 
Fig. 16. Boundaries assumed in the LCA. 
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Bonnet 
Injection 

flow 
(cc/min) 

Volume of 
the fiber (%)

Mass of  the 
bonnet (kg)

Mass of the 
fiber (kg) 

Injection 
time (seg)

Total energy 
consumption 

(kW.h) 
Jute Fibers 
(untreated 

and treated) 
45 31 1.77 0.65 353 18.5 

Glass Fibers 50 21 2.02 0.74 364 17.9 

Table 5. Inputs of the bonnet´s production. 
For the use phase the fuel consumption was taken into account to identify how influential is 
the replacement of the glass composites for the lighter jute fiber composites. Through the 
lower density of the jute fibers in comparison to glass fiber, it was possible to calculate the 
percentage of reduced weight of the bonnet made of jute fibers (about 15 %) and of whole 
vehicle (0.048%). In this sense, based on literature (Ljungberg, L.Y, 2007; Miller, et al., 2000), the 
decreasing fuel consumption of the CS-Buggy due to the use of the jute bonnet was estimated 
at about 0.029 %, which means about 7.71 L (5.55 kg) for an expected life of 265,500 km. This 
expected use phase life is based on Sindipeças reports in which is established the average life 
of a Brazilian vehicle at about 20 years and its average annual use of about 13,275 km/year 
(Alves_b et al., 2009). It was estimated a current fuel consumption of about 10 km/L for a total 
weight of the CS-Buggy of about 600 kg. In this sense, the fuel consumption assigned to the 
bonnets made of glass and jute fibers was respectively about 64.36 kg and 58.81 kg taking into 
account the density of the petrol at 0.72 kg/L. Regarding the scenario of the final disposal of 
the enclosures, it will be explained later. 
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Fig. 17. Impact categories of the bonnets (Total Life-Cycle). 
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Assessment (LCA) was performed to assess the environmental impact of using jute fiber 
composites and their required treatments for automotive design applications to 
manufacture the enclosures of the CS-Buggy. The results were compared with the impacts 
raised by current enclosures made of glass fiber composites over the entire life cycle of the 
CS-Buggy, assessing the consequences of replacing glass fibers for untreated and treated jute 
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unit can be stated as “the engine cover of 0.35 m2 which achieves the required mechanical 
and structural performance”. Since the LCA was performed to achieve environmental 
impacts related to the composite materials used to produce the frontal bonnet of the CS-
Buggy, its boundary conditions is the entire life cycle of the bonnets made of composite 
materials and their influence for whole CS-Buggy vehicle, from the extraction of raw 
materials, over production processes and the use phase to the end-of-life of the vehicle. It 
includes all the needed transportations as well as the infrastructure to apply the treatments 
to the jute fibers and to produce the bonnets and to dispose of them. 
The inputs regarding the jute fibers cultivation and production were provided by the 
supplier Castanhal Têxtil Inc, nevertheless they can also be estimated based on the 
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transportation were based on SimaPro 7.0 database in its IDEMAT and Ecoinvent libraries. 
Inputs related to the production of all bonnets were based on the production of the 
composites (Table 5). The journey logistic inputs were based on the supplier’s database, 
while electric energy inputs were obtained from Coltro et al (2003) and they are related to 
the Brazilian electric energy system. Finally, the landfill and incineration scenarios of the 
end of life of the bonnets were based on Brazilian government reports (Alves_b et al., 2009), 
the recycling scenario was based on experimental results of the mechanical recycling. Figure 
16 shows the schematic diagram of the assumed life-cycle to the functional unit, in which 
green colored inputs were obtained by the authors and black colored inputs were obtained 
in the SimaPro database. 
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Table 5. Inputs of the bonnet´s production. 
For the use phase the fuel consumption was taken into account to identify how influential is 
the replacement of the glass composites for the lighter jute fiber composites. Through the 
lower density of the jute fibers in comparison to glass fiber, it was possible to calculate the 
percentage of reduced weight of the bonnet made of jute fibers (about 15 %) and of whole 
vehicle (0.048%). In this sense, based on literature (Ljungberg, L.Y, 2007; Miller, et al., 2000), the 
decreasing fuel consumption of the CS-Buggy due to the use of the jute bonnet was estimated 
at about 0.029 %, which means about 7.71 L (5.55 kg) for an expected life of 265,500 km. This 
expected use phase life is based on Sindipeças reports in which is established the average life 
of a Brazilian vehicle at about 20 years and its average annual use of about 13,275 km/year 
(Alves_b et al., 2009). It was estimated a current fuel consumption of about 10 km/L for a total 
weight of the CS-Buggy of about 600 kg. In this sense, the fuel consumption assigned to the 
bonnets made of glass and jute fibers was respectively about 64.36 kg and 58.81 kg taking into 
account the density of the petrol at 0.72 kg/L. Regarding the scenario of the final disposal of 
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Regarding to the total life-cycle of the bonnets, Figure 17 and Table 6 show the total damage 
caused by the environmental impacts in their total life-cycles. Overall, it is clear that the use 
phase is significantly more pollutant than production and disposal phases (about 1,000%), in 
fact disposal phase represents just about 3% of the total damage, being raised by energy 
consumption of the recycling scenario. The significant impacts are raised by the use phase 
(about 97%), since its values are very close of total life cycle and most of impacts are related 
to the resources damage category due to the consumption of fossil fuel, while 3% are related 
to the production phase and its energy consumption, which raises respiratory inorganics 
impacts. In the whole life cycle, glass bonnet presents larger environmental damage 
(average 9%) comparing with damage raised by all jute bonnets, due to its higher weight 
and fuel consumption. About the treatments, Table 6 shows that comparing to the untreated 
jute bonnets, both drying and bleaching/drying treatments decrease the environmental 
performance of bonnets at about 1% and 2% respectively. In other words, both treatments 
are high pollutant until the production phase, in which dried and bleached/dried jute 
bonnets have 18% and 42% more environmental impacts than untreated jute bonnets. After 
the use phase, the consumption of the fossil fuel (more pollutant) becomes the treatments no 
significant to the total damage. Finally, results show that in spite the high importance of the 
production and disposal phases for the life cycle of vehicles, in this CS-Buggy the use phase 
is more pollutant and more important to focus the design improvements. It confirms 
researches (Ashby & Johnson 2002) in which the use phase is the most pollutant phase of a 
vehicle. 
 

Damage 
category  Production Phase - Use Phase Disposal Phase 

UJB 0.36529 0.01012 
DJB 0.37383 0.01012 

B/DJB 0.37572 0.01015 
Human Health 

GB 0.39440 0.01797 
UJB 0.08450 0.00161 
DJB 0.08589 0.00161 

B/DJB 0.08604 0.00161 
Ecosystem 

Quality 
GB 0.09179 0.00281 
UJB 4.38789 -0.01428 
DJB 4.38789 -0.01428 

B/DJB 4.39931 -0.01428 
Resources 

GB 4.80267 -0.01483 

Table 6. Damage categories of the bonnets (Total life-cycle). 

Related to the total enclosures of the CS-Buggy, results show that the replacement of all 
glass fibers for jute fibers improves the environmental performance of the vehicle at about 
15%, while the frontal bonnet means an improvement of about 9%. Thus, a much more 
significant effect could be reached by switching to light-weight design of vehicles by design 
of composite materials. About treatments, unlike the treated jute bonnets in which 
treatments decreased in the environmental performance of them (about 1% and 2%), for 
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total enclosures, the treatments implied lower differences among their environmental 
performance. It proves that treatments of jute fibers are a great choice, improving the 
mechanical performance of the jute composites without imply environmental impacts. 

6.1 Social and economic analysis 
In regards to the social requirements, jute fiber plays an important role from fiber 
cultivation of the plant to the production of the bonnet. In its cultivation phase jute is an 
important income source to the local farmer communities contributing to the sustainability 
of the region, avoiding the rural exodus hence its social problem in industrial cities. In the 
production phase, jute fiber causes fewer health risks and skin irritation than glass fibers for 
the employees that are directly involved in the production of the components. In the use 
phase, the social advantage of the jute fibers is related to the human health since jute fibers 
imply lower fuel consumption than glass fibers, and then raising lower GHG emissions and 
their environmental impacts. The social advantages of the disposal of jute fibers are also 
related to the human health, since they are biodegradable for landfill scenarios, while for the 
recycling scenario they require less energy compared with glass composites (about 50%). 
Related to the economic advantages, in Brazil, jute fibers cost about seven times less than 
glass fibers, while production costs are almost the same, since it is possible to produce either 
jute or glass composites with almost the same setup and production processes. Using jute 
fibers also implies lower fuel consumption, so it means an economic advantage for owners 
of the vehicle. Still, the potential global market for natural fibers in the automobile industry 
is expected to increase. Nowadays in the USA more than 1.5 million vehicles are the 
substrate of choice of bio-fibers such as kenaf, jute, flax, hemp and sisal and thermoplastic 
polymers such as polypropylene and polyester (Faruk, 2009; Margets, 2002). 
Finally, this LCA analysis presents the consequences of the replacement of the glass fibers 
by the jute fibers as reinforcement of composite materials to produce automotive structural 
components. In regards to the composite materials, CS-Buggy demonstrated that jute fiber 
composite presents the best solution enhancing the environmental performance of the CS-
Buggy’s enclosures, hence improving the environmental performance of the whole vehicle. 
However, it is important to remark that, despite jute fibers being well known as natural, and 
hence expected to present lower environmental impacts than glass fibers, the LCA showed 
that until the production phase of the composites, jute fibers imply higher environmental 
impacts, since they require more energy for manufacturing the composites. Indeed, only 
from the use phase of the CS-Buggy jute fibers present lower impacts than glass fibers, in 
which the fuel consumption becomes lower due to the weight reduction of the vehicle. 
LCA also pointed out some unknown impacts in production and disposal phases of the 
bonnets, specifically related to the logistic transports of the jute fibers and the recycling 
scenario of the composites. It provides to designers an overview scenario of the whole issue 
that help to make decisions, besides those traditional inputs usually used in the product 
design, working in partnership with suppliers to improve the logistic of the jute fibers and 
focusing on the most pollutant phases to prevent potential environmental effects. 

7. Conclusions 
This work presented a comprehensive and integrated approach of the ecodesign and 
sustainability concepts through using friendly eco-composite materials, reinforced with jute 
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Regarding to the total life-cycle of the bonnets, Figure 17 and Table 6 show the total damage 
caused by the environmental impacts in their total life-cycles. Overall, it is clear that the use 
phase is significantly more pollutant than production and disposal phases (about 1,000%), in 
fact disposal phase represents just about 3% of the total damage, being raised by energy 
consumption of the recycling scenario. The significant impacts are raised by the use phase 
(about 97%), since its values are very close of total life cycle and most of impacts are related 
to the resources damage category due to the consumption of fossil fuel, while 3% are related 
to the production phase and its energy consumption, which raises respiratory inorganics 
impacts. In the whole life cycle, glass bonnet presents larger environmental damage 
(average 9%) comparing with damage raised by all jute bonnets, due to its higher weight 
and fuel consumption. About the treatments, Table 6 shows that comparing to the untreated 
jute bonnets, both drying and bleaching/drying treatments decrease the environmental 
performance of bonnets at about 1% and 2% respectively. In other words, both treatments 
are high pollutant until the production phase, in which dried and bleached/dried jute 
bonnets have 18% and 42% more environmental impacts than untreated jute bonnets. After 
the use phase, the consumption of the fossil fuel (more pollutant) becomes the treatments no 
significant to the total damage. Finally, results show that in spite the high importance of the 
production and disposal phases for the life cycle of vehicles, in this CS-Buggy the use phase 
is more pollutant and more important to focus the design improvements. It confirms 
researches (Ashby & Johnson 2002) in which the use phase is the most pollutant phase of a 
vehicle. 
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Related to the total enclosures of the CS-Buggy, results show that the replacement of all 
glass fibers for jute fibers improves the environmental performance of the vehicle at about 
15%, while the frontal bonnet means an improvement of about 9%. Thus, a much more 
significant effect could be reached by switching to light-weight design of vehicles by design 
of composite materials. About treatments, unlike the treated jute bonnets in which 
treatments decreased in the environmental performance of them (about 1% and 2%), for 
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total enclosures, the treatments implied lower differences among their environmental 
performance. It proves that treatments of jute fibers are a great choice, improving the 
mechanical performance of the jute composites without imply environmental impacts. 

6.1 Social and economic analysis 
In regards to the social requirements, jute fiber plays an important role from fiber 
cultivation of the plant to the production of the bonnet. In its cultivation phase jute is an 
important income source to the local farmer communities contributing to the sustainability 
of the region, avoiding the rural exodus hence its social problem in industrial cities. In the 
production phase, jute fiber causes fewer health risks and skin irritation than glass fibers for 
the employees that are directly involved in the production of the components. In the use 
phase, the social advantage of the jute fibers is related to the human health since jute fibers 
imply lower fuel consumption than glass fibers, and then raising lower GHG emissions and 
their environmental impacts. The social advantages of the disposal of jute fibers are also 
related to the human health, since they are biodegradable for landfill scenarios, while for the 
recycling scenario they require less energy compared with glass composites (about 50%). 
Related to the economic advantages, in Brazil, jute fibers cost about seven times less than 
glass fibers, while production costs are almost the same, since it is possible to produce either 
jute or glass composites with almost the same setup and production processes. Using jute 
fibers also implies lower fuel consumption, so it means an economic advantage for owners 
of the vehicle. Still, the potential global market for natural fibers in the automobile industry 
is expected to increase. Nowadays in the USA more than 1.5 million vehicles are the 
substrate of choice of bio-fibers such as kenaf, jute, flax, hemp and sisal and thermoplastic 
polymers such as polypropylene and polyester (Faruk, 2009; Margets, 2002). 
Finally, this LCA analysis presents the consequences of the replacement of the glass fibers 
by the jute fibers as reinforcement of composite materials to produce automotive structural 
components. In regards to the composite materials, CS-Buggy demonstrated that jute fiber 
composite presents the best solution enhancing the environmental performance of the CS-
Buggy’s enclosures, hence improving the environmental performance of the whole vehicle. 
However, it is important to remark that, despite jute fibers being well known as natural, and 
hence expected to present lower environmental impacts than glass fibers, the LCA showed 
that until the production phase of the composites, jute fibers imply higher environmental 
impacts, since they require more energy for manufacturing the composites. Indeed, only 
from the use phase of the CS-Buggy jute fibers present lower impacts than glass fibers, in 
which the fuel consumption becomes lower due to the weight reduction of the vehicle. 
LCA also pointed out some unknown impacts in production and disposal phases of the 
bonnets, specifically related to the logistic transports of the jute fibers and the recycling 
scenario of the composites. It provides to designers an overview scenario of the whole issue 
that help to make decisions, besides those traditional inputs usually used in the product 
design, working in partnership with suppliers to improve the logistic of the jute fibers and 
focusing on the most pollutant phases to prevent potential environmental effects. 

7. Conclusions 
This work presented a comprehensive and integrated approach of the ecodesign and 
sustainability concepts through using friendly eco-composite materials, reinforced with jute 
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fibers. As explained at the beginning, the life-cycle approach used here provided a larger 
point of view of ecodesign. Through the Sustainable Design Procedure, as a strategic 
ecodesign method, it was possible to show how the integration of the environmental inputs 
really improve the level of innovation of the current product design, by interconnecting 
them with traditional inputs such as the properties of materials and economic factors. In 
fact, the environmental inputs denoted a new approach of the problem, motivating the 
inclusion of vegetable fibers and hence jute fibers as candidate to replace glass fibers as 
reinforcement of composite materials. 
The results show that jute fibers need some treatment to improve the mechanical behaviour 
of the composites, since they present significant moisture content. On the other hand, unlike 
several chemical treatments of fibers obtained in the literature, in this research two 
treatments were performed and showed that a simple and inexpensive drying of the fibers is 
enough to improve the composite properties. In fact, the treatments improved the wetting 
behaviour of the twisted tow of the bi-axial jute fibers, and then, they improve the interface 
bonding jute/polyester. After the treatments the volume fraction of matrix into the 
composite shows an increase due to the completely impregnation of jute fiber tows by 
matrix, also pointing out the improvement of the interface bonding due to the increase of 
the interface area. 
Related to the environmental performance of the jute composites, the case study confirmed 
them as the best solution enhancing the environmental performance of the buggy’s 
enclosures and hence improving the environmental performance of the whole vehicle, 
inspite of their respective treatments. Despite the higher energy consumption to dry the jute 
fibers, their lighter weight characteristic ensures their better environmental performance 
compared to the glass fibers. Since the use phase of vehicles was shown to be the most 
pollutant phase, the lighter weight of jute fibers implied a decrease of the fuel consumption 
of the vehicle used as case study. Also, LCA pointed out some unknown impacts in 
production and disposal phases of the bonnets, specifically related to the logistic transports 
of the jute fibers and the recycling scenario of the bonnets. It is important to remark that 
results show that automotive components made of vegetable composites need to be lighter 
than glass composites to present better environmental performance. Otherwise, they do not 
present environmental advantages, raising more impacts than glass composites. 
Finally, this work can be considered a first step towards the sustainability of the Brazilian 
industry of buggies, since it can be a motivation for other companies to produce more 
sustainable vehicles, toward the sustainability of this mobility market. It can even drive 
users awareness for more environmentally friendly consumption behaviour. 
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of the composites, since they present significant moisture content. On the other hand, unlike 
several chemical treatments of fibers obtained in the literature, in this research two 
treatments were performed and showed that a simple and inexpensive drying of the fibers is 
enough to improve the composite properties. In fact, the treatments improved the wetting 
behaviour of the twisted tow of the bi-axial jute fibers, and then, they improve the interface 
bonding jute/polyester. After the treatments the volume fraction of matrix into the 
composite shows an increase due to the completely impregnation of jute fiber tows by 
matrix, also pointing out the improvement of the interface bonding due to the increase of 
the interface area. 
Related to the environmental performance of the jute composites, the case study confirmed 
them as the best solution enhancing the environmental performance of the buggy’s 
enclosures and hence improving the environmental performance of the whole vehicle, 
inspite of their respective treatments. Despite the higher energy consumption to dry the jute 
fibers, their lighter weight characteristic ensures their better environmental performance 
compared to the glass fibers. Since the use phase of vehicles was shown to be the most 
pollutant phase, the lighter weight of jute fibers implied a decrease of the fuel consumption 
of the vehicle used as case study. Also, LCA pointed out some unknown impacts in 
production and disposal phases of the bonnets, specifically related to the logistic transports 
of the jute fibers and the recycling scenario of the bonnets. It is important to remark that 
results show that automotive components made of vegetable composites need to be lighter 
than glass composites to present better environmental performance. Otherwise, they do not 
present environmental advantages, raising more impacts than glass composites. 
Finally, this work can be considered a first step towards the sustainability of the Brazilian 
industry of buggies, since it can be a motivation for other companies to produce more 
sustainable vehicles, toward the sustainability of this mobility market. It can even drive 
users awareness for more environmentally friendly consumption behaviour. 
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1. Introduction 
The 2000s have been marked by significant change both in the nature of the vehicle and in 
its design process. The car satisfies an ever-present need. It longitudinally, autonomously 
and safely carries a reduced number of passengers and goods. In the future, acceptable 
vehicles must achieve requirements like reliability, safety, drivability, low gas consumption, 
minimal environmental footprint, low cost... The satisfactory solutions the designers are 
expected to offer can not be considered as pure mechanical systems. They integrate coupled 
functional modules that are embodied in multi-physical components (mechanical 
components, electronic or electrical devices, embebbed software...). Their design requires 
skills that are "new" from the automotive design managers’ viewpoint. The issue concerning 
the identification, evaluation, building and modelling of skill networks opens promising 
ways for researchers and practitioners. Thus the purpose of this chapter will be to define the 
concept of skill network and to explain how it can be mapped by using “Design Structure 
Matrices” (DSMs) (Browning, 2001). 
This chapter will be illustrated with an example concerning a French automaker’s design 
office (Bonjour & Micaëlli, 2010). It aims at developing vehicle organs. These ones concern 
the powertrain system and the chassis. Their life cycle exceeds two decades. Thus designing 
them consists in developing a product family compliant with different platforms, models or 
generations of vehicles. These organs are mass produced. Since 1997, the mentioned design 
office of over 5,500 designers has been structured according to the systems engineering 
principles and processes (ISO 15288). Depending on the project, its technical activity 
partially or totally covers the Vee cycle. In this chapter, we shall not address the issue of skill 
network identification, mapping and building from a global viewpoint, but from a local one 
focused on the intermediate layer of the Vee cycle, namely the design of functional 
architectures. We therefore describe how the skill networks related to this task are 
restructured. 
The remainder of this chapter is structured as follows. Section 2 defines the concept of skill 
network. It also proposes a conceptual framework including close concepts (job position, 
profession, core competence...). Section 3 outlines examples of skill networks and the 
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structuring principles. Section 4 presents the principles that help to identify and structure 
skill networks. Section 5 describes the proposed method and its application in the case of a 
powertrain design office and finally, section 6 discusses perspectives concerning the use of 
this approach for developing specialized knowledge and related skill networks. 

2. What is a skill network? 
Since Wheelwright and Clark’s work (1992), design managers have considered that matrix 
management complies with the organization of design activities. A design office is seen as a 
structure combining a portfolio of design projects and a portfolio of skills. Project managers 
bundle several teams in a given project and different skills in a given team. It has also 
become usual for researchers to develop sophisticated methods optimizing design project 
scheduling or team building. Little work has been done to explicit the concept of skill. 
Authors have most often an impoverished vision of this notion. A skill would be a stock of 
“commodities” corresponding to the knowledge workers store in their brain 
(Gherardi, 2007). The project manager would pick up required skills in this stock, as does 
the consumer to a supermarket shelf. The project manager would have in mind a good 
deterministic model. For such a project, for such a list of requirements, he/she perfectly 
knows the kind of tasks, teams, skills, internal designers or providers required to achieve it. 
He/she would behave as an “arbitrageur” (Lachmann, 1986). He/she would balance the 
value and the cost of each skill and assess the ability level of his design office. If a given skill 
has a poor value, if the design office ability is low, and if the “transaction costs” 
(Williamson, 1985) are low, then he/she will outsource it. Otherwise, he/she will behave in 
miser. He/she will consider the skill as a core competence. He/she will protect it the best 
he/she can. Table 1 represents the project manager’s alternatives that extend the 'make or 
buy' choice. It shows an option in which he faces with a dilemma. Another option is also 
very difficult to manage. It concerns the situation in which co-design and long-term 
partnership with a supplier is required. This situation tends to become dominant in the 
automotive industry. 
 

Value of the skill Design Office 
ability 

Low high 

low If the transaction costs are low, 
then outsource the skill (buy) 

If the transaction costs are low, 
then co-develop the skill 

high Dilemma Develop the skill (make) 

Table 1. Project manager’s make or buy choice. 

The vision of the project manager as arbitrageur is based on three implicit assumptions: 1-
the designed product is modular, 2-the content of projects, tasks and teams’ work can be 
completely defined, 3- skill is a static entity. According to the pattern described above, a 
bundle of skills develop a single module, and this module satisfies an isolated set of 
requirements. Therefore, the project manager can easily define the required skills and 
coordinate them. If the product architecture is “integrative” (Sosa et al., 2003), then the 
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organizational problem he/she copes with is more complex. Skills integration in design 
projects does not consist in buying and using separated skills. The project manager must 
create and implement workplaces facilitating intra-team and inter-teams learning. His main 
question is not: what skills to buy? But: how to facilitate shared “exploration” (March, 1995) 
of the design problem and cross-learning between teams or skills (Lester & Piore, 2004)? 
What is important then for him/her, is not the static attributes of the skill (what is made for? 
Who possesses it?? What is its level of expertise?), but its evolutionary ones (what is its 
potential of learning? How to change it during the project? By linking with what other 
skills?). This list of questions leads the manager to rethink the notion of skill. It can no 
longer remain ill-defined. The way we suggest is to define a set of separate entities closed to 
the notion of skill: 
• a skill is defined as a functional concept. It consists in specialized knowledge "owned" 

by a design actor, who can be a designer or a design manager. Its main attributes is its 
function, 

• a profession is understood as an evolutionary concept. It can be seen as an evolving set 
of specialized knowledge possessed by individuals, shared by a working community 
(or skill network) – socially recognized –, and re-built due to long-term processes. The 
profession gives them a common and perennial identity. They see themselves as a set of 
peers, 

• a job position defines the workplace in which the design actor performs his/her 
“working activity” (Engeström, 1987) in a given organization called design office, 
project team or design department, 

• a skill network is both an evolutionary and a functional concept. It consists in a 
community within which expertises are developed. The boundaries of a community 
may be contained in those of the firm (bounded community) or be more extensive 
(boundless community), 

• a professional path describes the potential transfer from one job position to another one. 
Every organizational entity of a design office can be seen as a skill network. Thus a design 
actor may participate to three skill networks: the project team, the department, and the 
“community of practice” (Wenger et al., 2002). The design manager can formalize a skill 
network as a functional department and as a project team. The project team is an 
organizational entity that has a limited life. Its goals are operative. They are focused on short 
or medium term. The department is a perennial organizational entity. It can support a 
“design core competence” (Bonjour & Micaëlli, 2010). The life of a community of practice 
may exceed that of a team or a functional department. This structure is also less hierarchical 
and fuzzier than a formalized organization (Wenger et al., 2002), e.g. a project team or a 
design department. 
The design manager can bundle designers within these different skill networks by using 
various criteria (see later). DSMs promoters underline the fact that this tool can be used to 
structure the design office (Sosa et al., 2004). They pay their attention to the operative level. 
Each designer has a job position corresponding to a role he plays into a project team. 
Therefore an Organization_DSM can be used to map the expected flow of data between job 
positions. It is helpful to bundle job positions within a same team and reduce coordination 
costs within the project. A job position is also responsible for performing expected tasks. A 
Process_DSM can model the precedence between tasks within a design process. This last 
variety of DSM can minimize the feedback loops in the project. A design task contributes to 
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structuring principles. Section 4 presents the principles that help to identify and structure 
skill networks. Section 5 describes the proposed method and its application in the case of a 
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(Williamson, 1985) are low, then he/she will outsource it. Otherwise, he/she will behave in 
miser. He/she will consider the skill as a core competence. He/she will protect it the best 
he/she can. Table 1 represents the project manager’s alternatives that extend the 'make or 
buy' choice. It shows an option in which he faces with a dilemma. Another option is also 
very difficult to manage. It concerns the situation in which co-design and long-term 
partnership with a supplier is required. This situation tends to become dominant in the 
automotive industry. 
 

Value of the skill Design Office 
ability 

Low high 

low If the transaction costs are low, 
then outsource the skill (buy) 

If the transaction costs are low, 
then co-develop the skill 

high Dilemma Develop the skill (make) 

Table 1. Project manager’s make or buy choice. 

The vision of the project manager as arbitrageur is based on three implicit assumptions: 1-
the designed product is modular, 2-the content of projects, tasks and teams’ work can be 
completely defined, 3- skill is a static entity. According to the pattern described above, a 
bundle of skills develop a single module, and this module satisfies an isolated set of 
requirements. Therefore, the project manager can easily define the required skills and 
coordinate them. If the product architecture is “integrative” (Sosa et al., 2003), then the 

Are Skill Design Structure Matrices New Tools for Automotive Design Managers?   

 

257 

organizational problem he/she copes with is more complex. Skills integration in design 
projects does not consist in buying and using separated skills. The project manager must 
create and implement workplaces facilitating intra-team and inter-teams learning. His main 
question is not: what skills to buy? But: how to facilitate shared “exploration” (March, 1995) 
of the design problem and cross-learning between teams or skills (Lester & Piore, 2004)? 
What is important then for him/her, is not the static attributes of the skill (what is made for? 
Who possesses it?? What is its level of expertise?), but its evolutionary ones (what is its 
potential of learning? How to change it during the project? By linking with what other 
skills?). This list of questions leads the manager to rethink the notion of skill. It can no 
longer remain ill-defined. The way we suggest is to define a set of separate entities closed to 
the notion of skill: 
• a skill is defined as a functional concept. It consists in specialized knowledge "owned" 

by a design actor, who can be a designer or a design manager. Its main attributes is its 
function, 

• a profession is understood as an evolutionary concept. It can be seen as an evolving set 
of specialized knowledge possessed by individuals, shared by a working community 
(or skill network) – socially recognized –, and re-built due to long-term processes. The 
profession gives them a common and perennial identity. They see themselves as a set of 
peers, 

• a job position defines the workplace in which the design actor performs his/her 
“working activity” (Engeström, 1987) in a given organization called design office, 
project team or design department, 

• a skill network is both an evolutionary and a functional concept. It consists in a 
community within which expertises are developed. The boundaries of a community 
may be contained in those of the firm (bounded community) or be more extensive 
(boundless community), 

• a professional path describes the potential transfer from one job position to another one. 
Every organizational entity of a design office can be seen as a skill network. Thus a design 
actor may participate to three skill networks: the project team, the department, and the 
“community of practice” (Wenger et al., 2002). The design manager can formalize a skill 
network as a functional department and as a project team. The project team is an 
organizational entity that has a limited life. Its goals are operative. They are focused on short 
or medium term. The department is a perennial organizational entity. It can support a 
“design core competence” (Bonjour & Micaëlli, 2010). The life of a community of practice 
may exceed that of a team or a functional department. This structure is also less hierarchical 
and fuzzier than a formalized organization (Wenger et al., 2002), e.g. a project team or a 
design department. 
The design manager can bundle designers within these different skill networks by using 
various criteria (see later). DSMs promoters underline the fact that this tool can be used to 
structure the design office (Sosa et al., 2004). They pay their attention to the operative level. 
Each designer has a job position corresponding to a role he plays into a project team. 
Therefore an Organization_DSM can be used to map the expected flow of data between job 
positions. It is helpful to bundle job positions within a same team and reduce coordination 
costs within the project. A job position is also responsible for performing expected tasks. A 
Process_DSM can model the precedence between tasks within a design process. This last 
variety of DSM can minimize the feedback loops in the project. A design task contributes to 
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the design of a given component. A Product_DSM can represent the interfaces between 
components. One clusters them into modules in order to minimize the interfaces within the 
system. These three types of DSM have been commonly studied in the research community 
working on the DSMs (Browning, 2001). 
Fig. 1 depicts the conceptual framework we propose to better understand the concept of skill 
network. This framework is presented by means of the Unified Modeling Language (UML) 
class diagram. The left part of the figure shows the cognitive, communitarian and 
organizational entities previously mentioned (profession, job position, skill, skill network, 
community of practice, design office, project team, department…). Its right part contains the 
design management domain (design manager, DSM…). 
Until now, DSMs have not been used to cluster specialized knowledge according to their 
cognitive proximity, in order to identify relevant skill networks. The design manager can 
use the results provided by these tools in at least three ways. Firstly, he/she may decide to 
perpetuate the identified skill network as a functional department. Secondly, he/she may 
encourage experts to build a community of practice to explore a particular problem. Thirdly, 
he/she may suggest his/her company and its suppliers to consider the institutional 
conditions for recognition of a new profession. In all cases, he/she does not act directly on 
the knowledge 'owned' by individuals. He/she structures their future working activities. 
Table 2 can help him/her to identify the skill networks within the design office he manages. 
This table reuses the entities of the “model of the activity” proposed by Engeström (1987). 
 

Question Entity Current Case Study 

Who possessed the skill? Design actor and 
his community System architect 

Who recognizes the skill? Alter Design manager 

What is its content? Object To develop a powertrain system 
satisfying key requirements 

What does the professional? Tasks Requirements analysis and 
architectural design 

What are his tools? Tools Systems engineering standard, 
models, software 

What is the content of his 
specialized knowledge? 

Knowledge, 
expertise 

Architecture principles, technological 
knowledge that enables to link 
requirements and architectural 

elements 

Who are his peers? Systems engineering community 

With what other communities 
are the links? 

Community Communities of specialists of 
embodiment design, software 

engineers… 

In which organizational entity 
does his job position fit? Division of labor Design office, department, team… 
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Table 2. Activity-based definition of a skill network. 
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Fig. 1. Skill network conceptual framework. 

3. Examples of skill networks 
In 2003, the design office that was in charge of the chassis design was decomposed into 
functional departments. The design manager used two criteria to structure this organization: 
1. the nature of the design task, 
2. the nature of the designed object. 
For instance, a first functional department was responsible for the architectural design 
(design task) of chassis (designed object). Another one was responsible for the integration 
and validation of chassis. Chassis were seen as a system composed of axles, suspensions, 
steering and brakes. 
Therefore, functional departments were responsible for the architectural design of axles, of 
suspensions, power steering and brakes. Other departments were in charge of the 
integration and validation of these organs. The department related to the architectural 
design of axles was composed of the following job positions: axle system architect, 
modelling and simulation of mechanical systems, CAD (Computer Aided Design) definition 
(profession known as projector), specification of simulations and physical tests for risk 
mitigation, team leader. A project team was composed with designers who played these 
different roles. These job positions were found in other departments such as the 
architectural design of the suspension. Of course, some differences exist between functional 
departments, due to the difference between designed objects.  
Only one skill network related to CATIA V5 was recognized through these two functional 
departments. Its purpose was to develop specialized knowledge related to the recognized 
profession (projector) who was in charge of the CAD definition. Several reasons may explain 
this fact. Firstly, design managers underestimated the need for boundless skill networks. 
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the design of a given component. A Product_DSM can represent the interfaces between 
components. One clusters them into modules in order to minimize the interfaces within the 
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This table reuses the entities of the “model of the activity” proposed by Engeström (1987). 
 

Question Entity Current Case Study 

Who possessed the skill? Design actor and 
his community System architect 

Who recognizes the skill? Alter Design manager 

What is its content? Object To develop a powertrain system 
satisfying key requirements 

What does the professional? Tasks Requirements analysis and 
architectural design 

What are his tools? Tools Systems engineering standard, 
models, software 

What is the content of his 
specialized knowledge? 

Knowledge, 
expertise 

Architecture principles, technological 
knowledge that enables to link 
requirements and architectural 

elements 

Who are his peers? Systems engineering community 

With what other communities 
are the links? 

Community Communities of specialists of 
embodiment design, software 

engineers… 

In which organizational entity 
does his job position fit? Division of labor Design office, department, team… 

Are Skill Design Structure Matrices New Tools for Automotive Design Managers?   

 

259 

Table 2. Activity-based definition of a skill network. 

ProfessionProfessionCommunity_of
practice

Community_of
practice

SkillSkill

Skill_NetworkSkill_Network

Design_Office

DSMDSMDesign_ManagerDesign_Manager

Specialized_
Knowledge
Specialized_
Knowledge

Project_TeamDepartmentDepartment

has>

uses>

socializes>

Design_ActorDesign_Actor

DesignerDesigner

has>

has>

<manages, structures

<models

models>

1

2..*

2..*

2..*

1..*

1..*

1..*

develops>

1..*

1

1..*

1..* 1..*

TaskTask

ComponentComponent

models>

designs>

is in charge of>involves> 1..*
Job_Position

<takes
place_in Professional_PathProfessional_Path

<follows

models>
1..*

requires>

1..*

1

changes>

 
Fig. 1. Skill network conceptual framework. 

3. Examples of skill networks 
In 2003, the design office that was in charge of the chassis design was decomposed into 
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Secondly, they did not recognize the other job positions as professions. Thirdly, their 
knowledge was not judged important enough to justify that designers spent time to create 
and develop communitarian knowledge. The harmful consequence was that the experience 
feedback throughout the chassis projects was rather poor. Moreover, we diagnosed another 
delicate situation. Acoustics was specialized knowledge to help designers meet a key 
requirement related to the customers' comfort (reduction in noise and vibrations). An 
expertise in this domain requires at least a decade of experience. But the turnover that was 
imposed to engineers led to a dissemination of the skilled individuals. An effective 
community of practice, with leaders, experts, junior engineers, apprentices, should have 
been built and reinforced. 
A second example of skill networks identification can be given. Within the design office that 
is in charge of the design of powertrain and chassis, we can cite the following job positions: 
requirements analysis leader, system architect (responsible for system architectural design), 
design project manager. These job positions are linked to systems engineering processes 
(ISO 15288). Within the functional department that is responsible for the powertrain system 
design, the design actors form a recognized skill network. Its purpose is to develop world 
class knowledge in powertrain engineering: specification, architecture, modelling and 
technical synthesis (acoustics, chemistry...), integration and validation of powertrain. Career 
paths (syn. professional paths) within this skill network are possible across these job 
positions. 
Within this design office, the profession of project manager has been also officially 
recognized. A specific department, called engineering management, has been formed in 
order to use and to develop specialized knowledge related to project management at the 
system level. Different names have been attributed to these job positions, e.g. product-
process pilot. He/she coordinates the design of sub-systems. According to the system 
decomposition level, different job positions have been identified. Project leaders intervene at 
the sub-system level. Team leaders operate at the level of the components. Project leaders 
and team leaders are assigned to functional departments. Together they form a community 
of practice. Last but not least, professional paths exist between those job positions. 

4. Skill network mapping 
How to put Skill_DSM into practice? A skill network is supported by something which is 
shared by several design actors. It may be a designed object (engine, gearbox, chassis…), a 
design task (requirements analysis, architecture, validation…), a disciplinary field 
(chemistry, acoustics, reliability, project management…), a shared-cost tool (CAD, test 
benches…)… Expressed differently, all design activity entities (designed object, design task, 
disciplinary field, tool…) can be used as skill network identification criteria. The design 
manager can use one or the other. A single well-defined criterion does not exist. If he/she 
adopts a bottom-up approach, then he/she will consider first the profession. If he/she 
adopts a top-down approach, then he/she will consider first the designed objects, the design 
tasks or the tools. 
If one returns to the example of the design office responsible for chassis development, one 
can see that its design manager has followed the following steps to structure it: 
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• the chassis was divided into several functional modules (product breakdown structure). 
Thus the design manager adopted an object-based approach (top-down approach), 

• the design tasks were defined following Systems engineering standard (ISO 15288), 
• the job positions were both defined following Systems engineering and automotive 

professional standards, 
• each functional department was defined by mapping a module to a set of tasks, so a set 

of job positions. 
This organizational design facilitated “dialogue” (Lester & Piore, 2004) between different 
designers sharing a same object, i.e. a given functional module. However, this design world 
(skill network) was separate from the validation world that was responsible for physical 
tests and chassis design evaluation. The main criterion that explained this separation was 
related to cost-shared tools. It has a major drawback. Designers were acting in a virtual 
world. They make little connections with the physical world. A community of practice was 
created (but it was not a boundless community) and professional paths were facilitated 
between these two worlds to mitigate this drawback. “Engineering liaisons” (Bonjour & 
Micaëlli, 2010) roles or job positions were clearly defined in some design departments, for 
instance, specification of simulations and physical tests for risk mitigation (see the example 
1 above). 

5. Skill network reengineering 
Once skill network identification criteria are adopted, it is then possible to create what we 
call a Skill_DSM. We propose a method for identifying knowledge clusters which are 
relevant to build new departments, teams or communities of practice. 
This method is structured into the following steps: 
• list the design tasks, 
• estimate the cognitive proximity between tasks by estimating the knowledge or the 

methods shared by designers. The proximity is estimated on a scale [0, 10], 
• build the corresponding numerical DSM matrix, 
• apply a clustering algorithm to highlight clustered tasks, 
• interpret and check the consistency of each cluster as an interesting skill network. 
Data are obtained through interviews with design managers, project managers and experts. 
The managers are more oriented towards the identification of departments. The experts are 
more interested in identifying communities of practices. 
We applied the previous method to depict the skill networks related to the functional 
architecture of hybrid powertrains. Fig.2 shows a real size Skill_DSM. For privacy reasons, 
the picture of this DSM was blurred (empty cells are equal to 0). 
Several interpretations of this DSM can be made. 
Firstly, one can be focused on its static aspects. Each module depicts a closed skill network 
the design manager can recognize as a functional department or a team. For example, the 
fifth cluster represents the functional department responsible for a key requirement of 
powertrains: reductions in polluting emissions in compliance with Euro VI regulation. 
Expertises, routines and specialized knowledge belonging to this skill network contribute to 
a current automaker’s design core competence (Bonjour & Micaëlli, 2010). This skill network 
is based on specialized knowledge related to design (functional design, fuel specification…), 
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Secondly, they did not recognize the other job positions as professions. Thirdly, their 
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system level. Different names have been attributed to these job positions, e.g. product-
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and team leaders are assigned to functional departments. Together they form a community 
of practice. Last but not least, professional paths exist between those job positions. 
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benches…)… Expressed differently, all design activity entities (designed object, design task, 
disciplinary field, tool…) can be used as skill network identification criteria. The design 
manager can use one or the other. A single well-defined criterion does not exist. If he/she 
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• the chassis was divided into several functional modules (product breakdown structure). 
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• the job positions were both defined following Systems engineering and automotive 
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related to cost-shared tools. It has a major drawback. Designers were acting in a virtual 
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• estimate the cognitive proximity between tasks by estimating the knowledge or the 

methods shared by designers. The proximity is estimated on a scale [0, 10], 
• build the corresponding numerical DSM matrix, 
• apply a clustering algorithm to highlight clustered tasks, 
• interpret and check the consistency of each cluster as an interesting skill network. 
Data are obtained through interviews with design managers, project managers and experts. 
The managers are more oriented towards the identification of departments. The experts are 
more interested in identifying communities of practices. 
We applied the previous method to depict the skill networks related to the functional 
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the picture of this DSM was blurred (empty cells are equal to 0). 
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the design manager can recognize as a functional department or a team. For example, the 
fifth cluster represents the functional department responsible for a key requirement of 
powertrains: reductions in polluting emissions in compliance with Euro VI regulation. 
Expertises, routines and specialized knowledge belonging to this skill network contribute to 
a current automaker’s design core competence (Bonjour & Micaëlli, 2010). This skill network 
is based on specialized knowledge related to design (functional design, fuel specification…), 
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to chemistry (fuel chemistry, combustion, catalysis…), to purchases and outsourcing 
(partnerships with exhaust pipe suppliers…)… The presented DSM also points out potential 
job positions related to engineering liaisons between this cluster and the cluster 2 (another 
potential skill network). 
Secondly, one can extract some evolutionary phenomena from this matrix. It shows 
professional paths within a given skill network or between skill networks. These paths lead 
to three different types of knowledge: 
• a narrow and deep expertise belonging to a specific cluster (syn. skill network), 
• an expertise in engineering liaison, 
• an expertise in integrative knowledge. 
Integrative knowledge is a knowledge that is common to almost all the other knowledge in a 
given cluster. A novice can manage few specialized knowledge whereas an expert can 
navigate between different knowledge related to the same cluster. 
Those different interpretations of the Skill_DSM show how this model proposes a very rich 
semantics. 
 

      

Cluster 5

Cluster 2

Potential "engineering liaisons" role  
Fig. 2. Example of a Skill_DSM. 

6. Perspectives 
We have proposed a bottom-up approach to help design managers to identify potential key 
skill networks by using Skill_DSM. However, a top-down approach could be envisaged. It 
consists in analysing firms' design core competence and determining which skill networks 
could enhance skills, abilities or routines that largely contribute to core competence. This 
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approach should be developed to provide design managers a global skill network 
management approach. It is based on identification, structuring and evaluation tools. 
This chapter has outlined the way of identifying potential skill networks. Its aim has not 
been to evaluate their contribution to core competencies. This lack is paradoxical because 
DSMs are primarily managerial tools and not only optimization-based representations. The 
main question is not: how to optimize such clustering algorithms to cluster such DSMs? But 
rather: What services do these tools offer to the concrete design managers’ “activity” 
(Engeström, 1987)? Managerial issues that are related to this key question concern design 
dialogies (two characteristics which are contradictory and must be considered at the same 
time): Can they use Skill_DSM to balance the division of labour and the coordination 
between skill networks, the operative performance of the design project and the skills or 
competences development, the “exploitation” of existing skill networks and the 
“exploration” to create new boundless communities (March, 2008)? Can design managers 
use DSMs to integrate benchmarking and best practices? Can they use them to stabilize 
professional paths or to facilitate the evolution of professions?  
Thus numerous extensions of skill DSMs are necessary to improve their integration in 
concrete design offices. 
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1. Introduction 
Two main goals are expected when coatings are applied to substrates. The main one is 
protection of substrate from various aggressive environments such as sunlight and 
humidity. The second is to impart color and aesthetic to the substrate to be coated. In some 
applications such as automotive coatings, these two are highly important. Exposure for a 
long time to different permanent (sunlight, rain & humidity) and occasional (acid rains and 
various biological substances) parameters during the service life of these coatings results in 
loss of performance. Such phenomena not only render the coating to degrade also lead to 
depreciation of appearance attributes of the finished car. Automotive coatings are usually 
multi-layered systems in which each layer has its predefined function. These make the 
whole system resist to various environmental factors. Figure 1 shows a typical automotive 
coating system. 
 

 
Fig. 1. Specifications of a multilayer automotive system 

As figure 1 describes, the substrate is initially coated by a conversion layer such as 
phosphate or chromate to enhance the adhesion and corrosion protection of the metallic 
substrate. Then, an electro deposition (ED) coating, usually based on epoxy-amine 
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containing anticorrosive pigments and zinc powders, is applied to protect the coating from 
corrosion. The primer surfacer which is a polyester melamine coating is then applied. The 
main function of this layer is to make the coating system resist against mechanical 
deformations such as stone chipping. The color and special effects, such as metallic luster  
are obtained using a basecoat layer which is typically an acrylic melamine resin pigmented 
with metallic and pearlescent pigments. To protect the basecoat, a non-pigmented acrylic 
melamine clear coat is applied over this layer. This latter layer is responsible for the gloss 
and smoothness of the coating system. On the other hand, the clear coat, apart from creating 
a highly glossy surface, is intended to protect the underneath layers, even the substrate, 
against various aggressive weathering (i.e. humidity and sunlight) and mechanical (i.e. mar 
and scratch) factors during service life.  
It should be noted that all layers are applied when the previous layer has dried, except for 
the clear coat that it is applied through a wet-on-wet method in which it is applied on the 
wet basecoat layer after a short time for flashing off the solvents. The curing processes of all 
layers are presented in figure1.  
In order to fulfill the required properties, automotive coating systems are required to remain 
intact during their service life, because they are extremely vulnerable to deteriorate (Nguyen et 
al., 2002 a; b; 2003; Yari et al., 2009a). There are various environmental factors which can 
potentially be fatal for these coatings and may cause loss of appearance and protective aspects 
of the system. The consequences of these factors are discoloration, gloss loss, delamination, 
crack propagation, corrosion, and gradually building up coating degradation. Acid rain, hot-
cold shocks, UV radiation, stone chips, car washing, fingernail and aggressive chemical 
materials are among those parameters rendering the coatings to fail in short and/or long 
exposure times to environment. These would lead to dissatisfaction of customers. Therefore, it 
is vital to enhance the resistance of the coating against environmental factors. 
In the following part of this chapter, different environmental conditions and their effects on 
various aspects of coating have been presented. Preventive methods will be given where 
necessary. Among the environmental factors, the influence of biological materials will be 
explained with more details because their effects have not been discussed elsewhere.  

2. Environmental factors 
Environmental factors are those substances or conditions imposed by the environment to 
which the automotive coatings are exposed. As such, different chemical and/or mechanical 
alterations (degradation) may result. Here, they have been divided to three main 
subcategories, i.e.; mechanical, weathering, and biological factors.      

2.1 Mechanical damages 
Automotive coatings can be encountered different outdoor conditions during their service 
life. Mechanical objects can put severe effects on these coatings. Depending on the type of 
imposed stress to these coatings various kinds of degradation can be observed (Shen et al., 
2004). The most important of these can be seen in Figure 2. 

2.1.1 Chipping resistance 
The ability of multi-layer automotive coatings to withstand against foreign particles without 
being damaged is named stone-chip resistance. It is found that, when stone particles attack a 
coating they have velocity near to 40-140 km/h. This can cause coating delimitation from the 
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Fig. 2. Different type of mechanical damage occurring on automotive coatings (Shen et al., 2004). 

paint-substrate interface (Lonyuk et al., 2007; Buter & Wemmenhove, 1993).  For multi-layer 
system, coating layers interadhesion, coatings mechanical properties and coating interaction to 
substrate are the most important factors affecting chip-stone resistance. These can make the 
chipping resistance of these systems very complicated. It has been demonstrated that, the 
mechanical properties of each layer can affect their chip resistance. In this regard, it has been 
found that glass transition temperature of the primer layer is the main factor controlling 
coating chipping resistance. The greater glass transition temperature may cause adverse 
performance. The temperature at which this measurement is conducted is also very influential. 
The failure appeared during chipping in a multi-layer coating system can be both adhesive 
and/or cohesive failure. It was found that when the strength between two layers exceeded, the 
defect was mainly adhesive failure. As a result of this, delaminating, flaking or peeling will 
occur. On the other hand, crack initiation and propagation within a coating layer across the 
other layers can cause cohesive failure (Lonyuk et al., 2008) (Figure 3).    

2.1.2 Abrasion resistance 
Basecoat/clear coat systems create an outstandingly high glossy appearance in comparison to 
other automotive paint systems. However, such a high gloss makes mechanical damages more 
visible when they appear. Scratch and mar are the most important of these failures. They are 
micrometer deep surface damages that may ruin the initial appearance of automotive finishes. 
The difference between mar and scratch is mainly in their different sizes and morphologies. 
Scratch is a consequence of tribological events encountered by automotive clear coats. The size 
for this type of damages is 1-5 μm (Courter, 1997; Tahmassebi et al., 2010). To show how these 
types of damages influence coating appearance, the visual performance of coating before and 
after scratching are shown in Figure 4. 
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Fig. 3. The SEM micrograph of the chipped surface of coating (Lonyuk et al., 2008). 
 

 
Fig. 4. Visual differences of automotive coating before and after scratching. 

Mechanical damages of these types may be caused by polishing equipments, carwash 
bristles, tree branches and sharp objects such as keys (Tahmassebi et al., 2010). 
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2.1.3 Scratch type 
The performance of automotive coatings is further complicated by nature of the created 
scratches, which in turn is influenced by the viscoelastic properties of the clear coat itself, 
and the conditions under which they are created. In this regard, when an external stress is 
applied to coating, there would be three different kinds of coating responses: elastic 
deformation, plastic deformation and fracture deformation (Tahmassebi et al., 2010; Lin et 
al., 2000; Hara et al., 2000). Elastic deformation has limited effect on the appearance of a 
coating, therefore determination of plastic and fracture deformation seem more important. 
Some scratches are irregular and of a fractured nature (Figure 5-a) and may involve material 
loss, while others are smooth (Figure 5-b), regular and involve plastic deformation of clear 
coats (Lin et al., 2000; Ramezanzadeh et al., 2010; Jardret & Morel, 2003; Jardret & Ryntz, 
2005; Jardret et al., 1998).  
 
 

 
 

Fig. 5. SEM micrographs of two types of (a) fracture and (b) plastic scratches (Tahmassebi et 
al., 2010; Ramezanzadeh et al., 2010). 

Various parameters such as scratch force, scratch velocity and environmental temperature 
would influence the type and form of scratch produced.  
There are many differences between these two types of scratches. First, fracture types are 
irregular and may involve material loss (Figure 5-a), while others are smooth, regular with 
no material loss (Figure 5-b). The visibility of fracture-type scratches is independent on the 
direction of incident light and illumination. Conversely, plastic-type scratches are not visible 
if the longitudinal direction of the scratch coincides with the direction of the lighting. These 
differences are schematically shown in Figure 6-a and b (Lin et al., 2000). 
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Fig. 6. Schematic illustration of (a) fracture and (b) plastic type’s scratches 
Elastic or plastic behaviors of a clear coat result in spontaneous or retarded recovery of the 
created scratches, respectively. This is usually named as healing ability of clear coat. 
Fracture behavior, on the other hand, arises from tearing apart of polymer chains contained 
within the clear coat, therefore recovery or healing of the created scratches would not be 
possible. The mechanism by which scratch can be formed by a scratch indenter are shown in 
Figure 7 (Hara et al., 2000).  
According to figure 6, different parameters like indenter tip morphology (tip radiance and 
stiffness), tip velocity and coating viscoelastic properties affect the coating response against 
applied stress. As shown in this figure, applied force can be divided into tangential and 
vertical vectors. Tangential forces cause compression and stretching in the clear coat in front 
and behind of such particles, respectively. Tensile stresses produced behind such particles can 
cause cracks in the clear coat and/or aid in scratch formation. Consequently, the tensile stress/ 
strain behavior of clear coats can be used to predict scratch behavior. This phenomenon has 
been shown by Jardret and Morel in detail (Jardret et al., 2000; Jardret & Morel, 2003). 
 

 
Fig. 7. Schematic illustration of how scratch indenters affect coating deformation type (Hara 
et al., 2000). 

2.1.4 Methods to improve coating scratch resistance 
Based on the above explanations, improving scratch resistance and variations in scratch 
morphology are of utmost importance in the research and development departments of the 
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automotive finishing industry. Accordingly, researchers have proposed various methods for 
improving the scratch resistance of automotive clear coats. The proposed methods include 
procedures to increase surface slippage and hardness, as well as enhancing cohesive forces 
within clear coats that modify the viscoelastic properties of clear coats as a whole. Increasing 
surface slippage and hardness inhibit the penetration of scratching objects into clear coats, 
thereby increase the force necessary to create scratches. If forces generated by scratching 
objects exceed that of the cohesive forces within a clear coat, then polymer chains of the clear 
coat tear apart and show a fracture-type (Hara et al., 2000). There are many methods to 
improve coating viscoelastic properties including changing clear coat chemistry and using 
different pigments (in both nano and micro size) and additives (like polysiloxane additives). 
However, changing the chemical structure of a clear coat would not guarantee modification 
of its viscoelastic properties. Furthermore, changing the chemical structure of a clear coat 
may incur unwanted adverse effects on other properties of the resultant clear coat and will 
in most cases, increase its price. Consequently, attempts have been made in many research 
programs to modify viscoelastic properties by physical incorporation of various additives 
into a clear coat of known chemical structure. Controlled use of these additives could ensure 
minimization of unwanted variations in other properties of the resultant clear coat as well as 
being an attractive and economically viable alternative (Tahmassebi et al., 2010; 
Ramezanzadeh  et al., 2010; Zhou et al., 2002; Ramezanzadeh et al., 2007; Ramezanzadeh et 
al., 2007; Jalili et al., 2007). 

2.1.5 Methods to evaluate coating scratch resistance 
Several methods have been used to evaluate the scratch and mar resistance of clear coats. 
Scratch-tabber is one of the most traditional used methods for analyzing coating scratch 
resistance. This method can predict coating scratch resistance based on the weight loss of 
coating during scratch test (Lin et al., 2000). Laboratory car wash simulator is another 
method which has been used in recent years. This is a useful method based on an 
appropriate simulation from a real scratching process in an outdoor condition (Tahmassebi 
et al., 2010). Nano and micro-indentation are powerful methods to evaluate both scratch 
resistance and morphology of coating. In addition, use of these methods could be favorable 
for analyzing clear coat scratch resistance, deformation type of the clear coat (plastic or 
fracture) and viscoelastic properties (Tahmassebi et al., 2010). Gloss-meter and 
goniospectrophotometer have been used to evaluate the effects of scratches produced on the 
appearance of clear coat (Tahmassebi et al., 2010). Microscopic techniques including optical, 
electron and atomic microscopes have been used to investigate scratch morphology. 

2.2 Weathering factors 
Weathering factors are those that are applied to the coating by weathering (or climate), and 
cause alteration in chemical structure (Nguyen et al., 2002 a; b; 2003, Bauer, 1982), affecting 
various aspects of the coating properties such as physical (Osterhold & Patrick, 2001), 
mechanical (Tahmassebi & Moradian,2004; Nichols et al., 1999; Gregorovich et al., 2001; 
Nichols & Darr, 1998; Nichols,2002; Skaja, 2006) and electromechanical (Tahmassebi  
et al., 2005) properties. The severity of degradation caused by weathering factors  
depends strongly on climatic condition. Sunlight and humidity are the most important 
weathering factors. It is almost impossible to prevent automotive coatings being exposed to 
sunlight.  
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Fig. 6. Schematic illustration of (a) fracture and (b) plastic type’s scratches 
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2.2.1 Sunlight 
Sunlight reaching the earth contains a wide range of wavelengths from 280 to 1400nm 
(Valet, 1997). The most harmful part is the uv range (less than 380 nm). Most polymers are 
sensitive to this part of the sunlight. For example polyesters and alkyds have absorption 
peaks around 315 and 280-310 nm, respectively (Valet, 1997). The absorbed energy can cause 
a kind of degradation called "photodegradation", the mechanism of which is known and has 
been extensively discussed in litreatures (Pospsil & Nespurek, 2000; Valet, 1997). A brief 
description of photodegradation is given here. The absorbed energy by some chromophoric 
groups (ch) of the polymer turns it to an excited state (ch*). This excited state is able to 
induce formation of various free radicals. The following equations present different free 
radicals produced during photodegradation.  

 
 
 

Sunlight 
Polymer (p) Free radicals (P•,PO•,HO•,HOO•,…) A) Initiation  

P• + O2 POO•

POOH + P•POO• + PH

POOH PO• + HO•

2 POOH PO•+POO•+H2O 

PO• + PH POH+P• 

P•+ H2O PH + HO• 

B) Propagation  

P• + P• P-P

POO• + P• POOP

P• + PO• POP 

PO• + PO• POOP 

C) Termination  

 
As a consequence, chain scission and formation of various stable and unstable spices such as 
peroxide, hydroperoxide, hydroxyl and carbonyl groups are the most important reactions 
involved in photodegradation. Formation of different polar species leads to an increase in 
surface energy of the coating (Tahmassebi & Moradian, 2004). These produce hydrophilic 
groups in the coating and increase the susceptibility for water diffusion. Finally, this leads to 
greater potential of underneath layer to be corroded. 

2.2.2 The effect of basecoat pigmentation 
Due to significant role of the clear coat on weathering and mechanical properties of 
automotive coatings, most of the previous studies have focused on an isolated clear coat 
layer. But there are reasons to believe that the basecoat greatly affects the weathering 
performance of its attached clear coat. In order to illustrate how a basecoat could vary the 
weathering performance of a clear coat, it is necessary to clarify how a basecoat reacts to 
incident light. As stated before, common basecoat contains colored pigments and/or 
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metallic flakes. Colored pigments absorb and/or scatter incident visible light reaching the 
bulk of a basecoat, according to their color, size and refractive index. Metallic flakes, based 
on their level of orientation, reflect and/or scatter incident light only at the surface of the 
clear coat. In this manner, fractions of returned incident light passing through the clear coat 
are decisive in causing chemical changes in the clear coat structure, leading to alterations in 
the clear coat properties. 
In order to elucidate the influence of basecoat pigmentation on degradation of a typical 
automotive clear coat during accelerated weathering tests, using two different basecoats (i.e. 
silver and black) can be useful. Amongst common commercial basecoats, silver and black 
seem to be two extreme basecoats. In other words, a silver basecoat is characterized by the 
presence of high loads of aluminum flakes (acting as a reflective source of visible light), and 
a lack of colored pigments, in which the chance of reflecting incident light is high and the 
chance of absorbing incident light is minimal. While the black basecoat, is characterized by 
the presence of high loads of a black pigment (acting as an absorbent of visible light), and a 
lower load of aluminum flakes; this means that the reflection or scattering chances of 
incident light are low and its absorption is high. Figure 8 schematically shows how two 
different basecoat pigmentations react to incident light. 
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Fig. 8. The reaction of two different basecoat pigmentations to incident light. 

Therefore, these two basecoats seems to be two extreme examples in their reaction to 
incident light. Other basecoats, depending on their ability to reflect or absorb light could be 
ranked to be somewhere between the black and silver. 
The rate of variations in carbonyl groups of a coating during weathering can in fact be 
considered as the photodegradation rate of that coating (Mielewski et al., 1991). Figure 9 
shows normalized absorbances of carbonyl bands of clear coats attached to silver or black 
basecoats. 
It is clearly obvious that the photodegradation rate of the clear coat having a silver basecoat 
is greater than that of the black one during weathering. Such results indicate the higher 
ability of silver basecoat to induce photodegradation reactions in the clear coat during 
weathering exposure (Yari et al., 2009a). 
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Fig. 9. Normalized absorbances of carbonyl bands of clear coats attached to silver or black 
basecoats. 
Various approaches are available for lower photodegradation mechanisms given above. The 
first method is to prevent the UV rays from being reached the coating chromophores by 
adding substances which are able to strongly absorb and filter the UV wavelengths (Valet, 
1997; Bauer, 1994). These materials are called Ultra Violet Absorber (UVA). The 
conventional UVAs are benzotriazoles, triazines and bezophenones. Nowadays, by 
advances obtained in nanotechnology, new generation of materials have been achieved that 
not only are capable to absorb UV rays, but also can improve the mechanical, thermal and 
electrochemical performance of the coating (Peng et al, 2008; Dhoke et al., 2009; Xu & Xie, 
2003) . The best choices for this purpose are titanium dioxide, zinc oxide, cerium oxide, iron 
oxide or even silica nanoparticles. Because of the high surface area of these nanoparticles the 
absorption efficiency of these materials has been promoted considerably. Figure10 shows 
AFM topographic images of two acrylic melamine clear coats containing 0 and 3.75% 
nanosilica after 1000 hours exposure times (Yari, 2008).  
Figure 10 also clearly reveals that the most variations is assigned to neat polymer while 
nanocomposite tolerates less variation in surface topology, meaning less weathering 
degradation. This indicates that incorporation of nano silica into acrylic melamine not only 
has not any effect on weathering durability, it enhances its resistance during weathering. 
The better weathering performance of clear coats containing nanosilica is assigned to the 
ability of nano silica particles to absorb the ultra violet and visible light, resulting in less 
degradation in nano silica-containing clear coats (Jalili, 2007; Zhou, 2002). 
Another preventive strategy for improving the resistance of coatings against 
photodegradation is the use of quenchers and radical scavengers. Quenchers are materials 
that can transfer the excited state of ch* to themselves. They then become excited. Their 
excited state is not able to produce free radicals. Radical scavengers convert the active free 
radicals to inactive ones and are unable to participate in photodegradation reactions. 
Hindered amine light stabilizers (HALS) are the most typical kinds of additives for this 
purpose(Bauer et al., 1992; Seubert, 2003; Mielewski et al., 1993). Synergestic effect of HALS 
and UVA have made a significant improvement in photostability of the coatings. 
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Fig. 10. AFM topographic images of different clear coats after various exposure times. 

2.2.3 Water and humidity 
Raining, car-washing, and dew formation are conditions by which water is in contact with 
automotive coatings during its service life. While, most polymers are hydrophobic and are 
not affected by water and humidity, some polymers that have water-sensitive linkages in 
their structure can be hydrolyzed by water or humidity. Acrylic/melamine as the most 
typical structure used in automotive clear coats, is vulnerable to water and well susceptible 
to hydrolytically degrade. 
Figure 11 depicts different reactions happening in hydrolytic degradation of a typical acrylic 
melamine.  
In these hydrolytic degradations, various etheric, esteric and methylene bridges are broken, 
creating various OH&NH-containing products, i.e. methylol melamine and primary or 
secondary amines (Nguyen et al., 2002 a; b; 2003). Meanwhile, other reactions called self-
condensation reactions occur between methylol melamine groups present either in initial 
structure of clear coats or formed during early times of reactions. As a result of self-
condensation reactions, different melamine-melamine linkages i.e. new methylene or etheric 
bridges (reactions c and d in figure 11) are formed. These new formed linkages have less 
flexibility than the initial linkages. This results in a higher glass transition temperature. 
 It has been demonstrated that chemical structure (like the ratio of acrylic/melamine or 
polyol/isocyanate) and cross-linking density of the clear coat have a significant impact on 
the intensity of the hydrolytic degradation (Yari et al., 2009b). The lower the cross-linking 
density, the greater is water permeation and blister formation. The assessment of the 
resistance of the coating against humidity is carried out by saturated humidity test. The 
results of blister formation and the visual appearance of two different coatings (with high 
and low cross-linking densities) are shown in Figure 12. 
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Fig. 11. Degradation and self-condensation reactions for a typical acrylic melamine. 

 

 
Fig. 12. Results of humidity test for different types of coating. 

Coating 1 – Before humidity test Coating 1 – after humidity test 

Coating 2 – after humidity test Coating 2 – Before humidity test 
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Coating 1 is an automotive type with high cross-linking density (νe= 0.002673 mol/cm3) and 
coating 2 is the same one with lower cross-linking density(νe= 0.000486 mol/cm3). In 
contrary to coating1, which shows no blistering, severe blisters are seen on the surface of 
coating2. Blistering is a result of diffusion of water and other soluble materials into coating. 

2.2.4 Acid rain  
Acid rain which is a very common phenomenon in urban and industrial areas is a catalyzed 
type of hydrolytic degradation. Acidic environment catalyzes the hydrolysis reactions. 
Various gases like SO2 produced in the polluted areas are converted into sulfuric acids 
which makes the precipitates acidic. These acidic rains when fall on the coatings catalyze the 
hydrolysis reaction of acrylic melamine clear coat. The acid catalyzed hydrolysis has been 
investigated in several works (Mori et al., 1999; Schulz, et al, 2000; Palm& Carlsson, 2002). It 
has been found that the acid rain and the acid catalyzed hydrolysis are most likely to occur 
at moderate to strong acidic environments. For example, the results reported by Schulz and 
co-workers (Schulz, et al, 2000) showed that, the pHs of a real acid rain even at the 
aggressive environments (Jacksonville, Florida) lied in the range of 3.5-4.5. Acid rain etches 
the acrylic melamine and strongly decreases the coating surface.  
Different strategies can be adopted to increase the hydrolytic resistance of an acrylic 
melamine coating; decreasing the ratio of melamine, use of hydrophobic chains, decreasing 
melamine solubility, decreasing the basic strength of melamine and partially replacing of 
melamine with other amino resins. 

2.3 Biological materials 
Biological materials are those substances produced from bio sources. These are the most 
important environmental factors which affect the chemical, mechanical and visual 
performance of automotive coatings. These mainly include insect bodies, tree gums and bird 
droppings. Whilst, the influence of sunlight, humidity and acid rain on automotive coatings, 
especially on clear coat has been studied thoroughly, the effect of biological materials has 
not been dealt with in more details.  In this regard, an automotive coating is repeatedly 
exposed to different biological materials such as bird-droppings, tree gums and insect 
bodies. Therefore, the investigation of the influence of such materials and the coating 
degradation mechanism seems inevitable. Stevani and co workers (Stevani et al., 2000) 
studied the influence of dragonfly eggs, a native insect of north and south America, on an 
acrylic melamine automotive clear coat. They found that hydrogen peroxide released during 
hardening of eggs, oxidizes the cysteine and cystine residues present in the egg protein, 
leading to the formation of sulfinic and sulfonic acids. The acids produced catalyze the 
hydrolytic degradation. 

2.3.1 Bird droppings 
In different papers, the effects of bird droppings on appearance and thermal-mechanical 
properties of coating have been investigated (Ramezanzadeh et al., 2009; Ramezanzadeh et 
al., 2010 a). Typical defects observed on the clear coats influenced by bird droppings were 
investigated by different techniques as shown in figure13 (Ramezanzadeh et al., 2010 a; Yari 
et al., 2010). 
The optical microscope images of clear coats show that even at a relatively short exposure 
time to bird droppings and pancreatin, the clear coat surfaces have been etched severely.  
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Fig. 11. Degradation and self-condensation reactions for a typical acrylic melamine. 

 

 
Fig. 12. Results of humidity test for different types of coating. 
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Coating 1 is an automotive type with high cross-linking density (νe= 0.002673 mol/cm3) and 
coating 2 is the same one with lower cross-linking density(νe= 0.000486 mol/cm3). In 
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hardening of eggs, oxidizes the cysteine and cystine residues present in the egg protein, 
leading to the formation of sulfinic and sulfonic acids. The acids produced catalyze the 
hydrolytic degradation. 

2.3.1 Bird droppings 
In different papers, the effects of bird droppings on appearance and thermal-mechanical 
properties of coating have been investigated (Ramezanzadeh et al., 2009; Ramezanzadeh et 
al., 2010 a). Typical defects observed on the clear coats influenced by bird droppings were 
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The optical microscope images of clear coats show that even at a relatively short exposure 
time to bird droppings and pancreatin, the clear coat surfaces have been etched severely.  
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Fig. 13. Appearance of defects created after being exposed to bird droppings. 
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dissolved and etched areas. It was found that bird droppings decreased the appearance 
parameters of clear coat, i.e. gloss, distinctness of image (DOI) and color values, therefore 
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et al., 2009; Yari et al., 2009 c) [11,12]. It was observed that post-aging process, which 
simultaneously exposes bird droppings and UV radiation to coatings, degraded the clear 
coat much more intensively than the pre-aging one, in which only bird droppings on pre-
weathered clear coats was exposed (Ramezanzadeh et al., 2009 ). The investigation of clear 
coat chemistry revealed, that incorporating higher ratios of melamine cross-linker, in spite 
of resulting a higher cross-linking density, led to an inferior biological resistance (Yari et al., 
2009 c).  
Although the main process was a hydrolytic cleavage, it was also a catalyzed hydrolytic 
degradation. The mechanism of this bio-attack is shown in figure14. 
It has been reported that bird droppings consists of amylase, lipase and protease which are 
all hydrolase enzymes and are responsible for cleavage of C-O-C (for example in starches), 
COO esteric linkage (for example in glycerin) and CO-NH peptide amide linkages (for 
example in proteins), respectively. Enzymes are amino-acid molecules that their function is 
to catalyze various chemical reactions in biological environments, e.g. in the human body or 
animals. The rate of most enzyme-catalyzed reactions is millions of times faster than those of 
comparable un-catalyzed reactions. 
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Fig. 14. Degradation Mechanism of a typical acrylic melamine caused by bird droppings. 



 New Trends and Developments in Automotive Industry 

 

280 

 
Fig. 13. Appearance of defects created after being exposed to bird droppings. 

These images may confirm that chemical reactions have occurred at the surface, leading to 
dissolved and etched areas. It was found that bird droppings decreased the appearance 
parameters of clear coat, i.e. gloss, distinctness of image (DOI) and color values, therefore 
affecting the aesthetic properties of the coating system (Ramezanzadeh et al., 2009). 
Thermal-mechanical studies also showed that hardness, glass transition temperature and 
cross-linking density of degraded clear coats decreased in the presence of bird droppings 
(Ramezanzadeh et al., 2010 a). Also, the influence of aging method (pre-aging or post-aging) 
and chemical structure of clear coats against such bio attacks, were reported (Ramezanzadeh 
et al., 2009; Yari et al., 2009 c) [11,12]. It was observed that post-aging process, which 
simultaneously exposes bird droppings and UV radiation to coatings, degraded the clear 
coat much more intensively than the pre-aging one, in which only bird droppings on pre-
weathered clear coats was exposed (Ramezanzadeh et al., 2009 ). The investigation of clear 
coat chemistry revealed, that incorporating higher ratios of melamine cross-linker, in spite 
of resulting a higher cross-linking density, led to an inferior biological resistance (Yari et al., 
2009 c).  
Although the main process was a hydrolytic cleavage, it was also a catalyzed hydrolytic 
degradation. The mechanism of this bio-attack is shown in figure14. 
It has been reported that bird droppings consists of amylase, lipase and protease which are 
all hydrolase enzymes and are responsible for cleavage of C-O-C (for example in starches), 
COO esteric linkage (for example in glycerin) and CO-NH peptide amide linkages (for 
example in proteins), respectively. Enzymes are amino-acid molecules that their function is 
to catalyze various chemical reactions in biological environments, e.g. in the human body or 
animals. The rate of most enzyme-catalyzed reactions is millions of times faster than those of 
comparable un-catalyzed reactions. 

Bird - (Optical) 

10 μm 

Bird - (AFM) 

Bird - (Digital camera) 

 Bird - (SEM) 

Effects of Environmental Conditions on Degradation of Automotive Coatings   

 

281 

Acrylic melamine chain

O

CH2 

CH 

CH2 

R-O-C--

O

CH2 

CH 

CH2 

R'O-C--

O

CH2-O-CH2 (CH2)n-O-CCH 
NN 

N 

CH2OR'' ''ROH2C 

CH2OR''H

Pancreatin 
 or bird 

droppings 

+H2O 

O

CH2 

CH 

CH2 

H-O-C--

O

CH2 

CH 

CH2 

H-O-C--

O

HOCH2(CH2)n-O-C-CH 

R'OH

R' OH

CH2OR'' HOH2C 

CH2OHH

CH2OH  
NN 

N 

R''OH 

HOR''
Broken catalyzed 
 by amylase 

Broken catalyzed 
 by Lipase 

Broken catalyzed 
 by Lipase 

Broken catalyzed 
 by amylase 

Susceptible to be  
broken catalyzed 
 by amylase 

Susceptible to be broken  
catalyzed by Lipase  

Broken catalyzed 
 by amylase 

Self-condensation reactions: ( Tr = Triazine ring )  
     A )   2 Tr-NH-CH2-OH→  Tr-NH-CH2 -O- CH2-NH-Tr  ( formation new etheric linkages) 

Or  
     B)     

        B-1)  Tr-NH-CH2 -OH   →  Tr-NH2 +CH2 O 
      B-2)  Tr-NH-CH2-OH + Tr-NH 2 →Tr-NH-CH2-NH-Tr (formation new methylene bridges) 

Fast 

N N

N

N N

N

H

H

 
Fig. 14. Degradation Mechanism of a typical acrylic melamine caused by bird droppings. 
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After pancreatin or bird-droppings deposition on clear coat surface, the hydrolysis reaction 
can take place. The enzymes present in these materials catalyze the hydrolysis reaction. 
Among these enzymes, protease due to the absence of amide linkages (-CONH-) is relatively 
inactive on acrylic melamine. However, amylase and lipase enzymes act on etheric and 
esteric linkages respectively, accelerating the cleavage of these bonds. Due to the presence of 
high active sites (etheric and esteric linkages) in acrylic melamine, the cross-linked network 
is cleaved. This leads to formation of soluble products and releasing from the coating, 
leaving etched area on the surface. The clear coat consists of high cross-linking and low 
cross-linking regions. The latter are more vulnerable against hydrolytic degradations 
(Sangaj & Malshe, 2004) and are more affected. 
As seen in SEM images of figure13, there are some micro cracks at degraded areas. This may 
be attributed to an ion-induced oxidation due to the presence of metal ions (Ratner et al., 
1997). 
Moreover, extensive studies on the similarity of bird droppings and pancreatin using X-ray 
fluorescence and Fourier Transform Infrared Analyses (Yari et al., 2010) showed that the 
chemical structures are generally similar. So same effects are created on coating after being 
exposed to bird droppings and pancreatin. Therefore, the use of pancreatin instead of 
natural bird dropping seems an alternative.  
2.3.1.1 The effect of clear coat chemistry 
The monomer types of acrylic resin, the functional groups of melamine cross-linker and the 
acrylic/melamine ratio, are the main factors which affect the curing (and inevitably its 
performance) in the resultant coating. However, due to the presence of esteric and etheric 
linkages in the structure of these resins, the occurrence of hydrolytic reaction seems 
probable, leading to inferior chemical and weathering resistance. It has been found that the 
chemistry of clear coat affects the coating performance against bird-dropping. It was shown 
that two acrylic melamine clear coats differing in melamine ratio had different resistance 
against bird dropping. Figure 15 shows the optical Images of two different partially 
methylated acrylic/melamine clear coat (Cl-1 and Cl-2) which only differ in 
acrylic:melamine ratios. Cl-1 has more melamine portion in its formulation. 
The comparison of optical images of both clear coats shows that the Cl-1 undergoes more 
catastrophic etching compared to Cl-2. It may be attributed to higher portion of melamine 
component of Cl-1 which is more susceptible to hydrolysis reaction and therefore, a higher 
etching. whereas Cl-2 sample, with less amount of melamine, experiences lower etching 
(Yari et al., 2009 c).  
2.3.1.2 The effect of basecoat pigmentation. 
It has been demonstrated that basecoat pigmentation via affecting the efficiency of curing 
process of its attached clear coat influences the biological resistance of automotive coating 
system. In seeking the reason why the degrees of cure are different, the effect of pigmentation 
on heat transfer should be considered. In Figure 16 various mechanisms of heat transfer 
during the curing process are schematically shown (Ramezanzadeh et al., 2010 b). 
The typical ovens used for curing of the coatings utilize hot air conditioning as well as IR 
lamps.  It may also be expected that convection and radiation heat transfer are more 
important during such curing processes. The difference in curing behavior of clear coats 
attached to black and silver basecoats (two extreme basecoats) can be explained by 
emissivity factor of these basecoats. Emissivity factor of a material is the relative ability of its 
surface to emit energy by radiation. It is defined by the ratio of energy radiated by a  
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Fig. 15. Optical microscope micrographs of different samples differing in melamine ratio 
(Cl-1 has more melamine portion) degraded by pancreatin (or bird droppings) . 

 

 

 

 

 

 

 

 

Aluminum flacks 

Incident radiation energy Reflected radiation energy 

Conductionally 
heat transferring 

Substrate 

Black basecoat  

Clear coat  

Substrate 

Clear coat  

Silver basecoat  

Convectionally 
heat transferring 

 
Fig. 16. Schematic representation of heat transfer during the curing process 

particular material to energy radiated by a black body. According to Thomas (Thomas, 2005) 
the infrared emissivity factor of basecoats containing a typical carbon black pigment or a 
typical non-leafing aluminum pigment are 0.88-0.9 and 0.29-0.33, respectively. The greater 
the emissivity factor of a coating the lower is its infrared reflection. Additionally, it is highly 
likely that a silver basecoat would contain larger loads of an aluminum pigment compared 
to a black basecoat. Therefore, it is probable that the clear coat attached to a silver basecoat 
would be exposed to extra infrared radiation than that attached to a black basecoat. This 
extra energy may in turn induce a more complete degree of cure in the clear coat attached to 
a silver basecoat than that attached to a black basecoat. 
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Effects of basecoat pigmentation on visual performance of clear coats experiencing bird 
dropping attack can clearly be observed in Figure17. 
 

 
Fig. 17. Optical micrographs of the clear coat samples on silver and black basecoats exposed 
to biological materials 

It is seen that the more efficient curing on clear coat having silver basecoat results in better 
performance compared to that of having a black basecoat.   

2.3.1.3 The effect of aging process 
As the biological materials affect the coating both in aged samples (exposed to environment) 
and its freshly prepared form, the aging conditions used to study the effect of these 
materials included a pre-aging and post-aging. Pre-aging means that before the exposure of 
clear coat to biological attack a four-stage aging process is performed. This multi-stage aging 
is conducted according to PSA D27 5415 standard. The details of stages have been explained 
elsewhere (Ramezanzadeh et al., 2009). In summary, these stages are schematically 
presented in figure 18. In post-aging method, the coating is subjected to both aging and 
biological attacks simultaneously.  
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Fig. 18. A brief description of test method PSA Peugeot – Citroen D27 5415. 
It was found that clear coats which have experienced simultaneous weathering and 
biological materials(post-aging) was more degraded than those being initially experienced 
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weathering condition followed by exposure to biological materials. It is due to the 
intensifying effect of UV radiation as well as sunlight. 
Different methods can be pursued to prevent from degradation caused by bird droppings. 
Making the surface more hydrophobic, using clear coat with fewer esteric or etheric 
reactions can also be useful. 

2.3.2 Natural tree gum 
It is a general belief, that cars should be better kept under the shadow of trees in order to 
prevent them from a direct sunlight exposure. However, in this case the effects of gums 
extracted from the tree may be simply neglected. This can be seen from Figure 19.  
 

 
Fig. 19. Effect of Arabic gum on car body. 

The visual effect which is produced under tree gum attack can be shown in Figure 20. 
According to Figure 20, the clear coats exposed to natural tree gums show considerable 
surface cracks indicating a severe physical effect. In addition, etching behavior of both 
materials, shown itself as numerous holes on the surface, can be also observed in the case of 
this kind of degradation. According to the above explanation, the general effects of gums 
can be appeared in both physical and chemical on the surface of coating. In addition, SEM 
micrographs of this kind of degradation can reveal sub-cracks inside of macro cracks shown 
in optical images. It can be also found that, the affected area (inside the crack) is lighter than 
the unaffected parts of coating. This can illustrate different elemental composition inside 
and outside the cracks. This can, similar to bird droppings, reveal the presence of metal 
compounds in gums structure. This phenomenon will be discussed later. The increased 
roughness in nano-scale of degraded parts of coatings (exposed to Arabic gum) can be 
obtained from the AFM micrograph (Ramezanzadeh et al., 2010b). 
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biological materials(post-aging) was more degraded than those being initially experienced 
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weathering condition followed by exposure to biological materials. It is due to the 
intensifying effect of UV radiation as well as sunlight. 
Different methods can be pursued to prevent from degradation caused by bird droppings. 
Making the surface more hydrophobic, using clear coat with fewer esteric or etheric 
reactions can also be useful. 

2.3.2 Natural tree gum 
It is a general belief, that cars should be better kept under the shadow of trees in order to 
prevent them from a direct sunlight exposure. However, in this case the effects of gums 
extracted from the tree may be simply neglected. This can be seen from Figure 19.  
 

 
Fig. 19. Effect of Arabic gum on car body. 

The visual effect which is produced under tree gum attack can be shown in Figure 20. 
According to Figure 20, the clear coats exposed to natural tree gums show considerable 
surface cracks indicating a severe physical effect. In addition, etching behavior of both 
materials, shown itself as numerous holes on the surface, can be also observed in the case of 
this kind of degradation. According to the above explanation, the general effects of gums 
can be appeared in both physical and chemical on the surface of coating. In addition, SEM 
micrographs of this kind of degradation can reveal sub-cracks inside of macro cracks shown 
in optical images. It can be also found that, the affected area (inside the crack) is lighter than 
the unaffected parts of coating. This can illustrate different elemental composition inside 
and outside the cracks. This can, similar to bird droppings, reveal the presence of metal 
compounds in gums structure. This phenomenon will be discussed later. The increased 
roughness in nano-scale of degraded parts of coatings (exposed to Arabic gum) can be 
obtained from the AFM micrograph (Ramezanzadeh et al., 2010b). 
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Fig. 20. Visual performance of coating after the tree gum attack, (a) visual performance, (b)  
optical image, (c) SEM micrograph and (d) AFM micrograph (Ramezanzadeh et al., 2010c). 
2.3.2.1 Tree gum characteristics 
Tree gums are completely soluble in water and have a sticky behavior in this state. The pH 
of this material is about 4.5 in a slurry state. Arabic gum has been used as a synthetic 
equivalent for tree gums. This was due to the similar acidic nature, physical state in water 
and their similar chemical structures (shown in Figure 21). However, many parameters i.e. 
soil nature, climatic condition (which trees grow there) and the type of tree can influence 
these characteristics (Ramezanzadeh et al., 2010b; Ramezanzadeh et al., 2010c). 
The solubility of these gums can be explained by the presence of high amount of –OH 
groups (as shown in Figure 21) making them soluble in water. Due to these OH groups, 
Arabic gum has a sticky behavior in the slurry state. Therefore, when gum is exposed to the 
clear coat surface, based on the surface chemistry (hydrophobicity or hydrophilicity) a good 
adhesion can be obtained between the polar groups of coating and gum. When this system 
is exposed to higher temperatures, water is gradually vaporized. During the gum drying 
process, a significant stress can be imposed by the gum to the surface. To have a more 
understanding on how these applied stresses act, the visual performance of gum exposed 
clear coats are given in Figure 22 (Ramezanzadeh et al., 2010c). 
According to the observations made in Figure 22, two different phenomena can be observed 
on the free films and the full system on metal plates. In the latter, a severe crack formation 
can be seen for the dried gum exposed samples, causing similar cracks on the clear coat 
layer. On the other hand, gum applied on free films has made the films to shrink. For the 
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Fig. 21. FTIR spectra for natural and synthetic (Arabic) tree gum (Ramezanzadeh et al., 2010c). 
 

 
Fig. 22. The visual effect of gum attacked to (a) fully coated system on metal substrate and 
(b) free film of basecoat/clear coat (Ramezanzadeh et al., 2010c). 
clear coat applied on the full automotive system, due to the great adhesion of clear coat to 
basecoat layer, and basecoat layer to other layers which are in contact with metal substrate, 
the stress cannot overcome the adhesion force and therefore, it causes surface cracks to 
propagate. However, for the free films, due to the lack of adhesion to the substrate, the 
greater cohesion force, in comparison to its adhesion, would turn the film to shrink. 
Different factors including aging condition, clear coat surface chemistry and basecoat 
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pigmentation can influence this kind of degradation which will be briefly discussed later. 
Regarding the above explanations, the main source of producing this kind of degradation is 
the stress formation during gum drying. The stress can overcome adhesion force (between 
coating and substrate or clear coat and the other coating layers in a multi layer system) 
and/or cohesion of the clear coat and/or basecoat layers. The ability to store such stress and 
dissipate it can be depended on many factors, mainly coating viscoelastic properties and 
temperature. These will be explained later. 
2.3.2.2 Physical attack by tree gum 
2.3.2.2.1 Effect of aging condition on gum attack  
In a real outdoor condition, coatings properties are continually affected by aging conditions. 
These effects could irretrievably change the chemical and mechanical properties of coatings. 
Aging process has been shown as an important factor which significantly influences the 
clear coat properties before and after the biological attack by bird droppings (Yari et al., 
2010c; Ramezanzadeh et al., 2010). As previously discussed, two different ideas of the effect 
of aging on gums attack can be available. Aging condition can influence the degradation 
occurring during gum attack by affecting coating properties before the test. The second idea 
is the effect of weathering condition imposed to clear coat in contact with gum. The 
mechanisms by which these two aging conditions affect gum attack severity are completely 
different. To show how aging, before or after gum attack, can influence coatings properties, 
the visual performances of samples experienced these are given in Figure 23. 
 

 
Fig. 23. Samples attacked by gum in A1 (optical micrograph) and B1 (SEM micrograph) 
post-aging and A2 (optical micrograph) and B2 (SEM micrograph) pre-aging processes 
(Ramezanzadeh et al., 2010c). 
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According to Figure 23, a greater surface crack has been produced on the samples exposed 
to gum at the post-aging process, in comparison to the pre-aging one. These results can 
reveal that, aging is an important parameter influencing the clear coat biological behavior. 
This explains that the effects of gum to give rise in surface attack may not only show the 
crack density or size differences but also reveals that the cracks produced on the samples 
experienced pre-aging condition have a plastic morphology, whilst cracks created under 
post-aging show a fracture nature. Highly fractured cracks observed on the clear coats 
exposed to gum under post-aging process, in comparison to the plastically deformed ones 
shown in the samples exposed to pre-aging, clearly reveal the importance of aging process 
on the crack morphology evolution (Ramezanzadeh et al., 2010c). 
A significant increase of Δ[NH/NH2 and OH]/ [CH] after pre-aging process (before 
biological test) has occurred. This indicates that aging may significantly affect the clear coat 
by a chemical degradation mechanism. The increase in surface OH groups in the pre-aging 
condition, leads to significant increase of clear coat hydrophilicity (Ramezanzadeh et al., 
2010c), and therefore, stronger interaction with gum. In addition, decreased Tg and 
crosslinking density of clear coat were obtained at this condition. These changes can 
negatively influence coating properties against the stress performed by gum. On the other 
hand, during the biological test in the post-aging, using water sprayed to the clear coat 
surface (during 300 h of xenon test), a greater interaction of gum and clear coat surface can 
be created. This can cause a more severe crack on the samples experienced post-aging. A 
decrease in drying process of gum can result in a greater interaction to clear coat, and 
therefore enhanced surface attack (Ramezanzadeh et al., 2010c).  
2.3.2.2.2 Effect of coating chemistry on gum attack  

As it was previously shown (Ramezanzadeh et al., 2010b; Ramezanzadeh et al., 2010c), due 
to the sticky behavior of gums in the slurry state, it makes a good adhesion to clear coat 
surface. Many researchers have tried to distinguish the main source of this adhesion. In fact, 
the tendency of Arabic or natural tree gum to adhere to the surface, results from the polar 
groups existed in this material. Therefore, the adhesion of Arabic gum to coating can 
directly depend on the clear coat surface energy (balance of hydrophilicity and 
hydrophobicity). According to the above explanations, the effect of gums on the clear coat 
can be directly corresponded to the strong adhesion before the experiment, as well as to the 
weak attachment after the drying. This behavior causes a great stress to the clear coat, which 
in turn is responsible for the physical degradation of coating, as shown in Figures 22 and 23. 
The failure which this stress can perform to clear coats can depend on both clear coats 
compositions and the undercoat layers mechanical and viscoelastic properties. In addition, 
the effects of this stress on coating performance can be discussed by two different 
phenomena as (i) stress restoring and (ii) crack propagation. Based on coating viscoelastic 
properties, different behaviors of the coating against the inserted stress is predictable. The 
greater toughness and elastic properties of a coating, the higher the ability is for stress 
restoring, leading to relaxation during a period of time. In this case, stress can not affect the 
coating properties. However, most coatings have a viscoelastic properties rather than elastic. 
The viscose part of the coating does not have restoring and relaxing behavior against 
applied stress. So, the stress causes a failure on the coating. When the applied stress is not 
able to overcome the adhesion forces between coating layers, it can affect the cohesion. 
Different factors may affect the coating cohesion properties, especially the cross-linking 
density. A lower cross-linking density can cause a lower cohesion. In a real condition, 
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pigmentation can influence this kind of degradation which will be briefly discussed later. 
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mechanisms by which these two aging conditions affect gum attack severity are completely 
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According to Figure 23, a greater surface crack has been produced on the samples exposed 
to gum at the post-aging process, in comparison to the pre-aging one. These results can 
reveal that, aging is an important parameter influencing the clear coat biological behavior. 
This explains that the effects of gum to give rise in surface attack may not only show the 
crack density or size differences but also reveals that the cracks produced on the samples 
experienced pre-aging condition have a plastic morphology, whilst cracks created under 
post-aging show a fracture nature. Highly fractured cracks observed on the clear coats 
exposed to gum under post-aging process, in comparison to the plastically deformed ones 
shown in the samples exposed to pre-aging, clearly reveal the importance of aging process 
on the crack morphology evolution (Ramezanzadeh et al., 2010c). 
A significant increase of Δ[NH/NH2 and OH]/ [CH] after pre-aging process (before 
biological test) has occurred. This indicates that aging may significantly affect the clear coat 
by a chemical degradation mechanism. The increase in surface OH groups in the pre-aging 
condition, leads to significant increase of clear coat hydrophilicity (Ramezanzadeh et al., 
2010c), and therefore, stronger interaction with gum. In addition, decreased Tg and 
crosslinking density of clear coat were obtained at this condition. These changes can 
negatively influence coating properties against the stress performed by gum. On the other 
hand, during the biological test in the post-aging, using water sprayed to the clear coat 
surface (during 300 h of xenon test), a greater interaction of gum and clear coat surface can 
be created. This can cause a more severe crack on the samples experienced post-aging. A 
decrease in drying process of gum can result in a greater interaction to clear coat, and 
therefore enhanced surface attack (Ramezanzadeh et al., 2010c).  
2.3.2.2.2 Effect of coating chemistry on gum attack  

As it was previously shown (Ramezanzadeh et al., 2010b; Ramezanzadeh et al., 2010c), due 
to the sticky behavior of gums in the slurry state, it makes a good adhesion to clear coat 
surface. Many researchers have tried to distinguish the main source of this adhesion. In fact, 
the tendency of Arabic or natural tree gum to adhere to the surface, results from the polar 
groups existed in this material. Therefore, the adhesion of Arabic gum to coating can 
directly depend on the clear coat surface energy (balance of hydrophilicity and 
hydrophobicity). According to the above explanations, the effect of gums on the clear coat 
can be directly corresponded to the strong adhesion before the experiment, as well as to the 
weak attachment after the drying. This behavior causes a great stress to the clear coat, which 
in turn is responsible for the physical degradation of coating, as shown in Figures 22 and 23. 
The failure which this stress can perform to clear coats can depend on both clear coats 
compositions and the undercoat layers mechanical and viscoelastic properties. In addition, 
the effects of this stress on coating performance can be discussed by two different 
phenomena as (i) stress restoring and (ii) crack propagation. Based on coating viscoelastic 
properties, different behaviors of the coating against the inserted stress is predictable. The 
greater toughness and elastic properties of a coating, the higher the ability is for stress 
restoring, leading to relaxation during a period of time. In this case, stress can not affect the 
coating properties. However, most coatings have a viscoelastic properties rather than elastic. 
The viscose part of the coating does not have restoring and relaxing behavior against 
applied stress. So, the stress causes a failure on the coating. When the applied stress is not 
able to overcome the adhesion forces between coating layers, it can affect the cohesion. 
Different factors may affect the coating cohesion properties, especially the cross-linking 
density. A lower cross-linking density can cause a lower cohesion. In a real condition, 
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coating surface contains different areas having different cross-linking densities. Theses parts 
of coatings have a lower elastic behavior and, therefore are able to restore the stress. In 
addition, the lower cross-linking density of some parts of clear coat may be attributed to a 
lower curing degree. Therefore, it may be expected that, these parts of coating have a more 
polarity than other parts due to the presence of unreacted functional groups. This may cause 
a stronger interaction of gums polar groups to clear coat surface at these areas. Based upon 
the above explanations, the stress inserted to the clear coat can affect some parts of the 
coating more intensively than the other parts. Therefore, stress can be propagated from the 
weak points. In this way, the applied stress may be dissipated by the crack formation 
(Ramezanzadeh et al., 2010c).  
2.3.2.2.3 Effect of basecoat pigmentation on gum attack  

It was previously demonstrated that (Ramezanzadeh et al., 2010c; Yari et al., 2009a), 
basecoat pigmentation can considerably influence the mechanical properties of an 
automotive clear coat. This behavior was attributed to the curing degree and post reactions 
occurred. Therefore, according to these results, outdoor weathering conditions may well 
affect the clear coat properties based on the type of basecoat. Biological resistance of an 
automotive clear coat can also be expected to show different behavior depending on the 
basecoat pigmentation type. To show how basecoat pigmentation affect coating behavior 
against gum attack, the effect of gum on fully coated and free films of the clear coats applied 
over silver and black basecoat are shown in Figure 24 (Ramezanzadeh et al., 2010c). 
 

 
Fig. 24. Effect of basecoat pigmentation on their biological performance in the case of  
gum attack on (A1) and (A2) full coated and (B1) and (B2) free films (Ramezanzadeh et al.,  
2010c). 
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It can be seen that the surface cracks produced by gums over the clear/black system are 
smaller in size. However, fewer cracks being greater in size for the clear coat on the silver 
basecoat can be observed. Smaller cracks appeared in the black coating system revealed the 
greater ability to restore and relax the stress. To show how gum can differently affect clear 
coats applied over different basecoats, the drying process of gum on these two different 
samples are shown in Figure 25 (Ramezanzadeh et al., 2010c). 
 

 
Fig. 25. Effect of gum on (A1) silver and (B1) black (before exposure) samples, and (A2) 
silver and (B2) black samples after exposure (Ramezanzadeh et al., 2010c).  
According to Figure 25, greater shrinkage of black sample can be obtained. These differences 
can be resulted from the many different factors mainly the difference between the chemical 
structures of the clear coats applied over these basecoats and the mechanical properties of 
basecoat layer. In a silver system, due to the lower emissivity factor of basecoat, a greater 
curing can be obtained resulting in a higher cross-linking density and toughness. In 
addition, as a result of this better curing, less hydrophilicity and therefore adhesion of gum 
to clear coat surface can be obtained. The higher Tg of the clear coat on the silver system, as 
well as its greater cross-linking density, would result in different mechanical properties 
(Ramezanzadeh et al., 2010c). Moreover, a greater clear coat storage modulus of the silver 
system (at the temperature of biological test), can reveal different mechanical properties of 
this clear coat, which can effectively influence the biological attack to tackle the stress. The 
result is a higher capability of this coating to restore and further dissipate the stress 
performed by Arabic gum. This means that the greater cross-linking density of this sample 
(silver one) causes a higher cohesion. Therefore, the ability of the clear coat to distribute the 
stress on the entire film and other layers is prevention of the stress concentration and 
formation of cracks, the consequence of which is that the mechanical properties of basecoat 
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It can be seen that the surface cracks produced by gums over the clear/black system are 
smaller in size. However, fewer cracks being greater in size for the clear coat on the silver 
basecoat can be observed. Smaller cracks appeared in the black coating system revealed the 
greater ability to restore and relax the stress. To show how gum can differently affect clear 
coats applied over different basecoats, the drying process of gum on these two different 
samples are shown in Figure 25 (Ramezanzadeh et al., 2010c). 
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structures of the clear coats applied over these basecoats and the mechanical properties of 
basecoat layer. In a silver system, due to the lower emissivity factor of basecoat, a greater 
curing can be obtained resulting in a higher cross-linking density and toughness. In 
addition, as a result of this better curing, less hydrophilicity and therefore adhesion of gum 
to clear coat surface can be obtained. The higher Tg of the clear coat on the silver system, as 
well as its greater cross-linking density, would result in different mechanical properties 
(Ramezanzadeh et al., 2010c). Moreover, a greater clear coat storage modulus of the silver 
system (at the temperature of biological test), can reveal different mechanical properties of 
this clear coat, which can effectively influence the biological attack to tackle the stress. The 
result is a higher capability of this coating to restore and further dissipate the stress 
performed by Arabic gum. This means that the greater cross-linking density of this sample 
(silver one) causes a higher cohesion. Therefore, the ability of the clear coat to distribute the 
stress on the entire film and other layers is prevention of the stress concentration and 
formation of cracks, the consequence of which is that the mechanical properties of basecoat 
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layer are affected. Hence, as the mechanical properties of basecoat layers are different, the 
higher vulnerability of the black system in biological attack is probable. The greater 
aluminum flakes presented in the silver basecoat, due to the formation of a stronger physical 
network, causes a higher toughness, in comparison to the black basecoat, causing greater 
resistance of coating against the applied stress for this system. In addition, the presence of 
aluminum flakes in the basecoat can cause a greater damping behavior of this layer by 
preventing the stress concentration on coating (Ramezanzadeh et al., 2010c). 
2.3.2.3 Chemical attack by tree gum 
As shown in Figure 20, several etched areas can be observed on the clear coats which only 
experienced 300 h exposure to simultaneous weathering and gums. The presence of these 
etched areas in a relatively short exposure time indicates that, gums can accelerate the 
hydrolytic degradation of acrylic melamine, leading to extensive formation of soluble 
products which are easily released from the coating, leaving spotted etched areas. As stated 
before, the pHs of Arabic and natural gums are acidic (4.7 and 4.28, respectively). The acidic 
environment created by gums may also account for the occurrence of such accelerated 
etching phenomenon. It has been found that, acidic solutions can affect and catalyze the 
hydrolysis reactions in the same way (Zhou et al., 2002; Schulz et al., 2000). Several 
researchers have studied this condition for acrylic melamine, in terms of degradation caused 
by ‘‘acid rain’’, which is also a very common phenomenon. The pH of acid rain is around 
3.5–4.5. A stronger acidic environment causes more catastrophic degradations. Therefore, 
the grater variations in FTIR spectra of clear coats exposed to natural gum, compared to that 
of samples in contact with gum, can be explained by the more acidic nature of this material. 
These observations can illustrate that, gums can influence coating properties both in 
chemical and physical ways but mainly in physical direction (Ramezanzadeh et al., 2010c). 

3. Concluding remarks 
The properties and characteristics of automotive coatings have been discussed. The 
complicated conditions imposed to these systems need to be well understood in order to 
enhance their resistance against environment. Photo and hydrolytic degradations are the 
two common phenomena occurring under external conditions. In addition, the viscoelastic 
behavior of coatings is also detrimental for a proper mechanical performance. Above all, 
biological degradation is as important as the other types of failures.  
To highlight this kind of degradation the effects of bird droppings and tree gums on an 
automotive clear coat have been studied. Results showed an irretrievable effect of these 
biologicals on the visual performance, mechanical and chemical properties of clear coat. 
Effect of clear coat chemistry on its biological performance, exposed to natural and synthetic 
biological materials, has been studied. The effects of basecoat pigmentation and aging 
condition on the biological performance of the clear coat have been also investigated. The 
general conclusions obtained are shown below: 
1. It has been found that the catalytic hydrolysis of etheric and esteric bonds are the 

reasons for coating degradation when exposed to bird droppings. It was found that 
natural bird droppings, due to containing some digestive hydrolyse enzymes such as 
amylase and lipase, are able to catalyze the hydrolytic cleavage of etheric and esteric 
linkages of acrylic melamine clear coat. The consequence of these cleavages is the 
release of water soluble products from the coating, leaving etched areas and local 
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defects as well as decreased appearance on clear coat surface. Results clearly revealed 
that bird droppings considerably affect the clear coat mechanical properties. According 
to these results, Tg and elastic modulus were negatively decreased. In addition, the 
decreased micro hardnesses of clear coats exposed to these biological materials was a 
further observation indicating the severe effects of biological materials on the 
mechanical properties of clear coats. 

2. The pronounced effect of natural tree gum was a severe crack formation and shrinkage 
on fully coated systems and free film samples, respectively. It was also shown that, gum 
could strongly attach to clear coat surface before a drying process commenced. During 
gum drying, significant stress can be applied on the coating layers, especially the clear 
coat. Based on the coating properties, i.e. viscoelastic and toughness, different behaviors 
of coatings against applied stress, such as stress relaxation and/or coating failure were 
observed.  

3. It has been demonstrated that many parameters mainly surface chemistry and 
viscoelastic properties of clear coat (the balance of surface hydrophobicity/ 
hydrophilicity), aging condition (post or pre aging) and basecoat pigmentation (metallic 
or non-metallic) can influence coatings biological performance. 

4. Future trends 
It would be interesting to further study the effects of surface chemistry 
(hydrophilicity/hydrophobicity balance) on the biological resistance of automotive coatings. 
Also investigating the influences of viscoelastic properties of coating systems need more 
attention. Use of nano-based materials such as additives and pigments seem to be effective.  

5. References 
Bauer, DR. (1982). Degradation of organic coatings I. hydrolysis of melamine 

formaldehyde/acrylic copolymer films. Journal Applied Polymer Science, 27., 3651-
3662  

Bauer, DR. (1994). Chemical criteria for durable automotive topcoats. Journal of coatings and 
technology, 66., 835., 57-65 

Buter, R.; Wemmenhove, A. (1993). Automotive waterborne surfacer with improved stone-
chip resistance. Progress in Organic Coatings, 22., 83-105 

Courter, JL. (1997). Mar Resistance of Automotive Clear coats: I. Relationship to Coating 
Mechanical Properties.  Journal of Coatings Technology, 69, 866., 57-63. 

Dhoke, SK.; Khanna, AS.; Sinha, TJM. (2009). Effect of nano-ZnO particles on the corrosion 
behavior of alkyd-based waterborne coatings. Progress in Organic Coatings, 64., 371–
382  

Gregorovich, BV.; Adamsons, K.; Lin, L. (2001). Scratch and mar and other mechanical 
properties as a function of chemical structure for automotive refinish coatings. 
Progress in Organic Coatings, 43., 175–187 

Hara, Y. Mori, T. Fujitani, T. (2000). Relationship Between Viscoelasticity and Scratch 
Morphology of Coating Films. Progress in Organic Coating, 40., 39-47. 

Jalili, MM.; Moradian, S.; Dastmalchian, H.; Karbasi, A. (2007). Investigating the variations 
in properties of 2-pack polyurethane clear coat through separate incorporation of 
hydrophilic and hydrophobic nano-silica. Progress in Organic Coating, 59., 81-87. 



 New Trends and Developments in Automotive Industry 

 

292 

layer are affected. Hence, as the mechanical properties of basecoat layers are different, the 
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resistance of coating against the applied stress for this system. In addition, the presence of 
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3.5–4.5. A stronger acidic environment causes more catastrophic degradations. Therefore, 
the grater variations in FTIR spectra of clear coats exposed to natural gum, compared to that 
of samples in contact with gum, can be explained by the more acidic nature of this material. 
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natural bird droppings, due to containing some digestive hydrolyse enzymes such as 
amylase and lipase, are able to catalyze the hydrolytic cleavage of etheric and esteric 
linkages of acrylic melamine clear coat. The consequence of these cleavages is the 
release of water soluble products from the coating, leaving etched areas and local 
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defects as well as decreased appearance on clear coat surface. Results clearly revealed 
that bird droppings considerably affect the clear coat mechanical properties. According 
to these results, Tg and elastic modulus were negatively decreased. In addition, the 
decreased micro hardnesses of clear coats exposed to these biological materials was a 
further observation indicating the severe effects of biological materials on the 
mechanical properties of clear coats. 

2. The pronounced effect of natural tree gum was a severe crack formation and shrinkage 
on fully coated systems and free film samples, respectively. It was also shown that, gum 
could strongly attach to clear coat surface before a drying process commenced. During 
gum drying, significant stress can be applied on the coating layers, especially the clear 
coat. Based on the coating properties, i.e. viscoelastic and toughness, different behaviors 
of coatings against applied stress, such as stress relaxation and/or coating failure were 
observed.  

3. It has been demonstrated that many parameters mainly surface chemistry and 
viscoelastic properties of clear coat (the balance of surface hydrophobicity/ 
hydrophilicity), aging condition (post or pre aging) and basecoat pigmentation (metallic 
or non-metallic) can influence coatings biological performance. 

4. Future trends 
It would be interesting to further study the effects of surface chemistry 
(hydrophilicity/hydrophobicity balance) on the biological resistance of automotive coatings. 
Also investigating the influences of viscoelastic properties of coating systems need more 
attention. Use of nano-based materials such as additives and pigments seem to be effective.  
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1. Introduction     
1.1 Classification of automotive gear oils 
Modern gear oils can be divided into three main groups (Chwaja, Marko, 2010): 
- manual transmission fluids (MTF) intended for lubrication of automotive manual gear 

boxes, transaxles, axles, and differentials, 
- automatic transmission fluids (ATF) which lubricate: step-type automatic transmissions 

(AT), double clutch transmissions (DCT), and continuously variable transmissions (CVT), 
- oils for lubrication of gears in off-road vehicles (e.g. tractors). 
In European automotive market manual transmission fluids (MTF) are predominant with over 
75% of the market compared to only 25% of ATFs. However, in USA and Japan the situation is 
reversed: ATFs take respectively 92% and 75% of the market, leaving 8% and 25% to MTFs. 
This chapter concerns solely the first group of oils, i.e. manual transmission fluids (MTF); for 
simplification, the equivalent name “automotive gear oils” will be used throughout the text. 
There are two different classifications of automotive gear oils.  
The first one specifies lubricant service designations or the so-called performance levels of 
automotive gear oils. It has been provided by the American Petroleum Institute (API) in the 
API Publication 1560, 7th Edition, published in July, 1995. The API classification divides 
automotive gear oils into 7 performance levels. Four performance levels  are in current use, 
three are not. The reason for the performance level not to be in current use results from the 
unavailability of test equipment and does not mean that such products have been 
withdrawn from the market.  
The API classification has been described in Tab. 1 (API designations in current use) and 
Tab. 2 (designations not in current use). 
Apart from the designations from Tabs. 1 and 2, there is also a class denoted as API           
GL-5(LS) or GL-5+. Gear oils that meet the requirements of this class contain special friction 
modifiers (FM) preventing from the stick-slip occurrence under conditions of limited slip 
(LS). As such, GL-5(LS) oils are intended for lubrication of limited slip differentials. 
To reduce the number of various gear oils in the market and in turn simplify oil selection, 
many lubricant manufacturers implement more universal (multi grade) gear oils. In this 
group gear oils denoted as API GL-4/GL-5 or GL-4+ predominate. 
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1. Introduction     
1.1 Classification of automotive gear oils 
Modern gear oils can be divided into three main groups (Chwaja, Marko, 2010): 
- manual transmission fluids (MTF) intended for lubrication of automotive manual gear 

boxes, transaxles, axles, and differentials, 
- automatic transmission fluids (ATF) which lubricate: step-type automatic transmissions 

(AT), double clutch transmissions (DCT), and continuously variable transmissions (CVT), 
- oils for lubrication of gears in off-road vehicles (e.g. tractors). 
In European automotive market manual transmission fluids (MTF) are predominant with over 
75% of the market compared to only 25% of ATFs. However, in USA and Japan the situation is 
reversed: ATFs take respectively 92% and 75% of the market, leaving 8% and 25% to MTFs. 
This chapter concerns solely the first group of oils, i.e. manual transmission fluids (MTF); for 
simplification, the equivalent name “automotive gear oils” will be used throughout the text. 
There are two different classifications of automotive gear oils.  
The first one specifies lubricant service designations or the so-called performance levels of 
automotive gear oils. It has been provided by the American Petroleum Institute (API) in the 
API Publication 1560, 7th Edition, published in July, 1995. The API classification divides 
automotive gear oils into 7 performance levels. Four performance levels  are in current use, 
three are not. The reason for the performance level not to be in current use results from the 
unavailability of test equipment and does not mean that such products have been 
withdrawn from the market.  
The API classification has been described in Tab. 1 (API designations in current use) and 
Tab. 2 (designations not in current use). 
Apart from the designations from Tabs. 1 and 2, there is also a class denoted as API           
GL-5(LS) or GL-5+. Gear oils that meet the requirements of this class contain special friction 
modifiers (FM) preventing from the stick-slip occurrence under conditions of limited slip 
(LS). As such, GL-5(LS) oils are intended for lubrication of limited slip differentials. 
To reduce the number of various gear oils in the market and in turn simplify oil selection, 
many lubricant manufacturers implement more universal (multi grade) gear oils. In this 
group gear oils denoted as API GL-4/GL-5 or GL-4+ predominate. 
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API service designation 
(performance level) Application and short characterisation 

GL-1 

Manual transmissions operating under such mild conditions that 
straight petroleum or refined petroleum oil may be used 
satisfactorily. 
Not satisfactory for many passenger car manual transmissions. 
GL-1 oils may contain oxidation and rust inhibitors, defoamers, 
and pour depressants. Friction modifiers (FM) and extreme 
pressure (EP) additives shall not be used. 

GL-4 

Axles with spiral bevel gears operating under moderate to severe 
conditions of speed and load or axles with hypoid gears 
operating under moderate speeds and loads. 
GL-4 oils may be used in selected manual transmission and 
transaxle applications where MT-1 lubricants are unsuitable. 
GL-4 oils contain up to 4% of extreme pressure (EP) additives. 

GL-5 

Gears, particularly hypoid gears, in axles operating under 
various combinations of high-speed/shock load and low-
speed/high-torque conditions. 
GL-5 oils contain up to 6.5% of extreme pressure (EP) additives. 

MT-1 

Nonsynchronised manual transmissions used in buses and 
heavy-duty trucks. 
API MT-1 does not address the performance requirements of 
synchronized transmissions and transaxles in passenger cars and 
heavy-duty applications. 
API MT-1 oils provide protection against the combination of 
thermal degradation, component wear, and oil-seal deterioration, 
which is not provided by lubricants in current use meeting only 
the requirements of API GL-1, 4, or 5. 

Table 1. API service designations of automotive gear oils in current use, according to API 
Publication 1560 
The second classification is the SAE viscosity classification according to SAE J306:2005 
standard. It divides automotive gear oils into 11 grades basing on their rheological 
properties - tab. 3. 
For lubrication of automotive gears the most often multiviscosity-grade oils are employed, 
e.g. SAE 80W-90. This designation means that such an oil meets the requirements of both a 
low-temperature (SAE 80W) and a high-temperature grade (SAE 90). 

1.2 Characteristics of automotive gear oils on the base of the „market analysis” 
The authors have performed a comprehensive „market analysis” of the automotive gear oils. 
The analysis was related to a search for commercial automotive gear oils offered (mainly in 
the European market) by the most recognised lubricant manufacturers, including Polish 
companies. On the base of the up-to-date information presented on the webpages a database 
has been collected including the manufacturer name, trade name of the oil, API GL 
performance level, SAE viscosity grade, kind of the base oil, application, fulfilled 
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API service designation 
(performance level) Application and short characterisation 

GL-2 

Automotive worm-gear axles operating under such conditions of 
load, temperature, and sliding velocities that lubricants 
satisfactory for API GL-1 service will not suffice. 
GL-2 oils contain anti-wear or film-strength improvers 
specifically designed to protect worm gears. 

GL-3 

Manual transmissions operating under moderate to severe 
conditions and spiral-bevel axles operating under mild to 
moderate conditions of speed and load. 
GL-3 oils provide load-carrying capacities exceeding those 
satisfying API GL-1 but below the requirements of API GL-4 oils. 
GL-3 oils are not intended for axles with hypoid gears. 
Contain up to about 3% of antiwear (AW) additives. 

GL-6 
Hypoid gears designed with a very high pinion offset.  
EP properties typically better than of GL-5 oils. 
GL-6 oils contain up to 10% of extreme pressure (EP) additives. 

Table 2. API service designations of automotive gear oils not in current use, according to 
API Publication 1560 

 
SAE 

viscosity 
grade 

Maximum temperature 
for viscosity of 150 000 cP, ºC 

Kinematic viscosity 
at 100ºC, cSt (mm2/s)

Minimum 

Kinematic viscosity 
at 100ºC, cSt (mm2/s) 

Maximum 
70W -55 4.1 - 
75W -40 4.1 - 
80W -26 7.0 - 
85W -12 11.0 - 
80 - 7.0 <11.0 
85 - 11.0 <13.5 
90 - 13.5 <18.5 

110 - 18.5 <24.0 
140 - 24.0 <32.5 
190 - 32.5 <41.0 
250 - 41.0 - 

Table 3. Automotive gear oil viscosity classification, according to SAE J306:2005 

requirements, certificates achieved, recommendations, etc. The collected database includes 
information on over 330 automotive gear oils. The offer of the following 35 lubricant 
manufacturers (given in an alphabetical order) has been analysed: Agip (Eni Group), Amsoil, 
Aral, BP Lubricants, Carlube, Castrol, ChevronTexaco, Comma, Exxon Mobil Corporation, 
FL Selenia Poland, Fuchs Oil Corporation, Gulf Oil International, Kager Products, Kroon-Oil, Liqui 
Moly, Lotos Oil S.A., Lukoil-Permnefteorgsintez, Magna Industrial Co. Ltd, Motul, Naftochem, 
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API service designation 
(performance level) Application and short characterisation 

GL-1 

Manual transmissions operating under such mild conditions that 
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API service designation 
(performance level) Application and short characterisation 

GL-2 

Automotive worm-gear axles operating under such conditions of 
load, temperature, and sliding velocities that lubricants 
satisfactory for API GL-1 service will not suffice. 
GL-2 oils contain anti-wear or film-strength improvers 
specifically designed to protect worm gears. 

GL-3 

Manual transmissions operating under moderate to severe 
conditions and spiral-bevel axles operating under mild to 
moderate conditions of speed and load. 
GL-3 oils provide load-carrying capacities exceeding those 
satisfying API GL-1 but below the requirements of API GL-4 oils. 
GL-3 oils are not intended for axles with hypoid gears. 
Contain up to about 3% of antiwear (AW) additives. 
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Hypoid gears designed with a very high pinion offset.  
EP properties typically better than of GL-5 oils. 
GL-6 oils contain up to 10% of extreme pressure (EP) additives. 

Table 2. API service designations of automotive gear oils not in current use, according to 
API Publication 1560 

 
SAE 

viscosity 
grade 

Maximum temperature 
for viscosity of 150 000 cP, ºC 

Kinematic viscosity 
at 100ºC, cSt (mm2/s)

Minimum 

Kinematic viscosity 
at 100ºC, cSt (mm2/s) 

Maximum 
70W -55 4.1 - 
75W -40 4.1 - 
80W -26 7.0 - 
85W -12 11.0 - 
80 - 7.0 <11.0 
85 - 11.0 <13.5 
90 - 13.5 <18.5 

110 - 18.5 <24.0 
140 - 24.0 <32.5 
190 - 32.5 <41.0 
250 - 41.0 - 

Table 3. Automotive gear oil viscosity classification, according to SAE J306:2005 

requirements, certificates achieved, recommendations, etc. The collected database includes 
information on over 330 automotive gear oils. The offer of the following 35 lubricant 
manufacturers (given in an alphabetical order) has been analysed: Agip (Eni Group), Amsoil, 
Aral, BP Lubricants, Carlube, Castrol, ChevronTexaco, Comma, Exxon Mobil Corporation, 
FL Selenia Poland, Fuchs Oil Corporation, Gulf Oil International, Kager Products, Kroon-Oil, Liqui 
Moly, Lotos Oil S.A., Lukoil-Permnefteorgsintez, Magna Industrial Co. Ltd, Motul, Naftochem, 
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Neste Oil, Oel Brack A.G., Orlen Oil, PPHTU Adwa, Quaker State, Red Line Synthetic Oil Corp., 
Royal Dutch Shell Group, Silesia Oil, Specol Lubricants, Statoil, Sunoco, Tedex Production, Total 
SA, Valvoline (Ashland Inc.), Zakl. Chem. Organika S.A. It is worth to add that among the 
analysed offers the widest offer of automotive gear oils proposes Exxon Mobil, followed by 
the offer of ChevronTexaco, Orlen Oil (Poland), Fuchs, Aral, Gulf, Neste Oil, Kroon-Oil, 
Agip, and Castrol. 
The database enabled the authors to identify the most often used and popular API GL 
performance levels of the automotive gear oils, and their percentage in the general offer - Fig. 1. 
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Fig. 1. The percentage of gear oils of particular API GL performance levels (including 
universal - multi grade oils) in the general offer of automotive gear oils in the market 

From Fig. 1 it is apparent that automotive gear oils denoted as API GL-5 and GL-4 definitely 
predominate. There is also a considerable offer of API GL-5(LS) gear oils, known also as    
GL-5+ oils. 
As concerns universal (multi grade) gear oils, for some time they have been constituting a 
substantial part of the market. In this group oils denoted as API GL-4/GL-5 or GL-4+, as 
well as API GL-4/GL-5/MT-1 predominate. 
Regarding API MT-1, the authors have not found any products labelled with only this 
designation. It is used complementarily with other designations of the universal oils, e.g. 
API GL-4/GL-5/MT-1. 
The designations API GL-2 and GL-6 may be treated as obsolete. There are very few 
manufacturers of GL-6 gear oils. The GL-2 designation is practically no longer used at 
present; the lubricant manufacturers tend to use the ISO VG classification instead to identify 
oils for worm gears. 
The next step of the analysis of the database was to identify the most often used and popular 
SAE viscosity grades of the automotive gear oils, and their percentage in the general offer - 
Fig. 2. 
From Fig. 2 it can be seen that multiviscosity-grade oils definitely predominate. In this 
group SAE 80W-90, 75W-90 and 85W-140 oils constitute the most substantial part.  
As concerns single-grade oils, the biggest segment of the market belongs to SAE 80W oils. 
The last step of the analysis of the database was to identify the percentage of the types of 
base oils used for formulation of modern automotive gear oils - Fig. 3. 
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Fig. 2. The percentage of gear oils of particular SAE viscosity grades (including  
multiviscosity-grade oils) in the general offer of automotive gear oils in the market; only 
those grades of which percentage was at least 1% are considered 
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Fig. 3. The percentage of the types of base oils used for formulation of automotive gear oils 

From Fig. 3 it is apparent that mineral, automotive gear oils still definitely predominate in 
the market, followed by synthetic oils. The smallest segment of the market is occupied by 
gear oils with semisynthetic bases. It is interesting that some lubricant manufacturers, e.g. 
American firms like Amsoil and Red Line Synthetic Oil Corp. use exclusively synthetic base 
oils to formulate automotive gear oils.    

1.3 Some aspects of degradation of automotive gear oils 
During exploitation of lubricating oils in machines significant changes of oil physico-
chemical properties take part due to ageing. The ageing rate depends on the working 
temperature, load, speed and environment. They lead to oil degradation which causes 
deterioration of oil performance and may even result in a necessity for the oil change.  
The following processes in the bulk of the aged oil can be identified: oxidation and 
polymerisation of hydrocarbons, production of acids and resins, decrease in the content of 
additives due to precipitation of their oxidised products, mechanical destruction of viscosity 
improvers leading to a drop in the viscosity index, rise in the concentration of solid 
contaminants coming from mating components (particles of steel, bronze, metal oxides, 
rubber), increase in the concentration of contaminants coming from the environment (dust, 
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chemical properties take part due to ageing. The ageing rate depends on the working 
temperature, load, speed and environment. They lead to oil degradation which causes 
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soil, water), and contamination with products of bacteria activity (Baczewski & Hebda, 
1991/92), (Luksa, 1990). The technical systems like transmissions of road vehicles are 
especially exposed to an adverse influence of the environment. 

1.4 Example of gear oil degradation in a car 
The authors investigated physico-chemical changes in the commercial API GL-3 gear oil 
lubricating the transmission of a small car at the mileage of 50 000 km. The following 
measures were determined: kinematic viscosity (ν) measured at 40 and 100ºC, viscosity 
index (VI), total acid number (TAN), contamination with water (H2O), and contamination 
with solid particles (SP). The comparison of the fresh and used oil is presented in Tab. 4. 
 

State of 
gear oil 

ν40 
mm s-2

ν100 
mm s-2 VI TAN 

mg KOH g-1
H2O 
ppm 

SP 
vol. % 

Fresh 164 15 90 0.8 23 ≈0.0 
Used 126 12 85 1.1 129 0.2 

Table 4. Changes of measures of physico-chemical properties of the API GL-3 gear oil due to 
deterioration during lubrication of the car transmission 
As could be expected, in the used oil at the mileage of 50 000 km a significant increase in the 
content of solid particles and water was identified; TAN rose as well. Both kinematic 
viscosity and viscosity index significantly decreased due to mechanical degradation of 
polymer chains in the viscosity improvers and/or hydrocarbon chains in the oil at the 
contact zone of mating components (gears, rolling bearings, synchronizers). These adverse 
processes have an influence on wear of components of automotive transmissions. 

1.5 Wear of transmissions components - gears and rolling bearings 
One of the dominating forms of wear of toothed gears is scuffing. Scuffing is a form of wear 
typical of highly-loaded surfaces working at high relative speeds. Another form of wear is 
rolling contact fatigue (pitting). Pitting is a form of wear typical of highly-loaded surfaces 
working at a sliding-rolling and rolling contact, e.g. such components in transmissions like 
toothed gears and rolling bearings. It is caused by the cyclic contact stress, which leads to 
cracks initiation. The lubricant is pressed into the cracks at a very high pressure  
(elastohydrodynamic lubrication), making them propagate. Finally, cyclic stress results in 
breaking a piece of material off the surface (Pytko & Szczerek, 1993), (Lawrowski, 2008). The 
mentioned forms of wear are shown in Fig. 4. 
The resistance to scuffing and pitting depends on many various factors. They are: material 
properties, surface machining, geometry of the tribosystem, working conditions, as well as 
physico-chemical properties of the lubricant which significantly change due to ageing. 
Although an effect of the aged oil degradation on its performance has been described in the 
literature (Yamada et al., 1993), (Hohn et al., 2001), few data concern differentiation between 
behaviour of automotive gear oils having different API GL performance levels, particularly 
in the aspect of the oil-surface interactions. 
In the further part of this chapter the authors compare two different automotive gear oils of 
different chemistry and performance levels - API GL-3 and GL-5. The aim is to find an effect 
of their ageing on deterioration of their properties, and in turn on scuffing and pitting 
prevention. To simulate oil deterioration taking part during exploitation of machines (e.g. 
cars), laboratory ageing of the oils was performed. 
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Fig. 4. Most dangerous forms of wear of transmission components: a) scuffing of a gear, 
b) pitting of a gear, c) pitting of a bearing ball 

2. Research equipment 
2.1 Scuffing tests 
The scuffing tests were performed using a four-ball testing machine, denoted as T-02, 
designed and manufactured by ITeE-PIB - Fig. 5.  
Test specimens were bearing balls made of chrome alloy bearing steel, with diameter of 
12.7 mm. Surface roughness was Ra = 0.032 µm and hardness between 60 and 65 HRC. The 
sliding four-ball tribosystem and some its important dimensions are shown in Fig. 6. 
The tribosystem consists of the three stationary balls (2) fixed in the ball pot (4) and pressed 
at the required load P against the top ball (1). The top ball is fixed in the ball chuck (3) and 
rotates at the defined speed n. So, between the balls pure sliding appeared, which created 
conditions for investigation of scuffing. The contact zone of the balls was immersed in the 
tested oil. 
After tribological experiments the worn surface of the bottom balls was analysed using a 
scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). 
EDS analyses were performed at the accelerating voltage of 15 kV. Prior to analyses test 
balls were washed for 5 mins in n-hexane using an ultrasonic washer.  
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In the further part of this chapter the authors compare two different automotive gear oils of 
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prevention. To simulate oil deterioration taking part during exploitation of machines (e.g. 
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Fig. 4. Most dangerous forms of wear of transmission components: a) scuffing of a gear, 
b) pitting of a gear, c) pitting of a bearing ball 

2. Research equipment 
2.1 Scuffing tests 
The scuffing tests were performed using a four-ball testing machine, denoted as T-02, 
designed and manufactured by ITeE-PIB - Fig. 5.  
Test specimens were bearing balls made of chrome alloy bearing steel, with diameter of 
12.7 mm. Surface roughness was Ra = 0.032 µm and hardness between 60 and 65 HRC. The 
sliding four-ball tribosystem and some its important dimensions are shown in Fig. 6. 
The tribosystem consists of the three stationary balls (2) fixed in the ball pot (4) and pressed 
at the required load P against the top ball (1). The top ball is fixed in the ball chuck (3) and 
rotates at the defined speed n. So, between the balls pure sliding appeared, which created 
conditions for investigation of scuffing. The contact zone of the balls was immersed in the 
tested oil. 
After tribological experiments the worn surface of the bottom balls was analysed using a 
scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). 
EDS analyses were performed at the accelerating voltage of 15 kV. Prior to analyses test 
balls were washed for 5 mins in n-hexane using an ultrasonic washer.  
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Fig. 5. T-02 Four-ball testing machine 
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Fig. 6. Sliding four-ball tribosystem: a) drawing (1 - top ball, 2- stationary balls, 3 - ball 
chuck, 4 - ball pot), b) some important dimensions (wear track radius and ball radius), 
c) photograph 

2.2 Pitting tests 
The surface fatigue (pitting) tests were performed using a four-ball rolling tester, also 
designed and manufactured by ITeE-PIB, denoted as T-03 - Fig. 7. 
The rolling four-ball tribosystem and some its important dimensions are shown in Fig. 8. 
The tribosystem consists of the three bottom balls (2), free to rotate in the special race (3), 
and pressed at the required load P against the top ball (1). The bottom balls are driven by 
the top ball which is fixed in the ball chuck and rotates at the defined speed n. The contact 
zone of the balls was immersed in the tested oil. 
The test balls were the same as used in the scuffing tests. 
The T-03 tester was equipped with a vibration monitoring system. At the onset of the fatigue 
failure, when vibrations increased sharply, the system turned the rig down.  
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Fig. 7. T-03 Four-ball pitting tester 
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Fig. 8. Rolling four-ball tribosystem: a) drawing (1- top ball, 2 - bottom balls, 3 - race), 
b) some important dimensions (wear track radius and ball radius), c) photograph 

The worn surface on the upper ball was analyzed using a scanning electron microscope 
(SEM), energy dispersive spectrometer (EDS) and atomic force microscope (AFM). 
EDS analyses were performed at the accelerating voltage of 15 kV. Prior to analyses the test 
balls were washed for 5 mins in n-hexane using an ultrasonic washer. 

3. Test methods 
3.1 Scuffing tests 
The properties of the tested lubricants related to prevention of scuffing are called the 
extreme pressure (EP) properties. In this work the extreme pressure properties of the tested 
oils are characterised by the so-called limiting pressure of seizure, denoted as poz. This 
measure is determined according to a test method developed in the Tribology Dept. of  
ITeE-PIB, having been presented in the literature (Piekoszewski et al., 2001), (Szczerek & 
Tuszynski, 2002), (Burakowski et al., 2004). A unique feature of the test method is related to 
continuously increasing load until scuffing and then seizure occurs, and analysis of scuffing 
propagation. 
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Test conditions are: load increase 409 N s-1, initial load 0, maximum load about 7400 N, load 
increase time approximately 18 s (until the highest load is reached), rotational speed 
500 rpm (sliding speed 0.19 m s-1). 
It is assumed that the test finishes when seizure takes place, i.e. at the time of exceeding 
10 N m friction torque (this quantity is calculated on the base of measurements from a force 
transducer located at the distance 0.15 m from the test shaft axis). When seizure is not 
detected, the attaining of maximum load (about 7400 N) finishes the test. 
For the tested lubricant the limiting pressure of seizure (poz) is calculated from the 
equation (1): 

 ( )2
20.52 oz

oz
Pp N mm
d

−=  (1) 

where:  
Poz - load that causes seizure (or maximum load when seizure does not appear), the so-
called seizure load, N,  
d - average wear scar diameter, from the measurements on the three bottom balls in the 
direction parallel and perpendicular to the “striations”, mm.  
The rounded value 0.52 results from the four-ball geometry. 
So, the limiting pressure of seizure (poz) is a nominal pressure at the time of seizure (or at 
the end of a run) exerted on the wear scar area between two contacting balls. The bigger poz 
value, the better extreme pressure properties of the tested lubricant. 
For each tested oil at least 3 runs were performed and the results averaged. The outliers 
were rejected on the base of Dixon test, for the significance level α = 5%. 

3.2 Pitting tests 
The resistance to pitting was characterised by the so-called 10% fatigue life, denoted as L10. 
The procedure of its determination is presented in IP 300 standard. The value of L10 
represents the life at which 10% of a large number of test balls, lubricated with the tested oil, 
would be expected to have failed. 
Test conditions, adopted from IP 300, were as follows: rotational speed 1450 rpm, applied 
load 5886 N (600 kgf), run duration until pitting occurs, number of runs 24. Only those runs 
were accepted for which pitting occurred on the top ball (requirement of IP 300 standard). In 
each run the time to pitting failure occurrence was measured. 
After test completion the 24 values (failure times) were plotted in the Weibull co-ordinates, 
i.e. the estimated cumulative percentage failed against the failure time. Then, a straight line 
was fitted to the points. From the line the 10% life L10 was read off. 

4. Gear oils tested and their ageing    
Two mineral, automotive gear oils of API GL-3 and GL-5 performance levels were used. The 
oils were formulated and delivered by the Central Petroleum Laboratory (CLN) in Warsaw, 
Poland. 
In the GL-3 oil the commercial package of lubricating additives was based on zinc 
dialkyldithiophosphate (ZDDP), classified as antiwear (AW) and partly extreme pressure 
(EP) additives. GL-5 oil contained a package of EP additives based on organic sulfur-
phosphorus (S-P) compounds.  
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The gear oils were contaminated with a special test dust (3 samples with various dust 
concentrations), distilled water (3 samples with various water concentrations) and were 
laboratory oxidised at 150C (3 samples oxidised at various times) - Fig. 9. 
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Fig. 9. Laboratory ageing of the API GL-3 and GL-5 gear oils: a) contamination with dust, 
b) contamination with water, c) oxidation 

The main components of the test dust were SiO2 grains (72.4% wt.) and Al2O3 (14.2% wt.). 
Maximum grain size did not exceed 0.08 μm. The granulometric composition of the test dust 
is given in Tab. 5. 

Grain size, μm Grain share, wt. %
0.08 - 0.04 9.1 
0.04 - 0.02 19.5 
0.02 - 0.01 14.7 
0.01 - 0.005 19.7 

0.005 - 0 37.0 

Table 5. The granulometric composition of the test dust 

Prior to pouring in the oils, the dust had been dried at 100ºC for 6 hrs.  
Oxidation of the oils was performed using a special oil bath at 150ºC, without air flow, nor a 
catalyst. After oxidation for a given time, basic physico-chemical properties of the oil sample 
were determined, for example total acid number (TAN) and changes in infrared (IR) spectra, 
i.e. changes of areas under peaks characteristic for interesting chemical bonds in the 
lubricating additives. IR spectra were obtained using Fourier transform infrared 
microspectrophotometry (FTIRM). It is worth mentioning that TAN is the quantity 
(expressed in mg) of potassium hydroxide (KOH) needed to neutralize the acid in 1 g of oil. 
So, TAN indicates the amount of oxidation that the oil has undergone. 
Before tribological tests each oil sample was stirred for 30 mins to equalise their bulk 
composition. In case of water contamination, oil-water emulsions were obtained. 

5. Results and discussion - scuffing tests 
5.1 Testing of dust-contaminated gear oils 
Fig. 10 presents the values of the limiting pressure of seizure (poz) obtained for the gear oils  
of API GL-3 and GL-5 performance levels - pure and contaminated with the test dust at 
increasing concentrations. Interval bars reflecting the repeatability of the used test method 
have been added to the graphs. 
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Fig. 10. Limiting pressure of seizure (poz) obtained for the gear oils - pure and contaminated 
with the test dust: a) GL-3 oil, b) GL-5 oil 
From Fig. 10 it can be observed that the contamination of the oil with the dust practically 
does not affect the oil extreme pressure properties. The reason is that under severe friction 
conditions wear is so intensive that abrasive action of the dust does not matter. 
It should also be noted that the GL-3 gear oil gives about threefold lower values of poz than 
GL-5. This much less efficiency of the GL-3 oil under severe friction conditions can be 
attributed to action of AW type lubricating additives (ZDDP) which are used in such oils. It 
is known that AW additives shows much poorer performance under severe conditions than 
EP ones (S-P compounds) which are used in GL-5 gear oils.  

5.2 Testing of water-contaminated gear oils 
Fig. 11 presents the values of the limiting pressure of seizure (poz) obtained for the gear oils 
of API GL-3 and GL-5 performance levels - pure and contaminated with water at increasing 
concentrations. 
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Fig. 11. Limiting pressure of seizure (poz) obtained for the gear oils - pure and contaminated 
with the water: a) GL-3 oil, b) GL-5 oil 
The contamination of the GL-3 gear oil by water at the concentration of 1% has a significant, 
deleterious effect on the oil extreme pressure properties. Further increasing the water 
contamination has no effect on poz values. In comparison, GL-5 gear oil shows less 
“sensitivity” to water contamination - lower concentrations of water do not exert any effect 
and a drop in the extreme pressure properties is visible only when 10% of water is added to 
the oil. 
For interpretation of the obtained results the wear scars on the bottom balls were analysed 
using SEM/EDS. SEM images of the worn surface and EDS maps for sulfur and phosphorus  
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Fig. 12. Pure GL-5 oil - SEM image of the wear scar (a) and EDS maps for: b) sulfur, 
c) phosphorus 

 

   
a) b) c) 

Fig. 13. GL-5 oil contaminated with water at 10% concentration - SEM image of the wear scar 
(a) and EDS maps for: b) sulfur, c) phosphorus 

in the surface layer are shown in Figs. 12 and 13 for pure GL-5 oil and this oil contaminated 
with 10% water. 
From Figs. 12 and 13 it is evident that water contamination affects the oil-surface 
interactions - one can observe a decrease in phosphorus content in the tribochemically 
modified surface layer of the wear scar. 
The next step of analysis was to quantitatively examine the wear scar surface layer using 
EDS. Fig. 14 shows the weight concentration of sulfur and phosphorus in the surface layer 
for both the gear oils contaminated with water. The analyses were performed at three 
different points of the wear scar. The graphs present the average values of elemental 
concentration. 
From Fig. 14 it is apparent that for GL-3 gear oil contaminated with 1% or more water a 
significant decrease in the concentration of sulfur and phosphorus takes place. For the 
contaminated GL-5 oil the concentration of sulfur remains practically constant but a drop in 
phosphorus concentration occurs in case of the highest rates of water contamination. 
It is well known that prevention of scuffing is realised by sulfur and phosphorus 
compounds (Godfrey, 1968), (Forbes, 1970), (Stachowiak & Batchelor, 2001). These 
compounds are formed owing to physical and chemical adsorption, followed by chemical 
reactions of active lubricating additives with the steel surface. The sulfur and phosphorus 
compounds prevent creation of adhesive bonds or enable their shearing. A great role is 
played here particularly by inorganic compounds like FeS. 
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Fig. 14. Average concentration of sulfur and phosphorus in the surface layer of the wear scar 
for the gear oils contaminated with water: a) GL-3 oil, b) GL-5 oil 
So, a significant decrease in the concentration of sulfur and phosphorus in the surface layer 
of the wear scar for GL-3 gear oil contaminated with 1% or more water is responsible for a 
dramatic deterioration of its extreme pressure properties (Fig. 11 a). For GL-5 gear oil poorer 
scuffing performance observed not sooner than for 10% water contamination (Fig. 11 b) can 
be attributed to a drop of phosphorous visible in case of the highest water content. 
It should also be noted that for all samples of GL-5 gear oil incomparably higher 
concentration of sulfur and phosphorus can be found in the wear scar surface layer than for 
GL-3 oil. This is a result of more effective action of EP additives in GL-5 oils than AW 
additives in GL-3 oil, hence much better extreme pressure properties of the sooner. 

5.3 Testing of oxidative degradation of gear oils 
Fig. 15 presents the values of the limiting pressure of seizure (poz) obtained for the gear oils 
of API GL-3 and GL-5 performance levels - pure (“fresh”) and oxidised for longer and 
longer time. 
Fig. 15 shows that the oil oxidation exerts in general a positive effect on extreme pressure 
properties of both the tested gear oils. For GL-3 oil the values of poz increase with extending 
oxidation time. Only after the longest oxidation time a sudden drop in the oil performance 
occurs. For GL-5 oil its oxidation also exerts a rather positive effect on extreme pressure 
properties - a slow but sustained rise in the values of poz is observed with extending 
oxidation time. The only exception is GL-5 oil oxidised for 50 hrs, giving an unexpected, 
noticeable drop in its performance. 
For interpretation of the obtained results the wear scars on the bottom balls were analysed 
using SEM/EDS. SEM images of the worn surface and EDS maps for sulfur and phosphorus  
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Fig. 15. Limiting pressure of seizure (poz) obtained for the pure and oxidised gear oils:          
a) GL-3 oil, b) GL-5 oil 
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Fig. 16. GL-5 oil oxidised for 100 hrs - SEM image of the wear scar (a) and EDS maps for: 
b) sulfur, c) phosphorus 

in the surface layer are shown in Fig. 16 for GL-5 oil oxidised for 100 hrs. Respective images 
obtained for the pure GL-5 oil have been shown earlier in Fig. 12. 
From Figs. 12 and 16 it is evident that oil 100 hrs-long oxidation affects the oil-surface 
interactions - one can observe a noticeable decrease in phosphorus content in the 
tribochemically modified surface layer of the wear scar. The map of phosphorus is ‘empty’ 
for the reason of its very little concentration in the surface layer, less than 1% wt. 
(a sensitivity threshold of EDS mapping is in practice about 1% wt.). 
The next step of analysis was to examine the wear scar surface layer quantitatively using 
EDS. Fig. 17 shows the weight concentration of sulfur and phosphorus in the surface layer 
for the both oxidised gear oils. 
From Fig. 17 it can be seen that for GL-3 gear oil oxidised for 25 and 50 hrs the concentration 
of sulfur and phosphorus in the surface layer of the wear scar is much higher than for the 
pure oil. A dramatic drop in their concentration, down to unidentifiable values is noticed 
not sooner than for the longest time of oxidation (100 hrs). So, the concentration of these 
elements in the surface layer in some way correlates with the tribological results (Fig. 15 a). 
One can thus infer that their concentration increase is beneficial to the extreme pressure 
properties of the oxidised oil and the respective mechanisms of such an action have been 
described earlier. 
In case of GL-5 gear oil irrespective of the oxidation time the concentration of sulfur in the 
surface layer of the wear scar is high and does not change. A small drop in sulfur 
concentration is noticed only for the middle time of oxidation (50 hrs). The concentration of 
phosphorus significantly decreases for the longest oxidation times. It is the decrease in 
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Fig. 14. Average concentration of sulfur and phosphorus in the surface layer of the wear scar 
for the gear oils contaminated with water: a) GL-3 oil, b) GL-5 oil 
So, a significant decrease in the concentration of sulfur and phosphorus in the surface layer 
of the wear scar for GL-3 gear oil contaminated with 1% or more water is responsible for a 
dramatic deterioration of its extreme pressure properties (Fig. 11 a). For GL-5 gear oil poorer 
scuffing performance observed not sooner than for 10% water contamination (Fig. 11 b) can 
be attributed to a drop of phosphorous visible in case of the highest water content. 
It should also be noted that for all samples of GL-5 gear oil incomparably higher 
concentration of sulfur and phosphorus can be found in the wear scar surface layer than for 
GL-3 oil. This is a result of more effective action of EP additives in GL-5 oils than AW 
additives in GL-3 oil, hence much better extreme pressure properties of the sooner. 

5.3 Testing of oxidative degradation of gear oils 
Fig. 15 presents the values of the limiting pressure of seizure (poz) obtained for the gear oils 
of API GL-3 and GL-5 performance levels - pure (“fresh”) and oxidised for longer and 
longer time. 
Fig. 15 shows that the oil oxidation exerts in general a positive effect on extreme pressure 
properties of both the tested gear oils. For GL-3 oil the values of poz increase with extending 
oxidation time. Only after the longest oxidation time a sudden drop in the oil performance 
occurs. For GL-5 oil its oxidation also exerts a rather positive effect on extreme pressure 
properties - a slow but sustained rise in the values of poz is observed with extending 
oxidation time. The only exception is GL-5 oil oxidised for 50 hrs, giving an unexpected, 
noticeable drop in its performance. 
For interpretation of the obtained results the wear scars on the bottom balls were analysed 
using SEM/EDS. SEM images of the worn surface and EDS maps for sulfur and phosphorus  
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Fig. 15. Limiting pressure of seizure (poz) obtained for the pure and oxidised gear oils:          
a) GL-3 oil, b) GL-5 oil 
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Fig. 16. GL-5 oil oxidised for 100 hrs - SEM image of the wear scar (a) and EDS maps for: 
b) sulfur, c) phosphorus 

in the surface layer are shown in Fig. 16 for GL-5 oil oxidised for 100 hrs. Respective images 
obtained for the pure GL-5 oil have been shown earlier in Fig. 12. 
From Figs. 12 and 16 it is evident that oil 100 hrs-long oxidation affects the oil-surface 
interactions - one can observe a noticeable decrease in phosphorus content in the 
tribochemically modified surface layer of the wear scar. The map of phosphorus is ‘empty’ 
for the reason of its very little concentration in the surface layer, less than 1% wt. 
(a sensitivity threshold of EDS mapping is in practice about 1% wt.). 
The next step of analysis was to examine the wear scar surface layer quantitatively using 
EDS. Fig. 17 shows the weight concentration of sulfur and phosphorus in the surface layer 
for the both oxidised gear oils. 
From Fig. 17 it can be seen that for GL-3 gear oil oxidised for 25 and 50 hrs the concentration 
of sulfur and phosphorus in the surface layer of the wear scar is much higher than for the 
pure oil. A dramatic drop in their concentration, down to unidentifiable values is noticed 
not sooner than for the longest time of oxidation (100 hrs). So, the concentration of these 
elements in the surface layer in some way correlates with the tribological results (Fig. 15 a). 
One can thus infer that their concentration increase is beneficial to the extreme pressure 
properties of the oxidised oil and the respective mechanisms of such an action have been 
described earlier. 
In case of GL-5 gear oil irrespective of the oxidation time the concentration of sulfur in the 
surface layer of the wear scar is high and does not change. A small drop in sulfur 
concentration is noticed only for the middle time of oxidation (50 hrs). The concentration of 
phosphorus significantly decreases for the longest oxidation times. It is the decrease in 
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Fig. 17. Average concentration of sulfur and phosphorus in the surface layer of the wear scar 
for the oxidised gear oils: a) GL-3 oil, b) GL-5 oil 

sulfur that may be a reason for an unexpected drop in the extreme pressure properties 
observed for GL-5 oils oxidised for 50 hrs (Fig. 15 b). 
A dramatic drop in the concentration of sulfur and phosphorus in the wear scar surface 
layer in case of GL-3 oil oxidised for 100 hrs, accompanied by deterioration of its extreme 
pressure properties (Fig. 15 a) comes from a decrease in the lubricating additives in the oil 
due to precipitation of their oxidised products in the form of sludge, which has been 
postulated in the literature (Yamada et al., 1993), (Makowska & Gradkowski, 1999).  
The changes in the physico-chemical properties due to oxidation were investigated by 
determination of TAN and FTIRM analysis of the tested oils. The values of TAN for the pure 
and oxidised oils are shown in Fig. 18, and the IR spectra - in Figs. 19 and 20. 
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Fig. 18. TAN for the pure and oxidised gear oils: a) GL-3 oil, b) GL-5 oil 

From Figs. 18 to 20 it is apparent that the symptoms of additives decrease in the oxidised 
GL-3 oil are: 10% drop in TAN and a very big decrease in the area under the peak at 965 cm-1 
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in the IR spectrum; such a peak is typical of P-O-C bonds in the lubricating additives 
(ZDDP) used in GL-3 oils. 
A decrease in the content of lubricating additives due to precipitation was also noticed for 
the oxidised GL-5 oil, which was identified by threefold drop in TAN of the oil oxidised for 
the longest time in comparison with the pure oil (Fig. 18 b). This much reduced the content 
of phosphorus in the worn surface, but because the concentration of sulfur (which is the 
most important element in the EP additives) practically did not change (Fig. 17 b) the 
extreme pressure properties of the oil oxidised for 100 hrs did not deteriorate. 
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Fig. 19. IR spectrum for the pure and oxidised GL-3 oil; 1 - pure oil, 2 - oxidation for 25 hrs, 
3 - 50 hrs, 4 - 100 hrs 
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Fig. 20. IR spectrum for the pure and oxidised GL-5 oil; 1 - pure oil, 2 - oxidation for 25 hrs, 
3 - 50 hrs, 4 - 100 hrs 
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Fig. 17. Average concentration of sulfur and phosphorus in the surface layer of the wear scar 
for the oxidised gear oils: a) GL-3 oil, b) GL-5 oil 

sulfur that may be a reason for an unexpected drop in the extreme pressure properties 
observed for GL-5 oils oxidised for 50 hrs (Fig. 15 b). 
A dramatic drop in the concentration of sulfur and phosphorus in the wear scar surface 
layer in case of GL-3 oil oxidised for 100 hrs, accompanied by deterioration of its extreme 
pressure properties (Fig. 15 a) comes from a decrease in the lubricating additives in the oil 
due to precipitation of their oxidised products in the form of sludge, which has been 
postulated in the literature (Yamada et al., 1993), (Makowska & Gradkowski, 1999).  
The changes in the physico-chemical properties due to oxidation were investigated by 
determination of TAN and FTIRM analysis of the tested oils. The values of TAN for the pure 
and oxidised oils are shown in Fig. 18, and the IR spectra - in Figs. 19 and 20. 
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Fig. 18. TAN for the pure and oxidised gear oils: a) GL-3 oil, b) GL-5 oil 

From Figs. 18 to 20 it is apparent that the symptoms of additives decrease in the oxidised 
GL-3 oil are: 10% drop in TAN and a very big decrease in the area under the peak at 965 cm-1 
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in the IR spectrum; such a peak is typical of P-O-C bonds in the lubricating additives 
(ZDDP) used in GL-3 oils. 
A decrease in the content of lubricating additives due to precipitation was also noticed for 
the oxidised GL-5 oil, which was identified by threefold drop in TAN of the oil oxidised for 
the longest time in comparison with the pure oil (Fig. 18 b). This much reduced the content 
of phosphorus in the worn surface, but because the concentration of sulfur (which is the 
most important element in the EP additives) practically did not change (Fig. 17 b) the 
extreme pressure properties of the oil oxidised for 100 hrs did not deteriorate. 
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Fig. 19. IR spectrum for the pure and oxidised GL-3 oil; 1 - pure oil, 2 - oxidation for 25 hrs, 
3 - 50 hrs, 4 - 100 hrs 
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Fig. 20. IR spectrum for the pure and oxidised GL-5 oil; 1 - pure oil, 2 - oxidation for 25 hrs, 
3 - 50 hrs, 4 - 100 hrs 
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6. Results and discussion - pitting tests 
6.1 EHD oil film thickness during pitting tests - calculations 
Because knowledge of the conditions in rolling contact will be helpful for further analyses, 
the authors have calculated the oil film thickness during pitting tests. 
In the first approach the authors adopted a purely elastic model of the point contact for 
calculation. The calculated minimum film thickness was about 0.02 μm. However, the load 
between the balls gave unrealistic maximum Hertzian pressure 8.5 GPa, which would much 
exceed the yield strength of the material of the bearing balls (roughly assumed to be about 
3 GPa, i.e. about one third of the average hardness expressed in GPa). 
Because inspection of the wear track surface on the upper ball using profilometry revealed 
that the material was plastically deformed, the assumption of the point contact was no 
longer justified. So, an elastic model of the line contact of rolling elements was adopted for 
calculations with the well-known Dowson and Higginson’s formulae compiled in the book 
(Winer & Cheng, 1980). It should be emphasized here that the contact of the four balls 
creates a circular wear track on the upper ball (plastically deformed), while the three bottom 
balls contact with the upper one randomly - over their entire surfaces. 
The input data used for calculation of the minimum oil film thickness are given in Tab. 6 
and some important dimensions of the four-ball rolling tribosystem are shown in Fig. 8 b. 
In Tab. 6 the length L denotes the width of the plastically deformed zone between two mating 
balls and was averaged from measurements of the wear track profile on the upper ball made 
by a profilometer. As concerns rheological properties of the oils, they were determined at the 
temperature of 80C, typical of relatively long (a few hours) tests in rolling movement. 
Pressure-viscosity coefficient was adopted from (Wang et al., 1996) for a mineral oil. 
 

Quantity, unit GL-3 oil GL-5 oil 
Radius R1, mm 6.35 
Radius R2, mm 6.35 
Length L, mm 1.3 

Load w, N 2649 
Velocity u1, m s-1 0.67 
Velocity u2, m s-1 0.67 

Modulus of elasticity E1, GPa 210 
Modulus of elasticity E2, GPa 210 

Poisson’s ratio ν1 0.3 
Poisson’s ratio ν2 0.3 

Oil viscosity (at 80ºC) μ0, Pa·s 0.0203 0.0199 
Pressure viscosity coefficient (at 80ºC) α, Pa-1 1.1 · 10-8 

Table 6. Input data for calculation of the oil film thickness during pitting tests; symbols 
taken from (Winer & Cheng, 1980). 

The calculated minimum lubricating film thickness hmin  formed during the pitting tests for 
the pure gear oils is about 0.04 μm and is similar to values obtained by other authors for this 
kind of the tribosystem, e.g. (Libera et al., 2005). It should be noticed that the calculated film 
thickness is much thinner than occurring in service of machines. It is a result of relatively 
low velocity as well as disregarding an effect of viscosity improvers in the oil on the 
pressure-viscosity coefficient.  
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6.2 Testing of dust-contaminated gear oils 
Fig. 21 presents the values of the 10% fatigue life (L10) obtained for the gear oils of API GL-3 
and GL-5 performance levels - pure and contaminated with the test dust at increasing 
concentrations. Confidence intervals calculated for the probability 90% have been added to 
the graphs. 
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Fig. 21. Values of 10% fatigue lives (L10) obtained for the gear oils - pure and contaminated 
with the test dust: a) GL-3 oil, b) GL-5 oil 

From Fig. 21 it is apparent that the both contaminated gear oils give shorter fatigue lives 
with increasing concentration of the test dust.  
The micro/nanotopography of the wear track surface on the top ball for the pure and dust 
contaminated GL-5 oil was inspected using AFM - Fig. 22. 
 

   
Fig. 22. AFM images of the wear track: a) pure GL-5 oil, b) GL-5 oil contaminated with the 
test dust at a concentration of 1000 ppm 

It can be seen that the dust in the oil due to its abrasive action makes the worn surface rough 
and produces numerous surface defects. These defects act like stress raisers and accelerate 
initiation of surface fatigue cracks in this way. The abrasive action of dust particles resulted 
from their maximum size of 0.08 μm, which was much bigger than the minimum oil film 
thickness (0.04 μm). 

6.3 Testing of water-contaminated gear oils 
Fig. 23 presents the values of the 10% fatigue life (L10) obtained for the gear oils of API GL-3 
and GL-5 performance levels - pure and contaminated with water at increasing 
concentrations. 
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Table 6. Input data for calculation of the oil film thickness during pitting tests; symbols 
taken from (Winer & Cheng, 1980). 

The calculated minimum lubricating film thickness hmin  formed during the pitting tests for 
the pure gear oils is about 0.04 μm and is similar to values obtained by other authors for this 
kind of the tribosystem, e.g. (Libera et al., 2005). It should be noticed that the calculated film 
thickness is much thinner than occurring in service of machines. It is a result of relatively 
low velocity as well as disregarding an effect of viscosity improvers in the oil on the 
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6.2 Testing of dust-contaminated gear oils 
Fig. 21 presents the values of the 10% fatigue life (L10) obtained for the gear oils of API GL-3 
and GL-5 performance levels - pure and contaminated with the test dust at increasing 
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Fig. 21. Values of 10% fatigue lives (L10) obtained for the gear oils - pure and contaminated 
with the test dust: a) GL-3 oil, b) GL-5 oil 

From Fig. 21 it is apparent that the both contaminated gear oils give shorter fatigue lives 
with increasing concentration of the test dust.  
The micro/nanotopography of the wear track surface on the top ball for the pure and dust 
contaminated GL-5 oil was inspected using AFM - Fig. 22. 
 

   
Fig. 22. AFM images of the wear track: a) pure GL-5 oil, b) GL-5 oil contaminated with the 
test dust at a concentration of 1000 ppm 

It can be seen that the dust in the oil due to its abrasive action makes the worn surface rough 
and produces numerous surface defects. These defects act like stress raisers and accelerate 
initiation of surface fatigue cracks in this way. The abrasive action of dust particles resulted 
from their maximum size of 0.08 μm, which was much bigger than the minimum oil film 
thickness (0.04 μm). 

6.3 Testing of water-contaminated gear oils 
Fig. 23 presents the values of the 10% fatigue life (L10) obtained for the gear oils of API GL-3 
and GL-5 performance levels - pure and contaminated with water at increasing 
concentrations. 
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Fig. 23. Values of 10% fatigue lives (L10) obtained for the gear oils - pure and contaminated 
with water: a) GL-3 oil, b) GL-5 oil 

From Fig. 23 it is apparent that the both contaminated gear oils give shorter fatigue lives 
with increasing concentration of water. This is particularly noticeable for 10% water 
contamination in GL-3 oil as well as 5% and higher water content in GL-5 oil.   
For interpretation of the obtained results the wear tracks on the top balls were analysed 
using SEM/EDS. SEM images of the worn surface and EDS maps for sulfur, phosphorus 
and zinc in the surface layer are shown in Figs. 24 and 25 for pure GL-3 oil and this oil 
contaminated with 10% water. 
 

 
a) b) c) d) 

Fig. 24. Pure GL-3 oil - SEM image of the wear track (a) and EDS maps for: b) sulfur, 
c) phosphorus, d) zinc 

 

 
a) b) c) d) 

Fig. 25. GL-3 oil contaminated with water at 10% concentration - SEM image of the wear 
track (a) and EDS maps for: b) sulfur, c) phosphorus, d) zinc 

From Figs. 24 and 25 it is evident that water contamination affects the oil-surface 
interactions - one can observe a rise in sulfur and zinc content in the tribochemically 
modified surface layer of the wear track. 
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The next step of analysis was to quantitatively examine the wear track surface layer using 
EDS. Fig. 26 shows the weight concentration of sulfur and zinc (GL-3 oil) as well as sulfur 
and phosphorus (GL-5 oil) in the surface layer for both the gear oils contaminated with 
water. The analyses were performed at three different points of the wear track. The graphs 
present the average values of elemental concentration. 
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Fig. 26. Average concentration of sulfur, zinc, and phosphorus in the wear track surface 
layer for the gear oils contaminated with water: a) GL-3 oil, b) GL-5 oil 

From Fig. 26 it is apparent that AW additives in GL-3 oil, having relatively low temperature 
of thermal decomposition, i.e. 200-300C (Kawamura, 1982) under mild test conditions of 
rolling movement incomparably better tribochemically modify the wear track surface layer 
then EP ones. EP additives, present in GL-5 oil, with their much higher temperature of 
thermal decomposition, i.e. 400-500C (Wachal & Kulczycki, 1988), have an incomparably 
lower chemical impact on the surface. 
As can also be seen from Fig. 26, only for GL-3 gear oil contaminated with 10% water a 
significant change in the concentration of sulfur and zinc takes place in the wear track 
surface layer. For the contaminated GL-5 oil the concentration of sulfur is very low, within 
the limit of the sensitivity of the EDS technique. The content of phosphorus is also small and 
changes insignificantly. So, there is no evident correlation between the fatigue lives given by 
the water contaminated gear oils and elemental concentration of the tribochemically 
modified surface of the wear track. 
Thus, for the oils contaminated with water a mechanism responsible for the drop in the 
fatigue life must be related to a decrease in the oil viscosity. This is followed by a drop in the 
thickness of EHL film leading to more frequent action of surface asperities; almost all of the 
load is carried in the plastically deformed tracks by asperity contact. More frequent cyclic 
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Fig. 23. Values of 10% fatigue lives (L10) obtained for the gear oils - pure and contaminated 
with water: a) GL-3 oil, b) GL-5 oil 

From Fig. 23 it is apparent that the both contaminated gear oils give shorter fatigue lives 
with increasing concentration of water. This is particularly noticeable for 10% water 
contamination in GL-3 oil as well as 5% and higher water content in GL-5 oil.   
For interpretation of the obtained results the wear tracks on the top balls were analysed 
using SEM/EDS. SEM images of the worn surface and EDS maps for sulfur, phosphorus 
and zinc in the surface layer are shown in Figs. 24 and 25 for pure GL-3 oil and this oil 
contaminated with 10% water. 
 

 
a) b) c) d) 

Fig. 24. Pure GL-3 oil - SEM image of the wear track (a) and EDS maps for: b) sulfur, 
c) phosphorus, d) zinc 

 

 
a) b) c) d) 

Fig. 25. GL-3 oil contaminated with water at 10% concentration - SEM image of the wear 
track (a) and EDS maps for: b) sulfur, c) phosphorus, d) zinc 

From Figs. 24 and 25 it is evident that water contamination affects the oil-surface 
interactions - one can observe a rise in sulfur and zinc content in the tribochemically 
modified surface layer of the wear track. 
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The next step of analysis was to quantitatively examine the wear track surface layer using 
EDS. Fig. 26 shows the weight concentration of sulfur and zinc (GL-3 oil) as well as sulfur 
and phosphorus (GL-5 oil) in the surface layer for both the gear oils contaminated with 
water. The analyses were performed at three different points of the wear track. The graphs 
present the average values of elemental concentration. 
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Fig. 26. Average concentration of sulfur, zinc, and phosphorus in the wear track surface 
layer for the gear oils contaminated with water: a) GL-3 oil, b) GL-5 oil 

From Fig. 26 it is apparent that AW additives in GL-3 oil, having relatively low temperature 
of thermal decomposition, i.e. 200-300C (Kawamura, 1982) under mild test conditions of 
rolling movement incomparably better tribochemically modify the wear track surface layer 
then EP ones. EP additives, present in GL-5 oil, with their much higher temperature of 
thermal decomposition, i.e. 400-500C (Wachal & Kulczycki, 1988), have an incomparably 
lower chemical impact on the surface. 
As can also be seen from Fig. 26, only for GL-3 gear oil contaminated with 10% water a 
significant change in the concentration of sulfur and zinc takes place in the wear track 
surface layer. For the contaminated GL-5 oil the concentration of sulfur is very low, within 
the limit of the sensitivity of the EDS technique. The content of phosphorus is also small and 
changes insignificantly. So, there is no evident correlation between the fatigue lives given by 
the water contaminated gear oils and elemental concentration of the tribochemically 
modified surface of the wear track. 
Thus, for the oils contaminated with water a mechanism responsible for the drop in the 
fatigue life must be related to a decrease in the oil viscosity. This is followed by a drop in the 
thickness of EHL film leading to more frequent action of surface asperities; almost all of the 
load is carried in the plastically deformed tracks by asperity contact. More frequent cyclic 
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stress results in a shorter fatigue life. Hypothetically, hydrogen embrittlement may also be at 
stake in case of oils contaminated with water, which is postulated elsewhere (Rowe & 
Armstrong, 1982), (Magalhaes et al., 1999). 

6.4 Testing of oxidative degradation of gear oils 
Fig. 27 presents the values of the 10% fatigue life (L10) obtained for the gear oils of API GL-3 
and GL-5 performance levels - pure (“fresh”) and oxidised for longer and longer time. 
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Fig. 27. Values of 10% fatigue lives (L10) obtained for the pure and oxidised gear oils: a) GL-3 
oil, b) GL-5 oil 
From Fig. 27 it can be seen that the oil oxidation of GL-3 oil has an adverse effect on the 
fatigue life - its values steadily drop with increasing oxidation time. An opposite trend is 
shown by the oxidised GL-5 oil - the values of L10 increase with extending oxidation time, 
which is especially noticeable for the longest times.  
For interpretation of the obtained results the wear tracks on the top balls were analysed 
quantitatively using EDS. Fig. 28 shows the weight concentration of sulfur and oxygen in 
the surface layer for the both oxidised gear oils. 
From Fig. 28 it is apparent that for the oxidised GL-3 gear oil the concentration of sulfur in 
the surface layer of the wear track is much lower than for the pure oil. It comes from a 
decrease in the lubricating additives in the oil due to precipitation of their oxidised products 
in the form of sludge, which has been postulated in the literature (Yamada et al., 1993).  
The changes in the physico-chemical properties due to oxidation were investigated by 
determination of TAN and FTIRM analysis of the tested oils. The values of TAN for the pure 
and oxidised oils are shown earlier in Fig. 18, and the IR spectra - in Figs. 19 and 20. 
It has been already mentioned that the symptom of additives decrease in the oxidised GL-3 
oil is a dramatic, several-fold drop in the area under the peak at 965 cm-1 in the IR spectrum; 
such a peak is typical of P-O-C bonds in the lubricating additives (ZDDP) in GL-3 oils. 
In the literature a mechanism of the surface asperity softening due to a significant 
tribochemical modification is often attributed to fatigue life improvement achieved for 
lubricating additives. In this way surface asperities may be flattened, which reduces contact 
stress and in turn improves the fatigue life (Wang et al., 1996). So, worsening fatigue lives 
observed for the oxidised GL-3 oil (Fig. 27 a) may be attributed to the decrease in the 
concentration of sulfur in the worn surface (Fig. 28 a). 
Another reason for reduction in the fatigue life for the oxidised GL-3 oil is related to the 
very high content of oxygen in the wear track surface layer (Fig. 28 a). Presumably, this 
comes from iron oxides. The role of such compounds seems rather deleterious as they can 
contribute to creation on the lubricated surface numerous corrosive micropits, being 
potential nuclei of fatigue cracks. 
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Fig. 28. Average concentration of sulfur and oxygen in the surface layer of the wear track for 
the oxidised gear oils: a) GL-3 oil, b) GL-5 oil 

In case of the oxidised GL-5 oil, in the surface layer of the wear track a steady rise in the 
sulfur concentration takes place, although it is rather small (Fig. 28 b). A beneficial role of 
sulfur compounds has been mentioned earlier, so it may be a reason for fatigue life 
improvement observed for the oxidised GL-5 oil (Fig. 27 b). 
The rise in fatigue lives given by the oxidised GL-5 oil can also relate to a decrease in the 
lubricating additives in the oil due to precipitation of their oxidised products. The symptoms 
of additives decrease in the oxidised GL-5 oil are: threefold drop in TAN for the longest 
oxidation time (Fig. 18 b) as well as nearly threefold drop in the area under the peak at 965 cm-1 
in the IR spectrum (Fig. 20). The beneficial action of EP additives decrease is explained below. 
EP type lubricating additives used in GL-5 gear oils are known for their high corrosion 
aggressiveness. It leads to creation on the lubricated surface numerous depressions and 
micropits due to corrosive wear, being potential nuclei for bigger “macropits”. In this way 
the chance of failure increases, hence the fatigue life lubricated by EP additives tends to be 
reduced (Torrance et al., 1996). So, unlike in case of the oxidised GL-3 oil, the EP additives 
decrease in GL-5 oil due to oxidation exerts a beneficial influence on the surface fatigue life.  
Like in case of the water contaminated oils, an adverse role of hydrogen embrittlement 
should not be neglected in case of oxidised gear oils. 

7. Summary and conclusions 
7.1 Scuffing tests 
The contamination of the automotive gear oils of API GL-3 and GL-5 performance levels 
with the test dust practically does not affect their extreme pressure properties. 
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stress results in a shorter fatigue life. Hypothetically, hydrogen embrittlement may also be at 
stake in case of oils contaminated with water, which is postulated elsewhere (Rowe & 
Armstrong, 1982), (Magalhaes et al., 1999). 

6.4 Testing of oxidative degradation of gear oils 
Fig. 27 presents the values of the 10% fatigue life (L10) obtained for the gear oils of API GL-3 
and GL-5 performance levels - pure (“fresh”) and oxidised for longer and longer time. 
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Fig. 27. Values of 10% fatigue lives (L10) obtained for the pure and oxidised gear oils: a) GL-3 
oil, b) GL-5 oil 
From Fig. 27 it can be seen that the oil oxidation of GL-3 oil has an adverse effect on the 
fatigue life - its values steadily drop with increasing oxidation time. An opposite trend is 
shown by the oxidised GL-5 oil - the values of L10 increase with extending oxidation time, 
which is especially noticeable for the longest times.  
For interpretation of the obtained results the wear tracks on the top balls were analysed 
quantitatively using EDS. Fig. 28 shows the weight concentration of sulfur and oxygen in 
the surface layer for the both oxidised gear oils. 
From Fig. 28 it is apparent that for the oxidised GL-3 gear oil the concentration of sulfur in 
the surface layer of the wear track is much lower than for the pure oil. It comes from a 
decrease in the lubricating additives in the oil due to precipitation of their oxidised products 
in the form of sludge, which has been postulated in the literature (Yamada et al., 1993).  
The changes in the physico-chemical properties due to oxidation were investigated by 
determination of TAN and FTIRM analysis of the tested oils. The values of TAN for the pure 
and oxidised oils are shown earlier in Fig. 18, and the IR spectra - in Figs. 19 and 20. 
It has been already mentioned that the symptom of additives decrease in the oxidised GL-3 
oil is a dramatic, several-fold drop in the area under the peak at 965 cm-1 in the IR spectrum; 
such a peak is typical of P-O-C bonds in the lubricating additives (ZDDP) in GL-3 oils. 
In the literature a mechanism of the surface asperity softening due to a significant 
tribochemical modification is often attributed to fatigue life improvement achieved for 
lubricating additives. In this way surface asperities may be flattened, which reduces contact 
stress and in turn improves the fatigue life (Wang et al., 1996). So, worsening fatigue lives 
observed for the oxidised GL-3 oil (Fig. 27 a) may be attributed to the decrease in the 
concentration of sulfur in the worn surface (Fig. 28 a). 
Another reason for reduction in the fatigue life for the oxidised GL-3 oil is related to the 
very high content of oxygen in the wear track surface layer (Fig. 28 a). Presumably, this 
comes from iron oxides. The role of such compounds seems rather deleterious as they can 
contribute to creation on the lubricated surface numerous corrosive micropits, being 
potential nuclei of fatigue cracks. 
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Fig. 28. Average concentration of sulfur and oxygen in the surface layer of the wear track for 
the oxidised gear oils: a) GL-3 oil, b) GL-5 oil 

In case of the oxidised GL-5 oil, in the surface layer of the wear track a steady rise in the 
sulfur concentration takes place, although it is rather small (Fig. 28 b). A beneficial role of 
sulfur compounds has been mentioned earlier, so it may be a reason for fatigue life 
improvement observed for the oxidised GL-5 oil (Fig. 27 b). 
The rise in fatigue lives given by the oxidised GL-5 oil can also relate to a decrease in the 
lubricating additives in the oil due to precipitation of their oxidised products. The symptoms 
of additives decrease in the oxidised GL-5 oil are: threefold drop in TAN for the longest 
oxidation time (Fig. 18 b) as well as nearly threefold drop in the area under the peak at 965 cm-1 
in the IR spectrum (Fig. 20). The beneficial action of EP additives decrease is explained below. 
EP type lubricating additives used in GL-5 gear oils are known for their high corrosion 
aggressiveness. It leads to creation on the lubricated surface numerous depressions and 
micropits due to corrosive wear, being potential nuclei for bigger “macropits”. In this way 
the chance of failure increases, hence the fatigue life lubricated by EP additives tends to be 
reduced (Torrance et al., 1996). So, unlike in case of the oxidised GL-3 oil, the EP additives 
decrease in GL-5 oil due to oxidation exerts a beneficial influence on the surface fatigue life.  
Like in case of the water contaminated oils, an adverse role of hydrogen embrittlement 
should not be neglected in case of oxidised gear oils. 

7. Summary and conclusions 
7.1 Scuffing tests 
The contamination of the automotive gear oils of API GL-3 and GL-5 performance levels 
with the test dust practically does not affect their extreme pressure properties. 
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The contamination of the gear oils by water has a deleterious effect on their extreme 
pressure properties, however GL-3 oil is much more vulnerable to water contamination.  
Oxidation exerts in general a positive effect on the both oils, however GL-3 oil shows a 
significant decrease in its extreme pressure properties after oxidation for the longest time. 
SEM and EDS surface analyses show that there is a relationship between the extreme 
pressure properties of the aged gear oils and elemental concentration (sulfur and 
phosphorus) of the tribochemically modified surface of the wear scars. 
So, from the point of view of the resistance to scuffing the most dangerous contaminant in 
automotive gear oils is water. However, ageing of such oils may even have a positive effect, 
like in case of the oxidised GL-5 oil.  

7.2 Pitting tests 
The ageing of the automotive gear oils generally exerts an adverse effect on the surface 
fatigue life (resistance to pitting). The only exception is for the oxidised API GL-5 oil - the 
fatigue life significantly improves for the longest periods of oil oxidation. 
SEM, EDS and AFM analyses of the worn surface made it possible to identify factors having 
a deleterious (or beneficial) effect on the surface fatigue life due to action of the aged oils. So, 
dust in the oil produces numerous surface defects acting like stress raisers and accelerating 
initiation of surface fatigue cracks in this way. Water causes a drop in the oil viscosity, 
followed by a decrease in the EHL film thickness, leading to more frequent action of surface 
asperities, hence shorter fatigue life. For the oxidised GL-3 oil the fatigue life reduction 
results from a drop in the sulfur concentration in the worn surface; sulfur compounds 
formed by oil-surface interactions play a positive role in fatigue life improvement. A 
beneficial effect of oxidation of GL-5 oil on the fatigue life is related to a decreasing content 
of highly corrosive EP type lubricating additives due to precipitation of their oxidised 
products. 
Although not investigated here, an adverse role of hydrogen embrittlement and iron oxides 
produced on the worn surface may also be at stake in case of oils contaminated with water 
and oxidised. 
So, from the point of view of the resistance to rolling contact fatigue the most dangerous 
contaminants in automotive gear oils are dust and water.  

7.3 Conclusions 
Like in case of scuffing, also from the point of view of the resistance to pitting the GL-5 oil is 
generally more resistant to deterioration due to ageing than GL-3 oil. 
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1. Introduction    
Nowadays, the automotive manufacturers have to take into account the legislation on End 
Life Vehicle (ELV), especially the European Directive 2000/53/CE which constraints all 
automotive products to be at 85% recyclable and at 95% reuseable by January 2015  
(EU Directive, 2000). The automotive multilayer structure used for automotive trim 
applications, fabric (PET) / foam (PU) / backing fabric (PA), does not offer ability for 
recycling or reusing and the question that has to be asked is “Could the PU foam used in the 
automotive trim applications be replaced by a mono component spacer material?” One 
answer is to propose an eco-friendly solution presenting a mono material product. 
Moreover, this new product has to answer to the automotive specifications in terms of 
lightness, formability and cost. Some solutions for PU foam replacement have been 
proposed, such as spacer fabrics presenting a vertical orientation of the yarns (weaving and 
knitting technologies) or a vertical orientation of the fibers (nonwoven technology). The 
vertical orientation of the fibers will improve the mechanical properties of the fabric 
especially for the compressional ones. Critical analyses between the different 3D textiles 
technologies show that the nonwoven technology provides the best industrial solution in 
terms of cost and productivity. Regarding the 3D nonwoven products, the “on the market” 
ones present drawbacks that do not allow them to answer positively to the initial question 
concerning the replacement of the PU foam. Indeed, the structure of these 3D nonwovens 
does not present a perfect vertical orientation of the fibres (Njeugna, 2009). Consequently, 
these products do not offer a maximal resilience in terms of compression properties. 
In this context, a French consortium composed of research laboratory (LPMT as project 
leader), textile industrialists (N. Schlumberger, AMDES, Protechnic, Landolt, Dollfus & 
Müller, Rhenoflex Dreyer), textile technical centre (IFTH1) has been formed to develop an 
eco-friendly 3D nonwoven which would not present the previous drawbacks. This new 3D 
nonwoven could be used to replace polyurethane foam classically used in automotive trim 
applications. This consortium has been supported by the Alsace Textile Cluster, the Alsace 
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Region and the “Département du Haut-Rhin”. This collaborative research project, named 
VERTILAP, has been labelled by the French competitiveness cluster “Vehicle of the Future” 
in 2006 and the French ”Fibres Innovative cluster” in 2009.  
This chapter will present the state of the art of the technical textiles classically used as 
automotive trim such as seat and door panel upholsteries. The manufacturing processes and 
the specifications of these automotive multilayer fabrics will be exposed. Their methods of 
characterization will be presented. The description of the PU foam and the problem it raises 
will be highlighted. The state of the art of the existing 3D textiles for PU foam substitution, 
processes and products will be detailed. This chapter will also present the principle of the 
VERTILAP® process and the experimental procedure which has been used to realise the 
VERTILAP® products. Methods and tools of characterization that have been developed in 
order to evaluate the physical and compression properties of this new material will be 
exposed. The comparative study that has been carried out between the VERTILAP® 
products and the classical automotive fabrics in the case of monolayer and multilayer 
structures will be detailed too.  

2. Bibliographical study 
2.1 Textiles used for automotive upholsteries 
The textile fabric is an interesting material for automotive industry regarding its 
functionality (lightness, acoustic and thermal insulation, etc.) and its mechanical behaviour. 
It is used in three main components of the car: the interior, the engine compartment and the 
pneumatics (Némoz, 1999). The car interior has significantly evolved since the last decade 
and has become one of the key elements of the customer purchasing. Nowadays, the 
consumer pays special attention to the environment inside the car. Therefore, the factors of 
comfort, beauty (harmony of colours and designs) and security have become main factors in 
the sale of a vehicle. Since 90s, the car manufacturers have significantly increased the use of 
textiles in the interior trim. Actually, the weight of an European vehicle includes 11 kg of 
textiles on a surface of 16 m². Textile fabrics used for the seat are employed on a visible 
surface of 3.8 m² while those used for the door panel are employed on a visible surface of  
1.7 m². (DGE, 2005), (Fung & Hardcastle, 2001) 
This study aims to present the state of the art on the technical textiles classically used as seat 
and door panel upholstery in the car interior. Examples of automotive seat and door panel 
are illustrated on Fig. 1 and 2. 
 

 
(a) (b) (c) 

Fig. 1. Automotive seat: structure (a), foam cushion (b), automotive complex (c) 
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Fig. 2. Example of an integral door panel 

Different methods of construction of seat and door panel are listed in the literature review 
(Fung & Hardcastle, 2001). The seat trimming can be realised thanks to the “foam in fabric” 
technique, the direct joining technique or the injection moulding technique. The “foam in 
fabric” technique consists on slipping the automotive complex on the seat cushion. The 
direct joining technique consists on spraying a solvent adhesive either on the automotive 
complex, either on the foam cushion or both in order to link them together. In the case of 
injection moulding technique, the foam is directly injected into the automotive complex 
previously placed in a mould. Textile-insert low pressure moulding, using polypropylene 
resin, is used to produce a covered door panel in a single operation. 
The automotive complex (Fig. 3) is usually composed of a decorative fabric made of 
polyester, polyurethane foam and a backing fabric made of polyamide. The polyurethane 
foam is generally a thin layer with a thickness between 2 mm to 8 mm and a mass per unit 
area of about 200 g/m². The foam gives the flexibility and the soft touch while the backing 
fabric gives the dimensional stability to the multilayer structure. In case of “foam in fabric” 
technique, the backing fabric contributes to facilitate the slippage of the cover laminate on 
the foam cushion. The backing fabric is not necessary used in the case of door panel 
upholstery. (Caudron, 2003), (ITF, 1990) 
 

Fig. 3. The automotive complex 

The automotive complex can be produced thanks to different techniques (Hopkins, 1995). 
Some of them are well known as the flame lamination and the dry lamination processes. In 
the flame lamination process (Fig. 4), the textile layers and the PU foam are linked together 
using the PU foam as an adhesive. This process has the disadvantage to generate toxic gases. 
The maximal speed can reached 25 m/min. In the dry lamination process (Fig. 5), hot melt 
adhesives (web, film, powder) are used to bind the textile layers and the PU foam. This 
process does not generate toxic gases as the flame lamination one but its main drawback is 
its cost. The maximal speed can reached 16 m/min. 
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Fig. 4. The flame lamination process 

 

 
Fig. 5. The dry lamination process 

It is important to note that the specifications and the characterisation tools of the automotive 
complex are specific to each car manufacturer. These specifications take into account the 
legislation of the markets, the security, the quality of the products and their cost (Faucon, 
1995). For example, they have to be fire-proof, as light and as cheap as possible. Their quality is 
evaluated thanks to specific characterisation such as the mechanical behaviour (compression, 
tensile, flexibility, etc.), the physical behaviour (colour fastness, air permeability, etc.), the 
fogging, etc. International standard methods of characterisation of flexible cellular polymeric 
materials used in the automotive industry are well known such as: 
- Determination of stress-strain characteristics in compression (ISO 3386/1, 1986 ) 
- Determination of tensile strength and elongation at break (ISO 1798, 1983) 
- Determination of compression set (ISO 1856, 2000) 
- Determination of burning behaviour of interior materials. (ISO 3795, 1989) 
- Etc. 

2.2 The problem of the PU foam 
The PU foam, thanks to its specific characteristics, is the key element of the multilayer fabric 
in terms of comfort and mechanical behaviour especially for the compression ones. It is 
obtained thanks to a chemical reaction between an isocyanate and a polyol (Fig. 6). The 
expansion of the foam is due to the reaction between the isocyanate and water. After this 
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expansion, the foam will present a cellular structure which can be characterised by opened 
or closed cells (Fig. 7). (Recticel, 2009), (Berthier, 2009) 
 

 

Fig. 6. Chemical polyaddition reaction of the formation of the PU foam 

 

 
Fig. 7. Microscopic structure of the PU foam 

The main problem of the PU foam is partly the toxic gases it generates during its 
manufacturing process as previously mentioned but also the recycling of the automotive 
complex at the end life vehicle. In fact, the recycling processes of such products require a 
delamination step of the different layers (PET, PU, PA). This operation is not optimal 
because some PU foam remains on the textile fabrics. It is also important to note that the 
machines used for the recycling are very expensive. On another hand, it is difficult to 
completely recycle the PU foam in spite of the developments which have been carried out 
on this way. Nowadays, some foam manufacturers like RECTICEL is developing new 
method to produce PU foam by using biochemical compounds (Persijn, 2008). It is already 
the case with their foam PURECELL® which contains at least 20% of natural compounds. 
Beyond this new development stay the ethical problem of the massive agricultural 
exploitation for the industry.  
The PU foam has many serious drawbacks such as flammability, gases emissions due to the 
laminating processes. These problems lead to the question of its replacement by a new 
product. A key aspect of this new product is not to alter the product functionality. It means 
that the new product should present at least mechanical properties, especially 
compressional properties closed or equal to the actual automotive multilayer fabric. Another 
key aspect is to propose an environmentally friendly solution for complex fabric composed 
of a mono material product. This new product has to answer to the automotive 
specifications in terms of weight, formability and cost. In this context, industries and 
researchers all around the world are developing new products which could substitute the 
PU foam. (Kamprath, 2004), (Persijn, 2008) 
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2.3 Existing solutions to the PU foam replacement 
The 3D textiles offer a good solution to the recycling issue of the multilayer products using 
PU foam because of their specific structure as spacer fabric. In fact, they present a vertical 
orientation of the yarns (weaving and knitting technologies) or a vertical orientation of the 
fibres (nonwoven technology). This vertical orientation will provide a good mechanical 
behaviour especially in term of compression. Analyses of the existing solutions have been 
carried out by textile industrialists and the obtained results show that the 3D textile 
technologies offer the best solution in terms of product quality and cost. It appears that the 
nonwoven technology provides the most interesting solution in terms of mechanical 
properties, cost and productivity. The nonwoven products issued from the 3D technology 
are known as (Struto, 2007), (Santex, 2007), (Karl Mayer, 2007), (Vasile et al., 2006). They can 
be divided in three categories: carding and vertical lapping processes, stitch-bonded 
processes and needle-punched processes. 
- Carding and vertical lapping processes 
STRUTO®, Santex WAVEMAKER® and V-Lap® technologies are vertical lapping system 
whereby a carded web is pleated in order to create 3D structure (Fig. 8 and 9). A thermal 
treatment is applied on the pleated structure in order to obtain the final product. The V-
Lap® technology is closed to the STRUTO® one.  
 

 
 

1 Card; 2 Vertical lapping system; 3 Oven; 4 3D nonwoven; 5 laminating layer. 

Fig. 8. The STRUTO® process (left) and product (right) 

 

 
Fig. 9. The Santex WAVEMAKER® process 

- Stitch-bonded processes 
KUNIT and MULTIKUNIT are stitch-bonded technologies developed by Karl Mayer 
Textilmaschinenfabrik GmbH. The principle of these techniques is based on the principles of 
the stitching and the knitting technologies (Fig. 10). The KUNIT fabric presents a stitch side 
and a pile side. This fabric is used as base material for MULTIKUNIT production.  
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1 Compound needle; 2 Brush bar; 3 Fibre web; 4 Stitch side; 5 Pile side; 6 KUNIT nonwoven; 
7 MULTIKUNIT nonwoven. 
Fig. 10. The KUNIT (left) and MULTIKUNIT (right) processes 

- Needle-punched process 
NAPCO® is a needle-punched technology developed by the textile machinery manufacturer 
LAROCHE. The NAPCO® process consists to link two pre-needle nonwovens thanks to a 
fibrous bridge (Fig. 11). The obtained 3D structure is mainly used for composite application. 
 

 

 

A and B are pre-needle 
nonwovens; 1 Stripper plate;  
2 Spacer tables; 3 Needles’ area;  
4 Fibres’ bridges. 

1 Top layer; 2 Bottom layer; 3 Connecting layer 
(bridge fibres from 1); 4 Bridge fibres from 2;  
5 Needle stitch; 6 Distance between bridge fibres 
depending on stitch depth; 7 Distance between 
bridge fibres depending on needle density; 8 Take-
out direction; 9 Product thickness depending on 
the spacer’s width. 

Fig. 11. The NAPCO® process (left) and the obtained 3D structure (right) 
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The 3D nonwoven technologies allow producing bulky nonwoven presenting a low density 
with a maximal resilience. However, the “on the market” 3D nonwovens obtained through 
the existing vertical lapping processes present drawbacks (structure behaviour) that do not 
allow them to answer positively to our initial question concerning the replacement of the PU 
foam. Indeed, their vertical orientation is not optimum and the structure could be crushed 
when vertically compressed with a significant shear moment between top and bottom 
surfaces. Consequently, this work aims to answer positively to this question by developing a 
new 3D nonwoven obtained through a patented process VERTILAP® of the  
N. Schlumberger Company (Dumas et al., 2007). The VERTILAP project aims to develop a 
new pleated 3D nonwoven. This project has been conducted in order to involve the different 
partners when their skills and know-how were needed in the project. Automotive 
upholsteries for headrest and door panels have been also realised in order to demonstrate 
the taylorability and formability of the VERTILAP® 3D nonwoven. 

3. Presentation of the VERTILAP® process 
The VERTILAP® process (Fig. 12) is a vertical lapping system whereby a tow or a web is 
pleated thanks to folding elements. The process is composed of four main functions:  
- The opening and defibering of the tow 
- The verticalisation of the tow 
- The extraction and condensation of the pleats 
- The thermobonding and the lamination of the 3D pleated structure. 
  

 
Fig. 12. The VERTILAP® process 

The opening of the tow will allow spreading the filaments on the creel. To obtain a good 
product’s homogeneity, the tow’s section must be spread as evenly as possible.  
The defibering function is a filament separating zone. It is necessary to individualise the 
filaments inside the tow. The defibering principle (Fig. 13) consists to separate the filaments 
by driving them into a tensioning separating zone. The filament separating cylinder set is 
composed of a cylinder with square threading, topped by a rubber coated pressure roller on 
which a pneumatic pressure is applied. Along the contacting generator, zones where the 
filaments are alternately nipped and released are successive. If we consider two 
neighbouring filaments, one will be tightened a little before the other and release a little 
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before the other, so that their crimping are not any longer facing each other and will not 
reimbricate any more. The tension to carry out in this defibering zone must be lower than 
the filament elastic limit. This function of the machine has a considerable influence on the 
tow quality. (NSC, 2007) 
 

Fig. 13. The defibering principle 

After being defibered, the tow is verticalised in order to create the pleats. These last ones are 
then extracted from the verticalisation zone and condensed to obtain the pleated structure. 
At this step, additional layers can be joined by thermo binding on the 3D pleated structure 
to fix it and to obtain the final multilayer fabric. In this process, the thermal treatment is 
essential in the formation and the fixation of the pleats and the 3D structure. 
In this study, the VERTILAP® process is presented as an experimental prototype of 20 cm 
width. As input, tow was a bi-component co-polyester/polyester presenting a count of  
90 ktex and a filament’s count of 4.4 dtex. The experimental prototype is suitable for tows 
presenting a count lower than 30 ktex. A filament separation technique has been developed 
to divide the initial tow of 90 ktex into finer ones. The tow has been pleated under the glass 
transition temperature of the co-polyester sheet which is 73°C. The obtained 3D nonwovens 
present a thickness of 6 mm. The laminating function was done separately thanks to a 
flatbed laminating system (Meyer Company, 2007) provided by Protechnic Company  
(Fig. 14). The 3D nonwovens have been laminated with external layers made of polyester 
and co-polyester hot melt adhesives. The VERTILAP® experimental prototype has been 
controlled through the following parameters: tow’s count, speeds before and after the 
verticalisation zone, temperature of the verticalisation zone. The laminating process has 
been regulated through the speed, the pressure and the temperature. 
 

 
Fig. 14. The laminating process 
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Two kinds of VERTILAP® products have been manufactured: the monolayers and the 
multilayers. The obtained multilayer products have always been made of 100% polyester in 
order to facilitate their recycling. 

4. The experimental study 
Experimental study has been made in two campaigns of production, A and B, followed by 
complete characterisation test of the manufactured products. For each campaign, the 
VERTILAP® products have been compared to automotive PU foams. The tested materials, 
the methods and tools of characterisation and the obtained results of the comparative 
study between the VERTILAP® products and the PU foams are presented below. 
(Njeugna, 2009) 

4.1 Tested materials 
Five different monolayer 3D nonwovens (NT1, NT2, NT3, NT4 and NT5) have been 
manufactured in campaigns A and B. From each of them, multilayer products have been 
prepared using needle-punched, spun-bonded nonwovens and knitted fabric as external 
layers. Two different monolayer foams (m1, m2) classically used by car manufacturers and 
representing two kinds of comfort have been tested. The tested automotive multilayer 
product (Cm) is composed of three layers, decorative fabric (PET) / PU foam / backing 
fabric (PA). The tested samples are presented in Table 1. The description of the different 
types of the VERTILAP® multilayer samples is presented in Table 2. 
 

 VERTILAP® products 

 Campaign A Campaign B 
PU foams 

Monolayer NT1, NT2, NT3, 
NT4 NT5 m1, m2 

Multilayer L1, L2 L3 Cm 

Table 1. The tested samples 

 NT1, NT2, NT3 and NT4 are 3D nonwoven. 
 

 Samples Laminating components 

L1 NT40 / 3D nonwoven / NT40 
Campaign A 

L2 NT44 / 3D nonwoven / NT44 

Campaign B L3 NT40 / 3D nonwoven / T200 

Table 2. Description of the VERTILAP® multilayer samples 

With: 
- NT40 is a needle-punched nonwoven presenting a mass per unit area of 40 g/m². 
- NT44 is a spun-bonded nonwoven presenting a mass per unit area of 44 g/m². 
- T200 is a knitted fabric presenting a mass per unit area of 200 g/m². 
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4.2 Methods and tools of characterization 
4.2.1 Physical characterization 
The pleated structure of the 3D nonwoven obtained thanks to VERTILAP® process has been 
geometrically described as a triangle after the verticalisation (Fig. 15) and as a loop after the 
laminating process (Fig. 16). In both cases, the shape has been characterised by the thickness 
(e0), the pleat’s angle (θ), the rate of condensation, the pitch (p) and the fibrous wall 
thickness (ep) which has been neglected in order to simplify the model.  
The pleat’s angle will indicate the vertical orientation of the pleat. In the case of the 
triangular shape, the vertical orientation will be reach with a value of the pleat’s angle 
closed to 0°. In the case of the loop shape, the vertical orientation will be reach with a value 
of the pleat’s angle closed to 90°. 
 

 
Fig. 15. Geometrical modelling of the pleat after verticalisation process 

After the verticalisation process, the geometrical parameters of the pleat have been defined 
by the following equations: 
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Where: 
a is the hypotenuse 
la is the apparent length of the sample when its pleated structure is flattened 
lr is the real length of the sample in its pleated structure 
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Fig. 16. Geometrical modelling of the pleat after the laminating process 

After the laminating process, the geometrical parameters of the pleat have been defined by 
the following equations: 
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Where: 
a is the hypotenuse 
l’a is the apparent length of the sample when its pleated structure is flattened 
l’r is the real length of the sample in its pleated structure 
lloop is the length of the loop 
In the case of the foam, the cellular structure has been geometrically modelled as a pentagon 
(Fig. 17) thanks to an adapted method developed from VISIOCELL® used by the OEM 
(Original Equipment Manufacturer) (Recticel, 1999), (Drean, 2006). The foam has been 
characterised thanks to the horizontal and vertical mean cell sizes. The sizes are measured 
on different area of the sample and on a group of five adjacent cells. The characteristics of 
the tested foams are presented in Table 3. 
The physical characterisation of the 3D nonwoven has been extended to comfort evaluation 
which can be evaluated thanks to air permeability (BS 5’636, 1990) and thermal insulation  
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Fig. 17. Geometrical modelling of the PU foam 

 
 m1 m2 Cm 

Thickness (mm) 5 5 4 
Weight (g/m2) 182 180 386 

Density (kg/m3) 36 36 87 
Vertical cell mean size, V(µm) 0.25 0.21 0.25 

Horizontal cell mean size, H (µm) 0.25 0.31 0.30 

Table 3. Characteristics of the tested foams 

(Kawabata, 1980). The air permeability measurement has been performed by using the air 
permeability tester FX3300 under a pressure of 98 Pa on a surface of 5 cm². The coefficient of 
thermal conductivity (K, unit in W/m.K) has been measured thanks to the KES-FB7 
thermolab II of Kawabata Evaluation System for Fabrics. The measurements were 
performed at 23°C during 60s on a sample surface of 25 cm². The apparatus have been 
customized in order to minimise the air leakage and the heat losses on the lateral edges  
(Fig. 18). 
 

 
Fig. 18. Customization of testing apparatus for air permeability and thermal conductivity 

4.2.2 Compression characterization 
The mechanical characterisation has been focused on the compression behaviour because it 
is the most important property to analyse on the new 3D product if compared with the PU 
foam. The compression behaviour has been evaluated thanks to two different testing 
methods; a first method based on the Kawabata recommendations and a second method 
based on automotive standard ISO 3386/1: 1986.  
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Fig. 16. Geometrical modelling of the pleat after the laminating process 
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The first testing method has been carried out on the KES-FB3 module. For that, two 
procedures have been successively defined, the first one using the standard conditions of 
Kawabata and the second one derived from these conditions. In fact, the standard 
configuration of the apparatus highlighted during the test an indentation phenomenon on 
the pleated material (Fig. 19) which was due to the small surface (2 cm²) of the compression 
plate in regards with the testing sample structure (100 cm²): only one or two pleats were 
under the pressure foot during the test. (Njeugna et al., 2008) 
 

 
Fig. 19. Standard configuration of the KES-FB3 compression tester 
The second procedure consisted on modifying the surface of the compression plates in order 
to compress the testing sample on its whole surface (Fig. 20). The obtained results avoid 
indentation phenomenon observed on initial tests. They have also shown the resilient 
property of the pleated 3D nonwoven. The second procedure has been validated for the 
compression characterisation. The samples have been compressed under a maximal load of 
3 kPa at a speed of 12 mm/min during one cycle. The results give information on the 
thickness, the compressibility, the dissipated energy and the resilience of the material.  
 

Fig. 20. Customization of the KES-FB3 compression tester 
The second testing method has been carried out on a universal screw driven testing machine 
(Instron 33R4204) fitted with 5 kN load cell (Fig. 21). The solicitation speed was at  
12 mm/min. The tests have been performed in static mode. A sanding paper has been fixed 
on the surface of the fixed compression plate of the Instron machine in order to eliminate 
any slippage of the sample during the test. The samples have been compressed up to 50% of 
their initial thickness then decompressed at the same speed until the plates come back to 
their initial locations. Five cycles of compression have been performed with a rest time of 
10s between each cycle. The stress deformation curves have been plotted. The maximal 
stress at 50% deformation of the initial thickness and the dissipated energy have been 
determined. 
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Fig. 21. INSTRON 33R4204 testing device 

4.3 Comparative study: VERTILAP® products vs. PU foams 
4.3.1 Campaign A 
Production of the VERTILAP® products has been made in two steps respectively dedicated 
to the preparation of the feeding tow and to the manufacturing of the 3D nonwoven. The 
feeding tows have been prepared thanks to a simple manual technique whereby the initial 
tow of 90 ktex has been divided into finer tows presenting a count from 9 ktex to 18 ktex. 
The obtained tows have been defibered in a converting machine (NSC, 2007) in order to 
improve the quality of the filament opening. During the manufacturing process, the speeds 
before and after the verticalisation zone have been varied. A digital camera has been used to 
observe the products throughout the processing range. These observations have shown 
irregularities in the formation of the compacted 3D structure. It has also been observed that 
the outgoing product was still hot at the output of the machine. This observation has 
allowed showing that the condensation process was not fully controlled. The single 3D 
nonwovens have been laminated under a speed of 2 m/min at 150°C. The hot melt adhesive 
was a 25 g/m² co-polyester web with a melting temperature of 120/125°C. 
The geometrical modelling of the pleated 3D nonwoven has shown that they present a 
pleat’s angle of 41°, a rate of condensation of 65% and a number of pleats/cm of 2.2. The 
pleats in the laminated structure present an angle of 57° and a rate of condensation of 77%. 
The pleat’s angle and the rate of condensation have respectively increased of 28% and 16% 
after the laminating process.  
The results of the physical characterisation have shown that, in the case of monolayer 
products (Fig. 22), the 3D nonwovens are thicker and more comfortable in terms of air 
permeability than the PU foams. They are less comfortable in terms of thermal insulation 
compared to m1 sample. The PU foams are twice lighter than these new products.  
In the case of the laminated products (Fig. ), the VERTILAP® products are thicker and more 
comfortable in terms of air permeability and thermal insulation than the tested multilayer 
foam (Fig. 23). They are also heavier than the tested foam.  
The results of the compression behaviour on one cycle test (KES-FB3) have shown that, in 
the case of monolayer products (Fig. 24), the 3D nonwovens and the PU foams globally 
present the same resilient behaviour. The PU foams are more compressible than the tested 
3D nonwovens and they dissipated less energy. This last result shows that the 3D 
nonwovens will present better characteristics in term of soft touch compared with the PU 
foams. 
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The first testing method has been carried out on the KES-FB3 module. For that, two 
procedures have been successively defined, the first one using the standard conditions of 
Kawabata and the second one derived from these conditions. In fact, the standard 
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Fig. 19. Standard configuration of the KES-FB3 compression tester 
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(Instron 33R4204) fitted with 5 kN load cell (Fig. 21). The solicitation speed was at  
12 mm/min. The tests have been performed in static mode. A sanding paper has been fixed 
on the surface of the fixed compression plate of the Instron machine in order to eliminate 
any slippage of the sample during the test. The samples have been compressed up to 50% of 
their initial thickness then decompressed at the same speed until the plates come back to 
their initial locations. Five cycles of compression have been performed with a rest time of 
10s between each cycle. The stress deformation curves have been plotted. The maximal 
stress at 50% deformation of the initial thickness and the dissipated energy have been 
determined. 
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Fig. 22. Physical characteristics of the tested monolayer samples 
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Fig. 23. Physical characteristics of the tested multilayer samples 

In the case of the laminated products (Fig. 25), the VERTILAP® products laminated with the 
needle-punched nonwovens (L1 samples) and the tested foam globally present the same 
resilient property while the VERTILAP® products laminated with spun-bonded nonwovens 
(L2 samples) are the most resilient. The foam is more compressible than the VERTILAP® 
products. The L2 samples and the foam globally present the same characteristic in term of 
dissipated energy while the L1 samples dissipate the most energy. It can be said that the L1 
samples present the same resilient property than the tested foam but they will be more 
comfortable in term of soft touch. 
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Fig. 24. Compressional characteristics of the tested monolayer samples (KES-FB3) 
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Fig. 25. Compressional characteristics of the tested multilayer samples (KES-FB3) 

Regarding the compression test on five cycles, it has also been observed that the 
VERTILAP® products are more resilient and dissipate more energy than the tested PU 
foams. These observations have been done in both cases of the monolayer and laminated 
products (Fig. 26 - 29). The analysis of the raw results has shown differences between the 
behaviour of the 3D nonwoven and the PU foam. It has been observed an important 
reorganisation of the fibrous structure in the case of the 3D nonwoven while the cellular 
structure of the PU foam remained more constant. This reorganisation displays different 
individual behaviours of the filaments inside the pleated structure.  
The results of this campaign have shown interesting properties of the VERTILAP® products 
in terms of comfort and mechanical behaviour compared with the tested PU foams. At this 
step, the main drawback of this new 3D nonwoven is its weight and its poor reproducibility.  
In fact, the obtained results have shown high dispersion values in the case of the 
VERTILAP® products. A second campaign has been carried out in order to reach the goal of 
the weight reduction of the VERTILAP® products. 
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Fig. 22. Physical characteristics of the tested monolayer samples 
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Fig. 23. Physical characteristics of the tested multilayer samples 

In the case of the laminated products (Fig. 25), the VERTILAP® products laminated with the 
needle-punched nonwovens (L1 samples) and the tested foam globally present the same 
resilient property while the VERTILAP® products laminated with spun-bonded nonwovens 
(L2 samples) are the most resilient. The foam is more compressible than the VERTILAP® 
products. The L2 samples and the foam globally present the same characteristic in term of 
dissipated energy while the L1 samples dissipate the most energy. It can be said that the L1 
samples present the same resilient property than the tested foam but they will be more 
comfortable in term of soft touch. 
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Fig. 24. Compressional characteristics of the tested monolayer samples (KES-FB3) 
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Fig. 25. Compressional characteristics of the tested multilayer samples (KES-FB3) 

Regarding the compression test on five cycles, it has also been observed that the 
VERTILAP® products are more resilient and dissipate more energy than the tested PU 
foams. These observations have been done in both cases of the monolayer and laminated 
products (Fig. 26 - 29). The analysis of the raw results has shown differences between the 
behaviour of the 3D nonwoven and the PU foam. It has been observed an important 
reorganisation of the fibrous structure in the case of the 3D nonwoven while the cellular 
structure of the PU foam remained more constant. This reorganisation displays different 
individual behaviours of the filaments inside the pleated structure.  
The results of this campaign have shown interesting properties of the VERTILAP® products 
in terms of comfort and mechanical behaviour compared with the tested PU foams. At this 
step, the main drawback of this new 3D nonwoven is its weight and its poor reproducibility.  
In fact, the obtained results have shown high dispersion values in the case of the 
VERTILAP® products. A second campaign has been carried out in order to reach the goal of 
the weight reduction of the VERTILAP® products. 
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Fig. 26. Maximal stress at 50% deformation of initial thickness of the tested monolayer 
samples 
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Fig. 27. Dissipated energy of the tested monolayer samples 
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Fig. 28. Maximal stress at 50% deformation of initial thickness of the tested multilayer samples 
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Fig. 29. Dissipated energy of the tested multilayer samples 
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Fig. 26. Maximal stress at 50% deformation of initial thickness of the tested monolayer 
samples 
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Fig. 27. Dissipated energy of the tested monolayer samples 
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Fig. 28. Maximal stress at 50% deformation of initial thickness of the tested multilayer samples 

 

0

20

40

60

80

100

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

D
is

si
pa

te
d 

en
er

gy
 (J

ou
le

s)

L1_NT1 L1_NT2 L1_NT3
L1_NT4 L2_NT1 L2_NT2
L2_NT3 L2_NT4 Cm

 
Fig. 29. Dissipated energy of the tested multilayer samples 
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4.3.2 Campaign B 
In this experiment, the previous production procedure has been applied to manufacture the 
VERTILAP® products of this campaign but the technique to divide the initial tow of 90 ktex 
has been improved by spreading the tow between two beams in order to apply a minimal 
tension necessary for the filaments separation. Tows presenting a count from 7 ktex to  
10 ktex have been pleated. During the manufacturing process, the speed before the 
verticalisation zone has been varied. The obtained single 3D nonwovens have been 
laminated at a speed of 5 m/min at 120°C. The hot melt adhesive was a 20 g/m²  
co-polyester web with a melting temperature of 60/75°C. It is also important to note an 
increase of 60% of the laminating speed compared to the previous samples (NT1, NT2, NT3 
and NT4). This result enables to validate the products/process procedure. 
The results of characterisation have shown a decrease of the weight of the 3D nonwovens 
compared to the previous samples. Indeed, the single 3D nonwovens present a mass per 
unit area of 164 g/m² while the mass per unit area of the laminated ones is 484 g/m². 
Structure’s irregularity has been observed on the manufactured 3D nonwovens. This 
irregularity is mainly due to the irregularity in the tow. In fact, finer the tow, the more 
irregular the structure is as expressed in the Martindale’s law (Martindale, 1945).  
Regarding the physical characteristics (Fig. 30) in the case of the monolayer products, the 
objective of lightness has been reached and the 3D nonwoven, NT5, is also more comfortable 
in term of air permeability compared with the tested foams (m1, m2). NT5 also presents a 
better thermal insulation property compared with m1 sample. In the case of the multilayer 
products, the foam (Cm) present better physical characteristics compared with the 
laminated 3D nonwoven (L3 sample). 
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Fig. 30. Physical characteristics of the tested samples 

Regarding the compression properties on one cycle (Fig. 31), a balance has been observed 
between the resilience and the dissipated energy in the case of single and laminated 3D 
nonwovens. This result shows that this new product presents, simultaneously, good 
resilient property and suitable comfort (soft touch). Except the problem of structure’s 
irregularity, the characteristics of the obtained 3D nonwovens have been significantly 
improved. In both cases of monolayer and multilayer products, it has been observed that the 
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VERTILAP® products and the foam present globally the same resilient property but the 
foams dissipated less energy. It can be said that, the VERTILAP® products present better 
characteristic in term of comfort (soft touch).  
 

0,00

20,00

40,00

60,00

80,00

100,00
Compressibility (%)

Dissipated energy (N.m/m2)Resilience (%)

m1
m2
NT5
Cm
L3

 
Fig. 31. Compressional characteristics of the tested samples 

The compression curves of the tested samples are presented on Fig. 32. 
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Fig. 32. Compression curves on one cycle (KES-FB3) of the tested samples 

In addition to the previous characterization, the study of the tailorability of these new 
products has been carried out. The tailorability of the VERTILAP® 3D nonwoven has been 
positively validated through the execution of upholsteries for a headrest and door panels 
(Fig. 33). These automotive prototypes have been visually and tactically assessed thanks to 
sensory panelists (Philippe et al., 2004) and textile industrialists. 
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Fig. 30. Physical characteristics of the tested samples 

Regarding the compression properties on one cycle (Fig. 31), a balance has been observed 
between the resilience and the dissipated energy in the case of single and laminated 3D 
nonwovens. This result shows that this new product presents, simultaneously, good 
resilient property and suitable comfort (soft touch). Except the problem of structure’s 
irregularity, the characteristics of the obtained 3D nonwovens have been significantly 
improved. In both cases of monolayer and multilayer products, it has been observed that the 
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VERTILAP® products and the foam present globally the same resilient property but the 
foams dissipated less energy. It can be said that, the VERTILAP® products present better 
characteristic in term of comfort (soft touch).  
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Fig. 31. Compressional characteristics of the tested samples 

The compression curves of the tested samples are presented on Fig. 32. 
 

0,00

0,50

1,00

1,50

2,00

2,50

3,00

0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 8,00
Thickness (mm)

P
re

ss
ur

e 
(k

P
a)

L3
NT5
Cm
m1
m2

 
Fig. 32. Compression curves on one cycle (KES-FB3) of the tested samples 

In addition to the previous characterization, the study of the tailorability of these new 
products has been carried out. The tailorability of the VERTILAP® 3D nonwoven has been 
positively validated through the execution of upholsteries for a headrest and door panels 
(Fig. 33). These automotive prototypes have been visually and tactically assessed thanks to 
sensory panelists (Philippe et al., 2004) and textile industrialists. 
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Fig. 33. Automotive prototypes with VERTILAP® products 
At the end of this campaign, the initial question of PU foam replacement has found a 
positive answer. Indeed, the development of the experimental prototype has allowed 
improving the quality of the final product especially in terms of weight and comfort in the 
case of the monolayer products. Nevertheless, the feeding material presents the problem of 
the structure’s irregularity. The final results show that the developed products/process 
procedure has been successfully implemented and has permitted to improve the process 
and the expected products. 

5. Conclusions and outlook 
One original point of the VERTILAP project is the cluster that has been built for it (scientists, 
textile companies and competitiveness clusters). This cluster has made possible the 
development of an innovative 3D nonwoven. This work has contributed to increase know-
how on the VERTILAP® process and knowledge on the obtained pleated 3D nonwoven in 
terms of methods and tools of characterisations. This study has shown that the new 3D 
nonwoven present good qualities, in terms of compressional behaviour and comfort (soft 
touch, air permeability and thermal insulation), compared to the current automotive PU 
foam. The realisation of the automotive parts (headrest and door panel) with this new 
product has shown that the VERTILAP® products present good suitable taylorability 
properties. At this step of the work, the question initially asked “can the PU foam be 
replaced by the VERTILAP® 3D nonwoven?” has found a positive answer and the 
recyclability problem has been solved. It can be said that the VERTILAP® 3D nonwoven 
could be a good candidate to replace certain PU foam in automotive trim applications. 
Moreover, the obtained results during this work have generated data that will be used to 
develop a new VERTILAP® prototype of 1m width. This new prototype will be 
manufactured by the new subsidiary company NSC Environnement of the NSC Group. This 
new machine will allow conducting industrial testing campaign at high speeds of 
production. Different feeding materials such as nonwoven web or carded web will be used 
in order to obtain a good homogeneity of the product. The obtained 3D nonwovens thanks 
to this new prototype will be characterised through more investigations. In fact, 
characteristics such as the behaviour modelling, the acoustic insulation, the comfort through 
sensory analysis and the taylorability could be realised. 
The forthcoming of the VERTILAP project has been initiated in order to extend the 
development of the new 3D nonwoven beyond automotive applications. This second phase 
has been labelled, in 2009, by the French competitiveness “Fibres Innovative Cluster”. New 
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industrial partners (Freudenberg Politex, Paul Hartmann, DIROY, Jacob Holm Industries, 
Albany International, Steelcase) have joined the project VERTILAP for this industrial phase. 
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1. Introduction     
Nowadays, automotive catalysts have been used to reduce atmospheric emissions, due to 
significant parcels of the global emissions of pollutants agents provoked by vehicles. 
Automotive exhaust catalysts were introduced in the 70’s decade, because some countries 
established restricting laws related to emissions of carbon monoxide (CO), nitrogen oxides 
(NOx) and hydrocarbons (HC) by the engines. These products generated by the combustion 
process are extremely harmful to health and the environment (Massad et al, 1985). For 
example, CO combined with hemoglobin in the bloodstream promotes the reduction of 
oxygen-active sites that provokes asphyxia. Nitrogen dioxide (NO2) contributes to 
photochemical smog and acid rain, and is irritating to the eyes, skin and respiratory system. 
Nitrogen monoxide (NO) is toxic by inhalation and irritating to the eyes and skin. Polycyclic 
aromatic hydrocarbons (PAHS) have been identified as carcinogenic compounds. Other 
combustion products are: ash, formed mainly by particulate residues of components of the 
lubricating oil, and soot, combustible matter in the exhaust gas (smoke). Automotive 
catalytic converters have been developed precisely to make these products less toxic 
(Morterra et al, 1995; Ismagilov et al, 1998).  
The development of catalysts only was possible with the improvement in automotive 
engines as the replacement of carburetion system for electronic injection and introduction of 
the catalyst in the exhaust systems (Kaspar et al, 2003). 
The catalysts of three ways (TWC –Three-Way Catalyst) are advanced systems of emission 
treatment of gasoline vehicles that reduce significantly the emissions of carbon monoxide 
(CO), hydrocarbons (HC) and nitrogen oxides (NOx) in atmosphere (Collins & Twigg 2007). 
Nevertheless, there is a steady increase in world production of vehicles powered by gasoline 
and by other types of fuel such as alcohol, gas and mix of fuel, leading to constant research 
in order to improve the catalysts already known and to develop new models (Mizukami et 
al, 1991; Silva et al, 2009 & Sideris, 1997). 
Automotive catalysts are generally available in the form of monolith ceramic as cordierite and 
zeolites or metal substrate. The catalyst substrates more used are composed of magnesium 
cordierite (2MgO.2A12O3.5SiO2) with a honeycomb structure, which provides a high geometric 
surface area, coated with γ-alumina (catalyst wash-coat). This wash-coat is designed to 
increase the specific surface area and is the support for precious metals, mainly platinum (Pt), 
palladium (Pd) and rhodium (Rh), which promotes the catalytic reduction and oxidation of 
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pollutants gases to more harmless ones, like carbon dioxide, water and nitrogen molecular. 
Cerium and zirconium oxides are used in the coating by their oxygen storage capability to 
improve catalytic efficiency. (Angelidis & Sklavounos, 1995). A variety of other additives also 
are used to stabilize the alumina wash-coat at high temperatures (operational temperature). 
Figure 1 illustrates the operation of a three-way catalyst. This catalyst transforms the toxic gas 
CO in CO2, which although not so toxic contributes to the increase in greenhouse effect.  
 

 
Fig. 1. Schematic illustration of the TWC operation. 
 

 

Fig. 2. (a) Catalyst module, (b) new catalyst (c) poisoned catalyst (d) samples of poisoned 
catalyst. 

The catalyst can be deactivated by chemical, mechanical or thermal phenomena after some 
time of operation, depending on the composition of the used fuel and lubricants, and of the 
vehicle adjustment. The chemical deactivation can be promoted by poisoning due to the 
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chemisorptions of compounds on the surface of the catalyst; and due to chemical reactions 
that produce volatile compounds or inactive phases. The thermal deactivation occurs due to  
the sintering process and active metal diffusion. The mechanical deactivation is due to the 
deposition of particles from the gas phase onto the pores and catalyst surface, and effects of 
abrasion caused by mechanical crushing of the catalyst.  
Figure 2a shows a typical catalyst module formed by a metal housing containing the 
catalyst. Figure 2b shows a new catalyst and the visual effect of deactivation in a poisoned 
catalyst is shown in Figure 2c and 2d. The amount of soot deposited in an used catalyst 
depends of the fuel quality, since gasoline contains some amount of contaminants such as 
sulfur, and oxygen and nitrogen compounds. A new catalyst sample is shown in Figure 3a 
and 3b, and Figure 3c shows the clogging of the honeycomb structure caused by the 
poisoning of the catalyst. 
 

 
Fig. 3. (a) Photography of a catalyst sample, (b) SEM micrograph of a honeycomb structure, 
(c) clogging of the honeycomb structure caused by the catalyst poisoning. 
Beyond the vehicles powered by gasoline, there has been a move for the utilization of other 
types of vehicles that have been developed to use different fuels that produce less CO2, 
which cause the greenhouse effect. These fuels are the alcohol, renewable bio-fuel derived 
by sugar-cane or corn, gases such as liquefied petroleum gas (LPG) and compressed natural 
gas (CNG), or mix of fuels as the used in flex-fuel technology. These alternative fuels have a 
lower carbon to hydrogen ratio than gasoline, producing less CO2 per travelled distance, 
and reduce the needed of fossil fuel consumption (Cohn, 2005). 
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Some technologies have been developed, adapting the engine for the mixtures of fuels like 
gasoline and ethanol with predetermined composition. Moreover, there are the new flex-fuel 
technology that is related to the flexibility of choice of the car fuel, where is possible to use 
only hydrated alcohol or gasoline, or a mixture of these fuels in any concentration (Delgado et 
al, 2007). The people can buy the cheapest fuel, whose prices depend on the economic 
moment. The flex-fuel technology is based on sensors that detect the concentration of the 
mixture of gasoline and hydrated alcohol, and in the subsequent automatic adjustment of the 
engine. The addition of ethanol in gasoline decreases the concentration of CO emissions, 
making this process a very interesting technology. Some countries are planning to employ this 
technology, since about 85% of the cars produced in Brazil are equipped with this technology. 
All of these factors impact the design of TWC, since its geometric surface area until the 
alumina thin film formulations. It would be necessary a corresponding catalyst for each type 
of used fuel, leading in consideration the type of chemical reaction that occurs in the engine. 
But in the reality the catalysts of these new vehicles have been adapted without rigorous 
criteria, and they are adjusted according to need (Silva, 2008).  
Other factors that influenced the development of TWCs were the economics ones, mainly 
the related to the prices of the platinum group metal and of the fuels. The constant increase 
and instability in the gasoline price led to the development of more economic engines that 
also need different design of catalyst. In this sense, various types of substrate as zeolites or 
metallic have been tested and/or used (Collins & Twigg 2007).  
Actually, recycling and regeneration of catalysts are common practices. Regeneration 
consists in a controlled oxidation at high temperature to eliminate soot and convert sulfides 
to oxides. After this process, some catalysts also require additional treatments to recover the 
full activity. Non-regenerable catalysts have to be recycled for metals recuperation. This can 
be performed either by hydrometallurgy or pyrometallurgy (Angelidis et al, 1995; Silva, 
2008; Dufresne, 2007 & Hirokazu, 1999). 
In this chapter, textural, morphological and structural characteristics of selected new and 
used catalysts, analyzed by gas adsorption, pycnometry, X-ray diffractometry, thermal 
analyses and scanning electron microscopy, are shown. EDS and WDS electronic 
microprobe were used to detect the composition of the catalysts and their contaminants. 
Subsequently, we discuss the textural and morphological changes of automotive catalyst by 
effect of high temperatures, which lead to its deactivation. New commercial automotive 
catalysts were thermally treated at various temperatures. Micrographies and adsorption-
desorption isotherms were used to verify the changes in the catalyst characteristics with 
thermal treatments. Finally, problems about gas emission and the soot present in exhaust 
gas are discussed, beyond some aspects about reuse and recycling are considered. Some 
solutions about this theme are shown. 

2. Textural, morphological and structural characteristics of new and used 
catalysts 
2.1 Experimental 
Some new and used automotive catalysts of vehicles powered by gasoline, by alcohol, and 
by flex fuel, of diverse suppliers, have been analyzed.  
The samples have been analyzed by X-ray diffractometry (Rigaku, Geigerflex 3034) with 
CuKα radiation, 40kV and 30mA, time constant of 0.5s and crystal graphite monochromator 
to identify the phases present (metals and transition metal oxides).  
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The composition, metal distribution on the alumina thin film and morphology of the 
catalysts have been evaluated by an electron microprobe (Jeol JXA, model 8900RL) with an 
energy dispersive and wavelength dispersive spectrometers (EDS/WDS), and by scanning 
electron microscopy (Quanta 200, FEG-FEI). 
Density measurements of the catalysts have been obtained by helium picnometry 
(Quantachrome) and sample textural characteristics were determined by nitrogen gas 
adsorption (Autosorb - Quantachrome) at liquid nitrogen temperature. Nitrogen gas has 
been used with a 22-point adsorption-desorption cycle. The samples have been outgassed at 
200 °C for 12 hours before each analysis. Experiments have been made in triplicate. Specific 
surface area and total pore volume have been obtained by the application of Brunauer-
Emmett-Teller (BET) equation and the BJH method, respectively (Lowell & Shields, 2005).   

2.2 Results and discussion 
2.2.1 X-ray diffraction 
The diffractogram of the new catalyst (Figure 4a) is characteristic of nano and/or porous 
materials and shows a good correspondence with the cordierite diffractogram standard, 
 

 

Fig. 4. X-ray diffraction patterns of (a) new and (b) used catalysts.  

beyond characteristic peaks of the gamma-alumina film and of the metals dispersed in the 
wash-coat. A reasonable structural variation is evidenced in the diffractogram of the used 
catalyst (Figure 4b), that presents more crystalline behavior and characteristic peaks of 
precious metallic oxides. 

2.2.2 Microanalysis and scanning electron microscopy 
Fig. 5 shows an image of scanning electron microscopy of the catalyst obtained by back-
scattering electrons. It is possible to observe the porous alumina thin film with precious 
metal heterogeneously dispersed (white dots) deposited on cordierite (macroporous 
material). The precious metal particle size varied from 1 to 15 μm. The chosen points of the 
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catalysts were thermally treated at various temperatures. Micrographies and adsorption-
desorption isotherms were used to verify the changes in the catalyst characteristics with 
thermal treatments. Finally, problems about gas emission and the soot present in exhaust 
gas are discussed, beyond some aspects about reuse and recycling are considered. Some 
solutions about this theme are shown. 

2. Textural, morphological and structural characteristics of new and used 
catalysts 
2.1 Experimental 
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CuKα radiation, 40kV and 30mA, time constant of 0.5s and crystal graphite monochromator 
to identify the phases present (metals and transition metal oxides).  
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The composition, metal distribution on the alumina thin film and morphology of the 
catalysts have been evaluated by an electron microprobe (Jeol JXA, model 8900RL) with an 
energy dispersive and wavelength dispersive spectrometers (EDS/WDS), and by scanning 
electron microscopy (Quanta 200, FEG-FEI). 
Density measurements of the catalysts have been obtained by helium picnometry 
(Quantachrome) and sample textural characteristics were determined by nitrogen gas 
adsorption (Autosorb - Quantachrome) at liquid nitrogen temperature. Nitrogen gas has 
been used with a 22-point adsorption-desorption cycle. The samples have been outgassed at 
200 °C for 12 hours before each analysis. Experiments have been made in triplicate. Specific 
surface area and total pore volume have been obtained by the application of Brunauer-
Emmett-Teller (BET) equation and the BJH method, respectively (Lowell & Shields, 2005).   

2.2 Results and discussion 
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The diffractogram of the new catalyst (Figure 4a) is characteristic of nano and/or porous 
materials and shows a good correspondence with the cordierite diffractogram standard, 
 

 

Fig. 4. X-ray diffraction patterns of (a) new and (b) used catalysts.  

beyond characteristic peaks of the gamma-alumina film and of the metals dispersed in the 
wash-coat. A reasonable structural variation is evidenced in the diffractogram of the used 
catalyst (Figure 4b), that presents more crystalline behavior and characteristic peaks of 
precious metallic oxides. 

2.2.2 Microanalysis and scanning electron microscopy 
Fig. 5 shows an image of scanning electron microscopy of the catalyst obtained by back-
scattering electrons. It is possible to observe the porous alumina thin film with precious 
metal heterogeneously dispersed (white dots) deposited on cordierite (macroporous 
material). The precious metal particle size varied from 1 to 15 μm. The chosen points of the 
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Fig. 5a have been analyzed with an EDS detector, confirming the expected basic cordierite 
compositions in region 1 (dark region), formed by Al, Mg and Si (Figure 6a). Region 2 also 
has the same composition of the cordierite, with some impurities such as TiO2, Fe2O3, CaO 
and ZrO2 (Figure 6b). 
 

 

Fig. 5. (a) Backscattering SEM micrograph of a piece of a new automotive catalyst, and (b) 
detail of the alumina thin film on the cordierite.  
The alumina wash-coat is pure (region 3 of Fig. 5a and Figure 6c) with metals and oxides 
dispersed such as cerium and zirconium oxide (Ce2O and ZrO2) in more quantity and traces 
of palladium (Pd) characterized by region 4 of Figure 5a and Figure 6d. Platinum and 
rhodium particles have been observed only by WDS detector because their minor quantity 
dispersed in the thin film. 
After some time of utilization (months or years), the catalyst suffers poisoning due to the 
fuel and lubricant residues, chemical reactions and also effects of sintering due to the high 
operating temperatures, which generally can reach 900 °C. The images of Figure 7 show the 
morphological and textural comparison between the alumina films of a new and an used 
catalyst. The new catalyst surface (Fig. 7a) is porous with disperse precious metal particles, 
while the used (Fig. 7b) shows an eroded surface with agglomeration of the precious metal 
particles and the formation of microcraks. Texturally, the used catalyst shows a decrease in 
the porosity related to the new catalyst, due to the beginning of sintering caused by the 
operational temperature.   
Figure 8 shows with more detail a morphological comparison of new and used catalysts of 
vehicles powered by gasoline. Column (a) shows a new cordierite substrate more 
macroporous and an alumina thin film more porous and preserved than those of the used 
catalyst (column b). It is possible to observe the precious metal diffusion inside the 
cordierite of the used catalyst, beyond an increase of the precious metal agglomerates also 
due to the diffusion process. 
In general, used catalysts show a large quantity of ash and/or soot in the surface and inside 
of their pores. Figure 9a illustrates the obstruction of a catalyst by these contaminants. These 
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Fig. 6. EDS spectra of new automotive catalyst. a: cordierite (region 1), b: cordierite 
impurities (region 2), c: alumina film (region 3), d: active metals and oxides (region 4). 
 

               
                                       a               b 

Fig. 7. Backscattering SEM micrograph of the alumina film of the (a) new and (b) used 
automotive catalyst. 
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                                            (a)                                                          (b) 

Fig. 8. Backscattering SEM micrographies of the (a) new and (b) used catalyst samples. 
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particles penetrate inside the pores of the catalyst, clogging the monolith cordierite channels 
(honeycomb structures). EDS analyses showed that the used catalysts has the same 
composition of the new catalysts, but also has a considerable amount of carbon, potassium, 
sulfur and chlorine that can come from of fuel and lubricating oil (Figure 9b). Particulate 
 

 

Fig. 9. (a) SEM micrograph of the obstructed used catalyst; (b) EDS spectra of the used catalyst; and 
(c) EDS of the particulate material (ash and soot). 

 

 

Fig. 10. SEM micrograph of the soot removed of a poisoned catalyst.  
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Fig. 8. Backscattering SEM micrographies of the (a) new and (b) used catalyst samples. 
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samples (ash and soot) collected of various poisoned catalysts were analyzed by EDS, and 
showed great amount of carbon, sulfur, silica, alumina and magnesia, as well as, smaller 
quantities of phosphorus, iron and nickel (Fig 9c).  
Figure 10 shows micrographies of the ash and soot retired of a poisoned catalyst, which 
show characteristic of nanoparticulate material, with particle sizes about 45 ± 15 nm, 
forming agglomerates with size in the range from 500 to 2 µm. This type of material is very 
active due to its small particle size and, when inhaled, is harmful to the health, causing lung 
diseases. Actually, the filters used are not capable of retaining this kind of material that goes 
to atmosphere by the smoke. 

2.2.3 Gas adsorption technique 
The capacity of adsorption of new and used catalysts has been evaluated. Various types of 
catalysts have been analyzed and the results have been similar. The specific surface area 
varies with the type and model of the catalyst, but the decrease in the values is proportional. 
Table 1 shows the changes in density, specific surface area and total pore volume values of 
two catalysts that showed the lowest and largest specific surface area, one of a vehicle 
powered by gasoline and other of a flex-fuel vehicle. The used samples (poisoned catalysts) 
have been cleaned to eliminate the soot trapped in the beehive of the catalyst, remaining 
only the soot physically adsorbed in the pores of the catalyst. The density of the used 
catalyst is larger than the new catalyst, suggesting a densification process due to the high 
temperature of operation. Consequently, the used catalyst has textural values lower than 
those of the new catalyst, which causes its deactivation. It is observed increasing of about 
85% in the specific surface area and 75% in the porosity.  
 

Sample Density 
/g.cm-3 

Specific Surface 
Area /m2.g-1 

Total Pore Volume
/ 10-3 cm3.g-1 

Average Pore 
Size/nm 

New (Gasoline) 3.1 ± 0.1 58 141 11 

Used (Gasoline) 3.6 ± 0.1 9 36 4 

New (Flex) 3.0 ± 0.1 282 100 12 

Used (Flex) 3.4 ± 0.1 18 8 6 

Table 1. Textural characteristics of new and used catalyst of a vehicles powered by gasoline 
and flex fuel (gasoline and alcohol). 

The adsorption-desorption isotherms (Fig. 11 and Fig. 12) are characteristics of mesoporous 
materials (isotherm type IV, according to IUPAC classification) and show that the new 
catalyst  sample adsorbs a higher volume of nitrogen when compared to the used catalyst. 
The catalyst of the vehicle powered by gasoline lost 75% of its adsorptive capacity and the 
catalyst of the flex-fuel vehicle lost 92%. The changes in the shape of the isotherms of the 
used catalysts show a large variation in pore shape, that together with the results in Table 1 
prove the high variation on the textural characteristics of the used catalyst when compared 
with a new one. 
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Fig. 11. Adsorption-desorption curves of (a) new and (b) used catalysts of a vehicle powered 
by gasoline. 

 

 

Fig. 12. Adsorption-desorption curves of (a) new and (b) used catalysts of a flex –fuel 
vehicle. 

3. Study of the temperature effect on textural and morphological 
characteristics of automotive catalysts 
3.1 Experimental 
Selected new catalysts have been broken in pieces of 2 cm of side and have been thermally 
treated at 500, 700 and 900 °C during 5 hours to verify the changes in the textural, 
morphological and structural characteristics as a function of the temperature.  
Simultaneous thermogravimetric and differential thermal analysis (TG-DTA) measurements 
have been performed in air and N2 (TA Instrument SDT 2960). Samples have been heated 
from room temperature to 1400°C at 10 °C min-1.  
The variation on the sample morphologies have been observed by scanning electron 
microscopy in an equipment JEOL JSM, model 840 and in an equipment Quanta 200, FEG-
FEI. 
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Variation in the true density has been evaluated by helium picnometry (Quantachrome) and 
the textural characteristics have been determined by nitrogen gas adsorption (Autosorb - 
Quantachrome) at liquid nitrogen temperature. The samples have been outgassed at 200 °C 
for 12 hours before each analysis. 

3.2 Results and discussion 
3.2.1 Thermal analysis 
The analysis of the TG curves (Figure 13a) shows a significant loss of mass (about 20 %) for 
new automotive catalysts during the heating between 100 and 700 °C under air atmosphere. 
This loss corresponds probably to the oxidation, densification and crystallization processes, 
which is corroborated by exothermic events in the DTA curves in the same region, and by X-
ray diffraction results obtained by new and used catalysts. TG and DTA curves (Figure 13b) 
of samples heated in N2 atmosphere show a minor loss of mass (about 10 %) and events less 
exothermic. Considering that the automotive catalyst changes considerably with 
temperature up to 600 °C, we can conclude that the operational temperature of 900 °C is 
enough to deactivate partially the catalyst.  
 

 

Fig. 13. TG-DTA curves obtained in (a) air and in (b) N2 atmosphere for new catalyst.  

3.2.2 Scanning electron microscopy 
Figures 14 and 15 shows micrographies obtained by SEM of catalyst samples without 
treatment (a), treated at 500 °C (b) and at 1100 °C (c). In the various tests realized, the 
thickness of the alumina film diminishes with a simple thermal treatment at 500 °C for 5 h 
(of about 40 %) and with thermal treatment at 1100°C for 5 h diminishes of about 60 %. It is 
observed shrinkage and the appearance of cracks in the alumina films deposited on the 
cordierite due to the increasing in the heating temperature. 
Figure 16 shows, with more detail, images of the heating effect in catalyst samples without 
treatment and treated at 500 and 900° C. Figure 16a shows the alumina film of a catalyst 
without treatment and Figure 16b shows the alumina film treated at 500 °C. It is possible to 
observe the beginning of densification of the film treated at 500 °C. Figures 16c and 16d 
show the cordierite without treatment, more porous, and treated at 500°C, respectively. 
Figures 16e and 16f show the diffusion of the precious metal and the sintering process of the 
catalyst treated at 900 °C, respectively. 
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Fig. 14. Backscatter SEM images of (a) new catalyst without heating, (b) heated at 500 °C, 
and (c) heated at 1100 °C. 
 

 

Fig. 15. Backscatter SEM images of (a) new catalyst without heating, (b) heated at 500 °C, 
and (c) heated at 1100 °C. 

3.2.3 Gas adsorption technique 
Table 2 shows the changes in density, specific surface area and total pore volume values of a 
catalyst heated at various temperatures. With the increasing in heating temperature 
occurred a drastic decreasing in the textural values up to 900 °C. These results suggest a 
densification process due to increase in the temperature next to the temperature of 
operation. The value obtained by the catalyst heated at 900 °C is similar to the obtained by 
the used catalysts. 
The adsorption-desorption isotherms of samples treated between 500 and 900 °C (Fig. 17) 
are also characteristics of mesoporous materials and show a lower adsorptive capacity than 
the new catalyst without thermal treatment (Fig. 13a). The new catalysts lost 65% of their 
adsorptive capacity when heated at 500 °C for 5 hours and 72% when heated at 900 °C for 5 
hours. The shape of hysteresis remained nearly constant, showing that there was little 
variation in pore size due to the densification process, while the amount of pores (porosity) 
decreased. 
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Fig. 16. SEM images of new catalyst (a and c) without heating, (b and d) heated at 500 °C, 
and (e and f) heated at 900 °C. 
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Fig. 17. Adsorption-desorption curves of new catalyst heated at: (a) 500 °C, (b) 700 °C and  
(c) 900 °C. 

 

Heating 
Temperature New 
Catalyst/°C 

Density 
/g.cm-3 

Specific Surface 
Area /m2.g-1 

Total Pore Volume
/ 10-3 cm3.g-1 

Average Pore 
Size /nm 

New  3.1 ± 0.1 58 141 110 

500 3.1 ± 0.1 30 48 37 

700 3.2 ± 0.1 17 30 36 

900 3.2 ± 0.1 12 27 30 

Table 2. Textural characteristics of a new catalyst of vehicle powered by gasoline heated at 
various temperatures  

The adsorption capacity of a catalyst decreases at high temperatures (operating 
temperature) due to the physical-chemistry alterations that occur mainly in ceramic catalyst 
surface, such as specific surface area decrease, changes in the phase of the alumina film and 
metal diffusion inside the ceramic matrix to generate large agglomerates. Fig. 18 shows a 
schematic illustration of the catalyst deactivation due to these thermal effects. 
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Fig. 18. Schematic illustration of the catalyst deactivation due to the thermal effects. 

4. Conclusion 
With the current increase in production of vehicles and consequent increase in gas 
emissions, especially CO2, various solutions have been sought by scientists and 
governments around the world. The research on electric cars, already under 
implementation, the total or partial replacement of petrol by biofuels and gas, and the 
constant development of new types of automotive catalysts are examples of the attempt to 
contain the gaseous emissions. 
Regarding the catalytic converter, new technologies have been developed but are not 
employed because the environment laws are not as stringent. With the increase in emissions 
and consequent global temperature increase, as has been happening during the year 2010, 
government decisions on the environment should be more stringent. 
This work showed problems related to mechanical deactivation of catalysts, due to the soot 
deposited on their active surface and thermal deactivation involving the reduction of 
surface area, diffusion and agglomeration of the precious metals, with subsequent decrease 
of adsorption capacity of catalysts. Some results showed that a catalyst can be deactived in 
the first hours of operation, if the temperature reaches between 500 and 900 °C.  
These problems can be solved by improving the precious metals distribution on the alumina 
films by nanotechnology practices, using alumina thin films more stable at high 
temperatures as sol-gel technology and various other new technologies available in the 
scientific literature. 
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1. Introduction 
This chapter gives a comprehensive account of the materials used in manufacturing 
vehicles. In the first section it explains the properties and characteristics that a suitable 
material should have to be accepted in automotive production. In later sections it reviews 
the history of development of the materials in automotive from the most traditional to the 
most recent ones. In the class of the metallic materials, steel, aluminium and magnesium and 
the most recent alloys of these used in the automotive are explained. Some of the properties, 
manufacturing and joining processes for these metals are described. The advantages and 
problems of using each of these materials are also reported. The potential application of 
these materials in different parts of a vehicle is identified. The other class of materials 
considered is composites and plastics with synthetic or natural fibre as reinforcement. 
Whilst the synthetic fibres are more traditional type of composites used, the natural fibre 
composites hold a relatively new place with substantial potential for growth due to the 
growing environmental concerns. With regard to the composite the cost is one of the most 
important barriers in use of these materials.  Therefore a cost analysis is presented. Also the 
second barrier is a suitable manufacturing process for producing complex automotive parts. 
A review of the manufacturing process therefore is also offered for the composites with both 
synthetic and natural fibres. s 

2. Requirements of the materials in automotive  
The materials used in automotive industry need to fulfil several criteria before being 
approved. Some of the criteria are the results of regulation and legislation with the 
environmental and safety concerns and some are the requirements of the customers. In 
many occasions different factors are conflicting and therefore a successful design would 
only be possible through an optimised and balanced solution. 

2.1 Lightweight 
As there is a high emphasis on greenhouse gas reductions and improving fuel efficiency in 
the transportation sector, all car manufacturers, suppliers, assemblers, and component 
producers are investing significantly in lightweight materials Research and Development 
and commercialization. All are moving towards the objective of increasing the use of 
lightweight materials and to obtain more market penetration by manufacturing components 
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and vehicle structures made from lightweight materials. Because the single main obstacle in 
application of lightweight materials is their high cost, priority is given to activities to reduce 
costs through development of new materials, forming technologies, and manufacturing 
processes. 
Yet the weight reduction is still the most cost-effective means to reduce fuel consumption 
and greenhouse gases from the transportation sector. It has been estimated that for every 
10% of weight eliminated from a vehicle's total weight, fuel economy improves by 7%. This 
also means that for every kilogram of weight reduced in a vehicle, there is about 20 kg of 
carbon dioxide reduction.  
To achieve lightweight construction, without compensating on rigidity, automakers have 
been investigating the replacement of steel with aluminium, magnesium, composites, and 
foams. The recycling and recovery of end-of-life vehicles, which involves recovery targets of 
85%, are driving the auto industry to adopt lightweight materials technology to meet these 
recovery targets. 
Some of the facts about the lightweight materials are as follows: [McWilliams, 2007] 
• The total global consumption of lightweight materials used in transportation equipment 

was 42.8 million tons/$80.5 billion in 2006 and will increase to 68.5 million tons/$106.4 
billion by 2011, at a compound annual growth rate (CAGR) of 9.9% in tonnage terms 
and 5.7% in value terms between 2006 and 2011. 

• High strength steel accounts for the largest percentage of total tons of lightweight 
materials consumed, followed by aluminium and plastics. In value terms, plastics with 
their relatively high unit prices are the largest market segment. Aluminium and high 
strength steel are the second and third largest product segments. 

• Motor vehicles, particularly passenger cars and light trucks, are by far the largest end-
user segment. Shipbuilding was the second largest consumer of lightweight materials, 
while the aircraft industry ranks second in the value of the lightweight materials 
consumed.  

Car manufacturers are investigating the reduction of the weight in a viable economical way. 
For example study by Lotus Engineering concludes that a vehicle mass improvement of 38% 
versus a conventional mainstream vehicle can be achieved at only 3% cost. Comparison of 
weight reduction and associated costs for two future models are shown in Table 1. [Lotus 
Eng. Co., 2010] 
Also a report from Corus indicates that the main structure – known as the Body In White 
(BIW) – is usually made of steel pressings welded together to form a strong and stiff frame. 
This method of construction accounts for 99.9 per cent of all the cars produced in the world. 
The remaining 0.1 per cent is mostly constructed with aluminium BIW, while a very small 
number (less than 0.01 per cent) are constructed from carbon-fibre composite. 
The material properties of steel (with its wide range of yield strength combined with high 
modulus) together with ease of manufacture and low cost, mean that steel intensive vehicles 
have by far the largest share of the market. The high cost of alternative materials such as 
aluminium or composites mean that steel’s position as the first-choice material could be still 
secure. [Corus Automotive Eng., 2010] The BIW of a vehicle accounts for 20 per cent of the 
vehicle mass. The weight of the closures (doors, bonnet and boot/rear hatch), chassis 
(suspension parts) and driveline bring the total amount of steel and other ferrous metals to 
more than 60 per cent. In recent years, the amount of ferrous metal has declined, mostly 
driven by manufacturers replacing iron with aluminium for engine castings. The percentage 
of sheet steel per car has also dropped, mainly due to: 
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• Higher levels of equipment, trim and soundproofing. 
• More aluminium used in wheels and suspension parts. 
• More moulded plastics, especially under the bonnet. 
 

Base Toyota Venza 
Excluding powertrain Lotus Engineering Design 

2020 Venza 2017 Venza 
System Weight 

(kg) % Mass 
Reduction 

% Cost 
Factor 

% Mass 
Reduction 

% Cost 
Factor 

Body 383 42% 135% 15% 98% 
Closures/Fenders 143 41% 76% 25% 102% 

Bumpers 18 11% 103% 11% 103% 
Thermal 9.25 0% 100% 0% 100% 
Electrical 23.6 36% 96% 29% 95% 
Interior 252 39% 96% 27% 97% 
Lighting 9.90 0% 100% 0% 100% 

Suspension/Chassis 379 43% 95% 26% 100% 
Glazing 43.7 0% 100% 0% 100% 

Misc. 30.1 24% 99% 24% 99% 
Totals 1290 38% 103% 21%s 98% 

Table 1. An Assessment of Mass Reduction Opportunities for a 2017 – 2020 Model Year 
Vehicle Program by Lotus, [Source: Lotus Engineering, 2010] 
The weight reduction versus the price increase by replacing steel by aluminium or 
magnesium for some of the parts is reported in Table 2. 
  

 steel 
(kg) 

Aluminium
(kg) 

Magnesium
(kg) 

% weight  reduction
 (part)           (vehicle)

% cost increase 
(part) 

Body In white 
(BIW) 285 218 N/A 23.5 

3.90 
Examples vehicle 
mass of 1700 kg 

250 

Bonnet 
(assembly) 14.8 8.3 N/A 44 

0.48 
Examples vehicle 
mass of 1350 kg 

300 

Door 
(assembly) 15.7 9.5 N/A 39 

0.40 
Examples vehicle 
mass of 1550kg 

275 

IP Beam 
(instrument 
panel support) 

11.4 N/A 6.3 45 
0.33 

Examples vehicle 
mass of 1550kg 

350 

Table 2. Alternative materials, potential weight savings versus cost, [ Source: Corus 
Automotive Eng., 2010 with permission] 

2.2 Cost 
One of the most important consumer driven factors in automotive industry is the cost. Since 
the cost of a new material is always compared to that presently employed in a product, it is 
one of the most important variables that determines whether any new material has an 
opportunity to be selected for a vehicle component. Cost includes three components: actual 
cost of raw materials, manufacturing value added, and the cost to design and test the 
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and vehicle structures made from lightweight materials. Because the single main obstacle in 
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Also a report from Corus indicates that the main structure – known as the Body In White 
(BIW) – is usually made of steel pressings welded together to form a strong and stiff frame. 
This method of construction accounts for 99.9 per cent of all the cars produced in the world. 
The remaining 0.1 per cent is mostly constructed with aluminium BIW, while a very small 
number (less than 0.01 per cent) are constructed from carbon-fibre composite. 
The material properties of steel (with its wide range of yield strength combined with high 
modulus) together with ease of manufacture and low cost, mean that steel intensive vehicles 
have by far the largest share of the market. The high cost of alternative materials such as 
aluminium or composites mean that steel’s position as the first-choice material could be still 
secure. [Corus Automotive Eng., 2010] The BIW of a vehicle accounts for 20 per cent of the 
vehicle mass. The weight of the closures (doors, bonnet and boot/rear hatch), chassis 
(suspension parts) and driveline bring the total amount of steel and other ferrous metals to 
more than 60 per cent. In recent years, the amount of ferrous metal has declined, mostly 
driven by manufacturers replacing iron with aluminium for engine castings. The percentage 
of sheet steel per car has also dropped, mainly due to: 
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• Higher levels of equipment, trim and soundproofing. 
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the cost of a new material is always compared to that presently employed in a product, it is 
one of the most important variables that determines whether any new material has an 
opportunity to be selected for a vehicle component. Cost includes three components: actual 
cost of raw materials, manufacturing value added, and the cost to design and test the 
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product. This test cost can be large since it is only through successful vehicle testing that the 
product and manufacturing engineers can achieve a ‘level of comfort” to choose newer 
materials for application in a high-volume production program.  
Aluminium and magnesium alloys are certainly more costly than the currently used steel 
and cast irons that they might replace. The ability to approach the total cost of the 
competition, therefore, must be associated with lower component manufacturing costs. 
Compared to cast irons and steel, cast aluminium and magnesium components are 
potentially less costly. This is based on their reduced manufacturing cycle times, better 
machinability, , ability to have thinner and more variable wall dimensions, closer 
dimensional tolerances, reduced number of assemblies, more easily produced to near net 
shape(thus decreasing finishing costs, and less costly melting/metal-forming processes). 
However, wrought aluminium and magnesium components are almost always more costly 
to produce than their ferrous counterparts.  Since cost may be higher, decisions to select 
light metals must be justified on the basis of improved functionality. Government 
regulations mandate reductions in exhaust emissions, improved occupant safety, enhanced 
fuel economy, reductions in workplace emissions, increased safety requirements, and 
requirements for toxic materials handling and disposal.  Also the high cost is one of the 
major barriers in use of the composite materials.  

2.3 Safety, crashworthiness 
The ability to absorb impact energy and be survivable for the passengers is called the 
‘‘crashworthiness’’ of the structure in vehicle. There are two important safety concepts in 
automotive industry to consider, crashworthiness and penetration resistance. 
Crashworthiness is defined as the potential of absorption of energy through controlled 
failure modes and mechanisms that provides a gradual decay in the load profile during 
absorption. However, penetration resistance is concerned with the total absorption without 
allowing projectile or fragment penetration. [Jacob et al, 2002] 
The current legislation in design of the automobiles requires that, in the case of an impact at 
speeds up to 15.5 m/s (35 mph) with a solid, immovable object, the occupants of the 
passenger compartment should not experience a resulting force that produces a net 
deceleration greater than 20g.  
The current trend of materials in car industry is towards replacing metal parts more and 
more by polymer composites in order to improve the fuel economy and reduce the weight 
of the vehicles. The behaviour of composite failure in compression is the opposite to metals. 
Most composites are generally characterized by a brittle rather than ductile response to load. 
While metal structures collapse under crush or impact by buckling and/or folding in 
accordion (concertina) type fashion involving extensive plastic deformation, composites fail 
through a sequence of fracture mechanisms involving fibre fracture, matrix crazing and 
cracking, fibre-matrix de-bonding, de-lamination and interply separation. The actual 
mechanisms and sequence of damage are highly dependent on the geometry of the 
structure, lamina orientation, and type of trigger and crush speed, all of which can be 
suitably designed to develop high energy absorbing mechanisms. 
Several aspects are considered in design for improved crashworthiness including the 
geometrical and dimensional aspects which have key role in different stages of crash. 
However the materials deformation and progressive failure behaviour in terms of stiffness, 
yield, strain hardening, elongation and strain at break are also very important in the energy 
absorption capacity of the vehicle.  [Witteman, 1999].  
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Thin-walled columns are basic components in the concept and design of automotive body 
structures. Their crashworthiness behaviour is of fundamental importance in the safety 
design of the whole vehicle because their plastic collapse is the mechanism that is used to 
dissipate the kinetic energy of the vehicle in an accident. The mechanism of plastic collapse 
should be reliable and its evolution during the crash regular so that the desired quantity of 
absorbed energy, a low load uniformity and the required level of deformation load can be 
achieved without increasing danger for the vehicle passengers. [Wallentowitz & Adam, 
1996] To predict the characteristic values of automotive front structures energy absorption, 
e.g. weight specific energy absorption, load uniformity and structural effectiveness, the 
buckling of thin-walled columns, representing body front side members, normally are 
investigated. Geometries used for front side members like closed-hat, double-U and 
octagonal columns made by conventional steel, high-strength steel and light alloys could be 
joined with different joining methods e.g. spot-welding, press-joining and structural 
adhesive. The design parameters of the specimen (t/a-ratio, flange width, joining width, 
material thickness, etc.) are varied in a wide range. Axial and non-axial quasi-static tests and 
even dynamic tests with different collision speeds are normally carried out to evaluate the 
crash behaviour. 

2.3.1 Crashworthiness tests 
Apart from the test at the design stage explained above, there are more tests to be performed 
at the later stage of product evaluation. To determine crashworthiness — how well a vehicle 
protects its occupants in a crash — the Institute of highway safety rates vehicles good, 
acceptable, marginal, or poor based on performance in high-speed front and side crash tests, 
a rollover test, plus evaluations of seat/head restraints for protection against neck injuries in 
rear impacts. To earn Top Safety Pick for 2010 a vehicle must have good ratings in all four 
Institute tests. In addition, the winning vehicles must offer electronic stability control. 
[Insurance institute of highway safety, 2010] 
Frontal offset crash test details 
Today's passenger vehicles are designed to be more crashworthy than they used to be. Still, 
about 30,000 passenger vehicle occupants die in crashes on US roads each year. About half 
of the deaths occur in frontal crashes. 
Since the late 1970s, the federal New Car Assessment Program has compared frontal 
crashworthiness among new passenger vehicles. This program, which involves 35 mph 
crash tests into a full-width rigid barrier, has been highly successful in providing consumers 
with comparative crashworthiness information. It also has been a major contributor to the 
crashworthiness improvements that characterize recent passenger vehicle models.  
The very success of the New Car Assessment Program means remaining differences in 
performance among most new vehicles in full-width tests are small. This doesn't mean 
important crashworthiness differences no longer exist. They do exist, and additional crash 
test configurations can highlight these differences. One such test is the frontal offset crash. 
Side impact crash testing/ratings criteria  
Today's passenger vehicles are more crashworthy than they used to be, especially in frontal 
crashes. As occupant protection in frontal crashes improves, the relative importance of 
protection in side impacts increases. From the early 1980s until 2000, driver death rates per 
million cars registered decreased 47 percent. Most of this improvement was in frontal 
crashes, in which driver death rates decreased 52 percent. In contrast, the decrease in side 
impacts was only 24 percent.  
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product. This test cost can be large since it is only through successful vehicle testing that the 
product and manufacturing engineers can achieve a ‘level of comfort” to choose newer 
materials for application in a high-volume production program.  
Aluminium and magnesium alloys are certainly more costly than the currently used steel 
and cast irons that they might replace. The ability to approach the total cost of the 
competition, therefore, must be associated with lower component manufacturing costs. 
Compared to cast irons and steel, cast aluminium and magnesium components are 
potentially less costly. This is based on their reduced manufacturing cycle times, better 
machinability, , ability to have thinner and more variable wall dimensions, closer 
dimensional tolerances, reduced number of assemblies, more easily produced to near net 
shape(thus decreasing finishing costs, and less costly melting/metal-forming processes). 
However, wrought aluminium and magnesium components are almost always more costly 
to produce than their ferrous counterparts.  Since cost may be higher, decisions to select 
light metals must be justified on the basis of improved functionality. Government 
regulations mandate reductions in exhaust emissions, improved occupant safety, enhanced 
fuel economy, reductions in workplace emissions, increased safety requirements, and 
requirements for toxic materials handling and disposal.  Also the high cost is one of the 
major barriers in use of the composite materials.  

2.3 Safety, crashworthiness 
The ability to absorb impact energy and be survivable for the passengers is called the 
‘‘crashworthiness’’ of the structure in vehicle. There are two important safety concepts in 
automotive industry to consider, crashworthiness and penetration resistance. 
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allowing projectile or fragment penetration. [Jacob et al, 2002] 
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deceleration greater than 20g.  
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mechanisms and sequence of damage are highly dependent on the geometry of the 
structure, lamina orientation, and type of trigger and crush speed, all of which can be 
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Several aspects are considered in design for improved crashworthiness including the 
geometrical and dimensional aspects which have key role in different stages of crash. 
However the materials deformation and progressive failure behaviour in terms of stiffness, 
yield, strain hardening, elongation and strain at break are also very important in the energy 
absorption capacity of the vehicle.  [Witteman, 1999].  
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Thin-walled columns are basic components in the concept and design of automotive body 
structures. Their crashworthiness behaviour is of fundamental importance in the safety 
design of the whole vehicle because their plastic collapse is the mechanism that is used to 
dissipate the kinetic energy of the vehicle in an accident. The mechanism of plastic collapse 
should be reliable and its evolution during the crash regular so that the desired quantity of 
absorbed energy, a low load uniformity and the required level of deformation load can be 
achieved without increasing danger for the vehicle passengers. [Wallentowitz & Adam, 
1996] To predict the characteristic values of automotive front structures energy absorption, 
e.g. weight specific energy absorption, load uniformity and structural effectiveness, the 
buckling of thin-walled columns, representing body front side members, normally are 
investigated. Geometries used for front side members like closed-hat, double-U and 
octagonal columns made by conventional steel, high-strength steel and light alloys could be 
joined with different joining methods e.g. spot-welding, press-joining and structural 
adhesive. The design parameters of the specimen (t/a-ratio, flange width, joining width, 
material thickness, etc.) are varied in a wide range. Axial and non-axial quasi-static tests and 
even dynamic tests with different collision speeds are normally carried out to evaluate the 
crash behaviour. 

2.3.1 Crashworthiness tests 
Apart from the test at the design stage explained above, there are more tests to be performed 
at the later stage of product evaluation. To determine crashworthiness — how well a vehicle 
protects its occupants in a crash — the Institute of highway safety rates vehicles good, 
acceptable, marginal, or poor based on performance in high-speed front and side crash tests, 
a rollover test, plus evaluations of seat/head restraints for protection against neck injuries in 
rear impacts. To earn Top Safety Pick for 2010 a vehicle must have good ratings in all four 
Institute tests. In addition, the winning vehicles must offer electronic stability control. 
[Insurance institute of highway safety, 2010] 
Frontal offset crash test details 
Today's passenger vehicles are designed to be more crashworthy than they used to be. Still, 
about 30,000 passenger vehicle occupants die in crashes on US roads each year. About half 
of the deaths occur in frontal crashes. 
Since the late 1970s, the federal New Car Assessment Program has compared frontal 
crashworthiness among new passenger vehicles. This program, which involves 35 mph 
crash tests into a full-width rigid barrier, has been highly successful in providing consumers 
with comparative crashworthiness information. It also has been a major contributor to the 
crashworthiness improvements that characterize recent passenger vehicle models.  
The very success of the New Car Assessment Program means remaining differences in 
performance among most new vehicles in full-width tests are small. This doesn't mean 
important crashworthiness differences no longer exist. They do exist, and additional crash 
test configurations can highlight these differences. One such test is the frontal offset crash. 
Side impact crash testing/ratings criteria  
Today's passenger vehicles are more crashworthy than they used to be, especially in frontal 
crashes. As occupant protection in frontal crashes improves, the relative importance of 
protection in side impacts increases. From the early 1980s until 2000, driver death rates per 
million cars registered decreased 47 percent. Most of this improvement was in frontal 
crashes, in which driver death rates decreased 52 percent. In contrast, the decrease in side 
impacts was only 24 percent.  
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These changes are attributable to two effects. There have been significant improvements in 
frontal crash protection — standard airbags, improved structural designs, and higher belt 
use rates, for example.  
Since 1997 the federal New Car Assessment Program, which compares crashworthiness 
among new passenger vehicles, has included side impacts. In these tests, an impactor with a 
deformable front end representing the front of a car is used to strike the sides of the vehicles 
being assessed.  
The Institute's side impact test is severe. Given the designs of today's vehicles, it's unlikely 
that people in real-world crashes as severe as this test would emerge uninjured. But with 
good side impact protection, people should be able to survive crashes of this severity 
without serious injuries. 
Side impact crash test ratings can be compared across vehicle type and weight categories, 
while frontal crash test ratings will be compared only within weight categories.  
Rollover evaluations 
Rollover ratings assess vehicle roof strength for protection in rollover crashes. Roof strength 
is a new component of the TOP SAFETY PICK criteria for 2010 models. 
To measure roof strength, a metal plate is pushed against one corner of a vehicle's roof at a 
constant speed. The maximum force sustained by the roof before 5 inches of crush is 
compared to the vehicle's weight to find the strength-to-weight ratio. This is a good 
assessment of vehicle structural protection in rollover crashes. 
Other tests on the safety of the vehicle include the Rear crash protection/head restraint 
ratings which focus on how well seat/head restraint combinations protect against whiplash 
injury. The necessary first attribute of an effective head restraint is good geometry. If a head 
restraint isn't behind and close to the back of an occupant's head, it can't prevent a 
"whiplash" injury in a rear-end collision.  
Also Electronic stability control (ESC) significantly reduces crash risk, especially the risk of 
fatal single-vehicle crashes, by helping drivers maintain control of their vehicles during 
emergency manoeuvres. 

2.4 Recycling and life cycle considerations 
One of the major growing concerns in all the industries including automotive, is an 
increased awareness for environment. Issues such as ‘protection of resources’, ‘reduction of 
CO2 emissions’, and ‘recycling’ are increasing the topics of consideration. 
While the United States has not issued regulations concerning automotive end-of-life 
requirements, European Union (E.U.) and Asian countries have released stringent 
guidelines. European Union legislation implemented in 2006 dictates that a significant 
percentage of the vehicle should be re-used or recycled. 
The End of Life Vehicles (ELV) Directive from environment agency aims to reduce the 
amount of waste produced from vehicles when they are scrapped. Around two million 
vehicles reach the end of their life in the UK each year. These vehicles are classed as 
hazardous waste until they have been fully treated. The directive requires ELV treatment 
sites to meet stricter environmental standards. This would mean that the last owner of a 
vehicle must be issued with a Certificate of Destruction for their vehicle and they must be 
able to dispose of their vehicle free of charge. Vehicle manufacturers and importers must 
cover all or most of the cost of the free take-back system. It also sets higher reuse, recycling 
and recovery targets and limits the use of hazardous substances in both new vehicles and 
replacement vehicle parts. [Environment agency, 2010] 
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As the results of the new legislations, no discussion of new materials in the automotive 
industry should conclude without a consideration of recycling.  Considerable R&D efforts 
are now focused on developing materials with greater potential of recycling and re-use or 
developing ways of recycling and re-use of the current materials. This includes both metal 
and composite materials. The composition and forming processes of the metal materials are 
changing to accommodate this recycle and re-use demand. This also justifies the great 
attention towards natural fibre based composites and new high temperature resistant 
thermoplastic resins.  
Figure 1 shows a simplified diagram of the vehicle life cycle. [Kumar & Sutherland, 2008] 
After the raw material is extracted, it is processed, manufactured into parts and products, 
and then sold to the consumer. It should be noted that there is a chain of part and 
component suppliers that contribute to the final manufacturing/assembly stage performed 
by the original equipment manufacturers (OEM). Traditionally the design of the 
part/components has mainly been the responsibility of the OEMs. Recently, however, 
manufacturers have begun to shift design responsibility to part/component suppliers. After 
the manufacturing stage, the vehicle spends a long period of time in the use phase of the life 
cycle. In the past, the median life of a vehicle has been reported to be 12–13 years [Libertiny, 
1982, 1993]. Lately, the median life has increased to around 16 years with as many as 5% of 
the vehicles still remaining on the road after 30 years of operation [Davis, 2004]. 
 
 

Material Producer OEM and suppliers: 
Manufacuring 

User: Automobile 
Usage 

Recovery 
infrastructure: End 

of Life

Material
New 
Car

Old
Car

LandfillDesign

Recycle

Remanufacture
Reuse

 
Fig. 1. Life cycle of automobile [Source: Kumar & Sutherland, 2008] 

When a consumer decides that they no longer wish to use a given vehicle, there are a 
number of options available to them: 
1. sell the whole vehicle to another user 
2. disassemble the vehicle with some components/modules reused 
3. remanufacture the vehicle 
4. recycle the vehicle for material content, and/or 
5. dispose the vehicle to a landfill (Zussmann et al., 1994; Kumar et al., 2005). 
The option selected depends on the economic benefit to the parties/entities associated with 
each option. It should be noted that often times a vehicle undergoes multiple use cycles (i.e., 
the first option is selected repeatedly) before the user considers the other options. After 
multiple use cycles, the value of the vehicle to the user (and other potential users) 
approaches zero. This is because the vehicle no longer functions as desired – the vehicle is 
said to have reached the end of its life. However, from the perspective of a dismantler or 
shredder, the value of the vehicle is not zero because they are not directly interested in the 
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These changes are attributable to two effects. There have been significant improvements in 
frontal crash protection — standard airbags, improved structural designs, and higher belt 
use rates, for example.  
Since 1997 the federal New Car Assessment Program, which compares crashworthiness 
among new passenger vehicles, has included side impacts. In these tests, an impactor with a 
deformable front end representing the front of a car is used to strike the sides of the vehicles 
being assessed.  
The Institute's side impact test is severe. Given the designs of today's vehicles, it's unlikely 
that people in real-world crashes as severe as this test would emerge uninjured. But with 
good side impact protection, people should be able to survive crashes of this severity 
without serious injuries. 
Side impact crash test ratings can be compared across vehicle type and weight categories, 
while frontal crash test ratings will be compared only within weight categories.  
Rollover evaluations 
Rollover ratings assess vehicle roof strength for protection in rollover crashes. Roof strength 
is a new component of the TOP SAFETY PICK criteria for 2010 models. 
To measure roof strength, a metal plate is pushed against one corner of a vehicle's roof at a 
constant speed. The maximum force sustained by the roof before 5 inches of crush is 
compared to the vehicle's weight to find the strength-to-weight ratio. This is a good 
assessment of vehicle structural protection in rollover crashes. 
Other tests on the safety of the vehicle include the Rear crash protection/head restraint 
ratings which focus on how well seat/head restraint combinations protect against whiplash 
injury. The necessary first attribute of an effective head restraint is good geometry. If a head 
restraint isn't behind and close to the back of an occupant's head, it can't prevent a 
"whiplash" injury in a rear-end collision.  
Also Electronic stability control (ESC) significantly reduces crash risk, especially the risk of 
fatal single-vehicle crashes, by helping drivers maintain control of their vehicles during 
emergency manoeuvres. 

2.4 Recycling and life cycle considerations 
One of the major growing concerns in all the industries including automotive, is an 
increased awareness for environment. Issues such as ‘protection of resources’, ‘reduction of 
CO2 emissions’, and ‘recycling’ are increasing the topics of consideration. 
While the United States has not issued regulations concerning automotive end-of-life 
requirements, European Union (E.U.) and Asian countries have released stringent 
guidelines. European Union legislation implemented in 2006 dictates that a significant 
percentage of the vehicle should be re-used or recycled. 
The End of Life Vehicles (ELV) Directive from environment agency aims to reduce the 
amount of waste produced from vehicles when they are scrapped. Around two million 
vehicles reach the end of their life in the UK each year. These vehicles are classed as 
hazardous waste until they have been fully treated. The directive requires ELV treatment 
sites to meet stricter environmental standards. This would mean that the last owner of a 
vehicle must be issued with a Certificate of Destruction for their vehicle and they must be 
able to dispose of their vehicle free of charge. Vehicle manufacturers and importers must 
cover all or most of the cost of the free take-back system. It also sets higher reuse, recycling 
and recovery targets and limits the use of hazardous substances in both new vehicles and 
replacement vehicle parts. [Environment agency, 2010] 

Materials in Automotive Application, State of the Art and Prospects   

 

371 

As the results of the new legislations, no discussion of new materials in the automotive 
industry should conclude without a consideration of recycling.  Considerable R&D efforts 
are now focused on developing materials with greater potential of recycling and re-use or 
developing ways of recycling and re-use of the current materials. This includes both metal 
and composite materials. The composition and forming processes of the metal materials are 
changing to accommodate this recycle and re-use demand. This also justifies the great 
attention towards natural fibre based composites and new high temperature resistant 
thermoplastic resins.  
Figure 1 shows a simplified diagram of the vehicle life cycle. [Kumar & Sutherland, 2008] 
After the raw material is extracted, it is processed, manufactured into parts and products, 
and then sold to the consumer. It should be noted that there is a chain of part and 
component suppliers that contribute to the final manufacturing/assembly stage performed 
by the original equipment manufacturers (OEM). Traditionally the design of the 
part/components has mainly been the responsibility of the OEMs. Recently, however, 
manufacturers have begun to shift design responsibility to part/component suppliers. After 
the manufacturing stage, the vehicle spends a long period of time in the use phase of the life 
cycle. In the past, the median life of a vehicle has been reported to be 12–13 years [Libertiny, 
1982, 1993]. Lately, the median life has increased to around 16 years with as many as 5% of 
the vehicles still remaining on the road after 30 years of operation [Davis, 2004]. 
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Fig. 1. Life cycle of automobile [Source: Kumar & Sutherland, 2008] 

When a consumer decides that they no longer wish to use a given vehicle, there are a 
number of options available to them: 
1. sell the whole vehicle to another user 
2. disassemble the vehicle with some components/modules reused 
3. remanufacture the vehicle 
4. recycle the vehicle for material content, and/or 
5. dispose the vehicle to a landfill (Zussmann et al., 1994; Kumar et al., 2005). 
The option selected depends on the economic benefit to the parties/entities associated with 
each option. It should be noted that often times a vehicle undergoes multiple use cycles (i.e., 
the first option is selected repeatedly) before the user considers the other options. After 
multiple use cycles, the value of the vehicle to the user (and other potential users) 
approaches zero. This is because the vehicle no longer functions as desired – the vehicle is 
said to have reached the end of its life. However, from the perspective of a dismantler or 
shredder, the value of the vehicle is not zero because they are not directly interested in the 
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vehicle function; rather, they are interested in the value of the vehicle subassemblies, parts, 
and materials (Kumar et al., 2007). It should be noted that the expression end of use product 
‘EOUP’ is preferred over the commonly used end of life vehicle ‘ELV’ phrase, because as a 
whole the vehicle may no longer be functional, but certain subassemblies or parts may be 
functional and of course the material can always be recycled for the secondary materials 
market. Each life cycle stage shown in Figure 1 consumes certain amount of energy, and 
produces air/water emissions and municipal solid waste. 
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Fig. 2. Comparison of energy, air emission, water emission and municipal solid waste across 
the life cycle of 1995 generic vehicle [Source: Sullivan et al, 1998] 
Figure 2 shows the contribution of each stage in terms of energy consumption, air and water 
emissions, and municipal solid waste. As can be seen from the figure 2, use stage is the most 
significant contributor in terms of energy consumption, and air and water emissions. This 
justifies the effort of the automotive manufacturers to use lighter-weight material and new 
powertrain technologies in its vehicles. However, while analysing the impact of use stage on 
the environmental performance of a vehicle, it is important to note that the associated 
energy consumption and emissions are distributed over a larger period of time as opposed 
to a shorter time periods during the other stages (Field et al., 2001). Thus, any conclusion 
with respect to the environmental performance should carefully include the temporally 
distributed nature of emissions. It can also be seen from the figure 2 that in terms of 
municipal solid waste, the EOUP stage was found to be the significant contributor. 
It should be noted that the choice of material plays an important role on the fuel economy of 
the vehicle. For example, use of lighter-weight material such as aluminium as opposed to 
steel is usually considered a positive choice in terms of fuel economy (Ungureanu, 2007a). 
As an approximation, a 10% reduction in mass produces a 5% improvement in fuel 
economy. However, it should also be noted that lighter-weight materials might not always 
be the most sustainable choice from a total life cycle perspective. For example, in a study to 
determine the potential benefits of lighter materials such as aluminium, it was found that 
substantial change in the existing manufacturing and assembly technologies would be 
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needed. It was found that the current equipment and processes are well suited for steel-
based components and a complete redesign of this equipment and processes would be 
needed to manufacture aluminium components (Ungureanu, 2007b). Selection of material 
and manufacturing technology also impacts the automotive recovery infrastructure. It is 
suggested that replacing steel with aluminium or a composite material not only increases 
the fuel economy but also reduces the overall life cycle emissions and energy consumption. 
However, it is also likely that the total solid waste, which is usually landfilled will increase 
with such material substitutions. It is largely unknown what effect such substitutions will 
have on the generation of solid waste and thus, the environmental sustainability of the 
recovery infrastructure. Further detail analysis with consideration of interactions regionally 
is needed for better understanding of the life cycle issues. 

3. Current materials in use and their future 
The current materials used in automotive industry both categories of metals and composites 
are reviewed. The advantages and disadvantages of each material are discussed. Also the 
most recent topics of research on development of new compositions, manufacturing and 
characterisations of these materials for the specific purpose of use in automotive is 
presented.  

3.1 Metals  
3.1.1 Steel 
Advanced iron and steel technologies have seen considerable development over the past 
decade and are frequently included into new designs and redesigns by all automakers. The 
steel industry and component suppliers are investing heavily in innovation. The result of 
the investment is numerous examples of successful, cost-effective use of stainless steel, new 
formulations of iron, high-strength steels, and an associated variety of new design, 
fabrication, and assembly techniques. Applications include not only vehicle bodies, but also 
engine, chassis, wheels and many other parts. The usages commonly demonstrate weight 
reduction plus simultaneous improvements in strength, stiffness, and other structural 
performance characteristics. Thus, a clear potential exists to affordably make vehicles lighter 
and safer at the same time. [DeCicco, 2005] 
While body, chassis, engine and other powertrain components made of ferrous materials 
comprise the largest part of a vehicle by mass, lightweight steel and iron technologies 
compete with potential substitutes in all of these applications. 
Mass reduction through advances in the use of iron and steel is significant (ferrous 
materials), because they are the dominant material (64% of a typical family vehicle). 
Iron and steel form the critical elements of structure for the vast majority of vehicles, and are 
low-cost 
materials with an extensive experience base and familiarity to the industry. 
The past several years have seen steady increases in the use of high-strength steels (HSS), 
many versions of which are referred to as high-strength, low-alloy (HSLA) steels. These 
materials plus their associated advanced design and fabrication techniques (as well as 
improved design and fabrication using traditional steels) formed the basis of the American 
Iron and Steel Institute (AISI) Ultralight Steel Auto Body (ULSAB) series of studies and 
demonstration projects. The ULSAB car body demonstrated a 19% mass reduction in a body 
structure that had superior strength and structural performance (including crashworthiness) 
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vehicle function; rather, they are interested in the value of the vehicle subassemblies, parts, 
and materials (Kumar et al., 2007). It should be noted that the expression end of use product 
‘EOUP’ is preferred over the commonly used end of life vehicle ‘ELV’ phrase, because as a 
whole the vehicle may no longer be functional, but certain subassemblies or parts may be 
functional and of course the material can always be recycled for the secondary materials 
market. Each life cycle stage shown in Figure 1 consumes certain amount of energy, and 
produces air/water emissions and municipal solid waste. 
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Fig. 2. Comparison of energy, air emission, water emission and municipal solid waste across 
the life cycle of 1995 generic vehicle [Source: Sullivan et al, 1998] 
Figure 2 shows the contribution of each stage in terms of energy consumption, air and water 
emissions, and municipal solid waste. As can be seen from the figure 2, use stage is the most 
significant contributor in terms of energy consumption, and air and water emissions. This 
justifies the effort of the automotive manufacturers to use lighter-weight material and new 
powertrain technologies in its vehicles. However, while analysing the impact of use stage on 
the environmental performance of a vehicle, it is important to note that the associated 
energy consumption and emissions are distributed over a larger period of time as opposed 
to a shorter time periods during the other stages (Field et al., 2001). Thus, any conclusion 
with respect to the environmental performance should carefully include the temporally 
distributed nature of emissions. It can also be seen from the figure 2 that in terms of 
municipal solid waste, the EOUP stage was found to be the significant contributor. 
It should be noted that the choice of material plays an important role on the fuel economy of 
the vehicle. For example, use of lighter-weight material such as aluminium as opposed to 
steel is usually considered a positive choice in terms of fuel economy (Ungureanu, 2007a). 
As an approximation, a 10% reduction in mass produces a 5% improvement in fuel 
economy. However, it should also be noted that lighter-weight materials might not always 
be the most sustainable choice from a total life cycle perspective. For example, in a study to 
determine the potential benefits of lighter materials such as aluminium, it was found that 
substantial change in the existing manufacturing and assembly technologies would be 
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needed. It was found that the current equipment and processes are well suited for steel-
based components and a complete redesign of this equipment and processes would be 
needed to manufacture aluminium components (Ungureanu, 2007b). Selection of material 
and manufacturing technology also impacts the automotive recovery infrastructure. It is 
suggested that replacing steel with aluminium or a composite material not only increases 
the fuel economy but also reduces the overall life cycle emissions and energy consumption. 
However, it is also likely that the total solid waste, which is usually landfilled will increase 
with such material substitutions. It is largely unknown what effect such substitutions will 
have on the generation of solid waste and thus, the environmental sustainability of the 
recovery infrastructure. Further detail analysis with consideration of interactions regionally 
is needed for better understanding of the life cycle issues. 

3. Current materials in use and their future 
The current materials used in automotive industry both categories of metals and composites 
are reviewed. The advantages and disadvantages of each material are discussed. Also the 
most recent topics of research on development of new compositions, manufacturing and 
characterisations of these materials for the specific purpose of use in automotive is 
presented.  

3.1 Metals  
3.1.1 Steel 
Advanced iron and steel technologies have seen considerable development over the past 
decade and are frequently included into new designs and redesigns by all automakers. The 
steel industry and component suppliers are investing heavily in innovation. The result of 
the investment is numerous examples of successful, cost-effective use of stainless steel, new 
formulations of iron, high-strength steels, and an associated variety of new design, 
fabrication, and assembly techniques. Applications include not only vehicle bodies, but also 
engine, chassis, wheels and many other parts. The usages commonly demonstrate weight 
reduction plus simultaneous improvements in strength, stiffness, and other structural 
performance characteristics. Thus, a clear potential exists to affordably make vehicles lighter 
and safer at the same time. [DeCicco, 2005] 
While body, chassis, engine and other powertrain components made of ferrous materials 
comprise the largest part of a vehicle by mass, lightweight steel and iron technologies 
compete with potential substitutes in all of these applications. 
Mass reduction through advances in the use of iron and steel is significant (ferrous 
materials), because they are the dominant material (64% of a typical family vehicle). 
Iron and steel form the critical elements of structure for the vast majority of vehicles, and are 
low-cost 
materials with an extensive experience base and familiarity to the industry. 
The past several years have seen steady increases in the use of high-strength steels (HSS), 
many versions of which are referred to as high-strength, low-alloy (HSLA) steels. These 
materials plus their associated advanced design and fabrication techniques (as well as 
improved design and fabrication using traditional steels) formed the basis of the American 
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along with a reduced parts count and net manufacturing cost savings compared to a 
conventional steel body. [USAB, 1998] Comparable mass reductions and other benefits were 
achieved for doors, hoods, decklids, and hatchbacks. [Opbroek & Weissert, 1998] Improved 
steel materials and forming processes allow a significant optimization of vehicle body 
structures and components. [DeCicco, 2005] 
The prime reason for using steel in the body structure of an automotive is its inherent 
capability to absorb impact energy in a crash situation [Marsh, 2000]. This, in combination 
with the good formability and joining capability, makes these materials often a first choice 
for the designer of the body-in-white (BIW) structure. [Magnusson et al, 2001] 
New grades of steel and alloys 
Materials are often described by properties such as yield- and tensile strength, elongation to 
fracture, anisotropy and Young’s modulus but shape is not a material property. A sheet 
metal component is a material made into a certain shape through a forming process. 
Depending on loading condition, a material-and-shape combination resists the applied load 
best. Components in a BIW structure should also be able to absorb or transmit impact 
energy in a crash situation. Certain tests should be performed to decide about the suitability 
of the materials for automotive application.  
In axial tensile loading of components, the shape is not as important as the cross-sectional 
area since all sections with the same area will carry the same stress. The strength of a 
component that should be under axial loading is related to the mechanical properties of the 
material [Meyers & Chawla, 1999].  
In bending and torsion, both material and shape are important parameters for the efficiency 
of the component to carry the applied load [Ashby, 2000]. For bending, the elastic-plastic 
transition is a combination of shape and material properties. The strength of a beam under 
bending is related to the materials yield stress and Young’s modulus. The stiffness is 
correlated to the materials Young’s modulus and the shape of the component.  
High-strength steel (HSS) is based on alloys that are categorized on the basis of yield 
strength. Standard HSS has a yield strength between 210 MPa and 550 MPa; ultra-high-
strength steel (UHSS) has a yield strength higher than 550 MPa.  High-strength steels can 
cost as much as 50% more than traditional mild steels, but they allow use of lower 
thicknesses than milder steels for achieving needed part performance specifications. Also, 
different grades of steel can be combined in tailored blanks (see below), so that the more 
costly or thicker materials can be placed only where needed. With HSS, there can be a trade-
off between strength and formability; in other words, the stronger a steel is, e.g., in resisting 
stretching (tension), the more difficult it can be to forge into shapes, particularly the 
stylistically and aerodynamically optimized shapes needed for new vehicles. Steel suppliers 
are therefore developing steels with a range of properties that give engineers more flexibility 
in selecting an ideal grade of steel for any given application.[Heckelmann et al, 1999]  
Stainless steel is a material of choice due to passivity and resistance to corrosion. Some of 
the stainless steel grades suggested for automotive are as follows: [Cunat, 2000] 
a. Duplex austenitic-ferritic stainless steel 
The most commonly used duplex grade is 0.02% C – 22% Cr – 5.5% Ni – 3% Mo – 0.15% N 
alloy, whose standard European designation is X2CrNiMoN22-5–3 / 1.4462. 
b. Austenitic stainless steel 
These steels have chromium (18 to 30 per cent) and nickel (6 to 20 per cent) as the major 
alloying elements. The austenitic phase is stabilised by the presence of a sufficient amount of 
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nickel. The principal characteristics are the ductile austenitic condition, rapid hardenability 
by cold working and excellent corrosion resistance. 
One of the most commonly used grade for structural applications is the 0.02% C – 17.5% Cr 
– 7% Ni – 0.15% N alloy, whose standard European designation is X2CrNiN 18-7/1.4318. 
 

Austenitic Stainless steel 
6061 

Aluminium 
Alloy Property 

Duplex 
Stainless
Steel (1) 

Annealed C850(2) C1000(3) T4(4) T6(5) 

High 
Strength 

Steel 
HSLA 

Density: 
ρ(g/cm3) 7.8 7.9 7.9 7.9 2.7 2.7 7.83 

Yield Stress: σ 
(N/mm2) 640 370 600 880 130 275 410 

Specific Strength 
(N/mm2/g/cm3) 82 46.8 76 111.4 48.1 100 52.4 

(1) In the solution annealed condition, (2) In the cold worked condition C 850 (850<UTS (N/mm2)<1000) 
(3) In the cold worked condition: C 1000 (1000<UTS (N/mm2)<1150), (4) In the solution heat treated 
condition, (5) In the precipitation heat treated condition 

Table 3:  Specific Strength of Stainless Steels, 6061 Aluminium and High Strength Steel 
[Source: Cunat, 2000] 

The specific stiffness of Stainless Steel is very similar to that of aluminium alloy and the 
HSLA steel, which means that the three materials can all be considered as “light materials”. 
The specific strength of the austenitic Stainless Steel in the cold worked condition, is much 
higher than the one for the other materials. The specific strength of different steel and 
aluminium are compared in the Table 3. 
Crashworthiness energy absorption is a key property of the material used for structural 
components or complete structures so-called “space frames”. Austenitic Stainless Steels i.e. 
Fe – Cr – Ni containing alloys have the advantage over aluminium alloys and carbon steels 
of being highly strain rate sensitive. This means that the faster the loading is applied the 
more the material will resist deformation. In addition to that, Stainless Steel has the 
capability to collapse progressively in a controlled and predetermined manner which is 
desirable in automotive application.  
Advances in manufacturing and joining technique 
Advances in fabrication and assembly technique are just as important as advances in 
materials. For lightweight steel technology, key process advances include laser welding, 
hydroforming, and tailored blanks. Both tailored blanks and hydroforming allow parts counts 
to be reduced, providing significant savings on tools and dies, simplifying later stages of 
assembly, and improving the integrity of components, subassemblies, and body structures. 
These processes can be combined in the production of any one component or subassembly. 
Compared to conventional welding processes, laser welding creates a very clean and strong 
weld seam with minimum excess material. It is an important enabling technology used for 
multiple stages of steel materials fabrication and assembly. Laser welding permits 
production of new process input materials, such as tailored blanks, with smooth, high-
integrity seams and minimal distortion or change in material properties surrounding the 
weld zone. It also improves strength, aesthetics, and overall quality of final assembled 
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fracture, anisotropy and Young’s modulus but shape is not a material property. A sheet 
metal component is a material made into a certain shape through a forming process. 
Depending on loading condition, a material-and-shape combination resists the applied load 
best. Components in a BIW structure should also be able to absorb or transmit impact 
energy in a crash situation. Certain tests should be performed to decide about the suitability 
of the materials for automotive application.  
In axial tensile loading of components, the shape is not as important as the cross-sectional 
area since all sections with the same area will carry the same stress. The strength of a 
component that should be under axial loading is related to the mechanical properties of the 
material [Meyers & Chawla, 1999].  
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transition is a combination of shape and material properties. The strength of a beam under 
bending is related to the materials yield stress and Young’s modulus. The stiffness is 
correlated to the materials Young’s modulus and the shape of the component.  
High-strength steel (HSS) is based on alloys that are categorized on the basis of yield 
strength. Standard HSS has a yield strength between 210 MPa and 550 MPa; ultra-high-
strength steel (UHSS) has a yield strength higher than 550 MPa.  High-strength steels can 
cost as much as 50% more than traditional mild steels, but they allow use of lower 
thicknesses than milder steels for achieving needed part performance specifications. Also, 
different grades of steel can be combined in tailored blanks (see below), so that the more 
costly or thicker materials can be placed only where needed. With HSS, there can be a trade-
off between strength and formability; in other words, the stronger a steel is, e.g., in resisting 
stretching (tension), the more difficult it can be to forge into shapes, particularly the 
stylistically and aerodynamically optimized shapes needed for new vehicles. Steel suppliers 
are therefore developing steels with a range of properties that give engineers more flexibility 
in selecting an ideal grade of steel for any given application.[Heckelmann et al, 1999]  
Stainless steel is a material of choice due to passivity and resistance to corrosion. Some of 
the stainless steel grades suggested for automotive are as follows: [Cunat, 2000] 
a. Duplex austenitic-ferritic stainless steel 
The most commonly used duplex grade is 0.02% C – 22% Cr – 5.5% Ni – 3% Mo – 0.15% N 
alloy, whose standard European designation is X2CrNiMoN22-5–3 / 1.4462. 
b. Austenitic stainless steel 
These steels have chromium (18 to 30 per cent) and nickel (6 to 20 per cent) as the major 
alloying elements. The austenitic phase is stabilised by the presence of a sufficient amount of 
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nickel. The principal characteristics are the ductile austenitic condition, rapid hardenability 
by cold working and excellent corrosion resistance. 
One of the most commonly used grade for structural applications is the 0.02% C – 17.5% Cr 
– 7% Ni – 0.15% N alloy, whose standard European designation is X2CrNiN 18-7/1.4318. 
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Table 3:  Specific Strength of Stainless Steels, 6061 Aluminium and High Strength Steel 
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The specific stiffness of Stainless Steel is very similar to that of aluminium alloy and the 
HSLA steel, which means that the three materials can all be considered as “light materials”. 
The specific strength of the austenitic Stainless Steel in the cold worked condition, is much 
higher than the one for the other materials. The specific strength of different steel and 
aluminium are compared in the Table 3. 
Crashworthiness energy absorption is a key property of the material used for structural 
components or complete structures so-called “space frames”. Austenitic Stainless Steels i.e. 
Fe – Cr – Ni containing alloys have the advantage over aluminium alloys and carbon steels 
of being highly strain rate sensitive. This means that the faster the loading is applied the 
more the material will resist deformation. In addition to that, Stainless Steel has the 
capability to collapse progressively in a controlled and predetermined manner which is 
desirable in automotive application.  
Advances in manufacturing and joining technique 
Advances in fabrication and assembly technique are just as important as advances in 
materials. For lightweight steel technology, key process advances include laser welding, 
hydroforming, and tailored blanks. Both tailored blanks and hydroforming allow parts counts 
to be reduced, providing significant savings on tools and dies, simplifying later stages of 
assembly, and improving the integrity of components, subassemblies, and body structures. 
These processes can be combined in the production of any one component or subassembly. 
Compared to conventional welding processes, laser welding creates a very clean and strong 
weld seam with minimum excess material. It is an important enabling technology used for 
multiple stages of steel materials fabrication and assembly. Laser welding permits 
production of new process input materials, such as tailored blanks, with smooth, high-
integrity seams and minimal distortion or change in material properties surrounding the 
weld zone. It also improves strength, aesthetics, and overall quality of final assembled 
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structures. As automakers gain experience with laser welding and the structural design 
improvements it permits, they are reaping significant productivity savings as well A 
recently reported example is VW's use of the technology on the 2004 redesign of the Golf. 
[Kochan, 2003] Compared to the previous model, they reduced production time per car 
body by 25% while reducing weight. 
A related innovation is greater use of steel tubes in place of shapes based on stampings of 
sheet steel. High-quality tubes are formed by bending sheets into a tubular shape with a 
laser welded seam. In addition to direct uses (e.g., in cross members and door beams), steel 
tubes also find broader use when further manipulated by hydroforming. 
Hydroforming involves shaping a part in a die through the use of fluid pressure as opposed 
to stamping. Tube hydroforming permits the construction of relatively complex shapes with 
a single part that is stronger and lighter than the same part made as an assemblage of 
stampings. Although a number of challenges were identified, methods for overcoming them 
were found, with optimizations achieved using advanced CAD tools. Eight bodies were 
built for validation and testing purposes; the results demonstrated a small mass reduction 
with a 25% increase in torsional stiffness. Such results suggest that a lighter structure could 
have been built without as great an increase in stiffness. An economic analysis showed that 
the demonstrated hydroformed design could be implemented within pre-defined financial 
targets, in other words, would be cost-effective for the given application. Hydroforming is 
now coming into widespread use and is particularly valuable for optimizing the frames of 
light trucks. GM and Ford have both used hydroforming for frame components in their full-
size pickups and vehicles sharing those platforms; again, however, the potential mass 
savings were sacrificed to provide further increases in stiffness and other structural 
performance attributes. 
Tailored blanks combine different grades and thicknesses of steel into a single blank, 
referring to a piece of material that is inserted into a stamping press or other piece of 
forming equipment. They allow optimizations of strength, crash performance, and dent 
resistance with minimal material use and therefore lower weight than attempting to make a 
similarly performing part from a blank of uniform grade and thickness.[Kuroda, 2033] 
Tailored blanks also permit reduced major parts counts and simplified assembly. Instead of 
two or more different gauges being welded together to achieve the desired component, an 
integral component can be stamped or hydroformed from a tailored blank. This technique 
pushes some of the complexity upstream in the assembly process, but can do so with net 
cost savings and often substantial improvements in component performance (in terms of 
mass, stiffness, strength, etc.). Sandwich materials, involving a plastic core between thin 
sheets of a steel skin, are another innovation that can be used to save weight. Although 
sandwich steel cannot be welded, it can be formed and joined through many other common 
processes and is used in applications where bending stiffness is the principle performance 
need. One branded version of this material is "Quiet Steel®," which uses viscoelastic cores in 
a laminated steel composite to offer significant cost reduction opportunities and enhanced 
noise, vibration and hardness performance. [Materials science Co., 2004] A notable recent 
application is in the 2004 upgrade of Chrysler's Town & Country and Dodge Grand Caravan 
minivans. Driven by competition, Chrysler needed to add a stowable third-row seat and 
other refinements; steel sandwich material was used to make the tubs into which the 
foldable seats were stowed. [Kelly & Priddle, 2004] An overarching area of progress that 
enables further refinement in all aspects of iron and steel use is the major improvements in 
materials science, component characterization and modelling, and computerized simulation 
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and design methods. Better techniques for measuring and modelling the properties of steels 
enable highly optimized designs. [Mahadevan et al, 2000] Such advances give engineers 
greater confidence in part performance, minimizing the "margin of error" that otherwise 
results in a larger or heavier part than needed. Extensive computer modelling development 
and validation work yields CAD/CAE/CAM34 techniques that enable many fewer adverse 
trade-offs in design, resulting in simultaneous progress in weight reduction, strength, 
stiffness, and energy absorption as needed, while cutting materials costs and waste and 
enhancing productivity in both design and manufacture. [ Yoshimoto et al, 1999] 

3.1.2 Aluminium 
There are a broad range of opportunities for employing aluminium in automotive 
powertrain, chassis, and body structures. The use of aluminium offers considerable potential 
to reduce the weight of an automobile body. In current steel construction, the vehicle 
consists of stamped body panels spot welded together (body-in-white) to which stamped 
steel fenders, doors, hood, and deck lid are bolted. There are two methods of designing and 
manufacturing an aluminium body structure; one is similar to the current steel construction 
using stamped option and the other system which involves castings, extrusions, and 
stampings welded together, known as spaceframe. [Cole et al, 1995] 
Adequate formability is one of the requirements for aluminium sheets to produce complex 
stampings at acceptable economical rates. This involves appreciation of the interaction of the 
crystallographic texture, sheet thickness and stamping die/lubricant parameters. In 
addition, the aluminium alloys chosen for exterior panels must have the ability of age 
hardening to provide suitable strength for dent resistance during the oven paint baking.  
In order to use the Aluminium in automotive intake manifolds and transmission housings, it 
is essential that material shows the ability to be cast into leakproof components with well-
defined inner passages for water and air flow, provides suitable thermal conductivity, and 
sufficient resistance to the mechanical forces at temperatures near 145’C. On the other hand, 
the components are exposed to high mechanical stresses from engine vibration and the 
thermal expansion loads. This can lead to thermal fatigue if the metallurgical structure is not 
sufficiently small and if the casting contains inclusions, oxide films, and porosity. This has 
initiated considerable research to aluminium castings with no defects to avoid fatigue and 
reduced impact resistance. Also control of solidification microstructure, dendrite arm 
spacing, grain size, and eutectic silicon morphology are the other areas that have become 
more and more under investigation. In addition to alloy chemistry and melt temperature, 
dissolved gas and nonmetallic inclusions must be controlled to limit porosity and stress-
raising oxide films. Foundry practice to eliminate turbulence during pouring that can cause 
such films can be enhanced by computer-based heat-flow fluid flow and solidification 
modelling to design the location and geometry of sprue, ingates, and risers. 
Aluminium usage in automotive applications has grown substantially within past years. A 
total of about 110 kg of aluminium: vehicle in 1996 is predicted to rise to 250 or 340 kg, with 
or without taking body panel or structure applications into account, by 2015 [Sears, 1997]. 
There are strong predictions for aluminium applications in hoods, trunk lids and doors 
hanging on a steel frame. Recent examples of aluminium applications in vehicles cover 
power trains, chassis, body structure and air conditioning. Aluminium castings have been 
applied to various automobile parts for a long period. As a key trend, the material for 
engine blocks, which is one of the heavier parts, is being switched from cast iron to 
aluminium resulting in significant weight reduction. Aluminium castings find the most 
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structures. As automakers gain experience with laser welding and the structural design 
improvements it permits, they are reaping significant productivity savings as well A 
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size pickups and vehicles sharing those platforms; again, however, the potential mass 
savings were sacrificed to provide further increases in stiffness and other structural 
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referring to a piece of material that is inserted into a stamping press or other piece of 
forming equipment. They allow optimizations of strength, crash performance, and dent 
resistance with minimal material use and therefore lower weight than attempting to make a 
similarly performing part from a blank of uniform grade and thickness.[Kuroda, 2033] 
Tailored blanks also permit reduced major parts counts and simplified assembly. Instead of 
two or more different gauges being welded together to achieve the desired component, an 
integral component can be stamped or hydroformed from a tailored blank. This technique 
pushes some of the complexity upstream in the assembly process, but can do so with net 
cost savings and often substantial improvements in component performance (in terms of 
mass, stiffness, strength, etc.). Sandwich materials, involving a plastic core between thin 
sheets of a steel skin, are another innovation that can be used to save weight. Although 
sandwich steel cannot be welded, it can be formed and joined through many other common 
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need. One branded version of this material is "Quiet Steel®," which uses viscoelastic cores in 
a laminated steel composite to offer significant cost reduction opportunities and enhanced 
noise, vibration and hardness performance. [Materials science Co., 2004] A notable recent 
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minivans. Driven by competition, Chrysler needed to add a stowable third-row seat and 
other refinements; steel sandwich material was used to make the tubs into which the 
foldable seats were stowed. [Kelly & Priddle, 2004] An overarching area of progress that 
enables further refinement in all aspects of iron and steel use is the major improvements in 
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and design methods. Better techniques for measuring and modelling the properties of steels 
enable highly optimized designs. [Mahadevan et al, 2000] Such advances give engineers 
greater confidence in part performance, minimizing the "margin of error" that otherwise 
results in a larger or heavier part than needed. Extensive computer modelling development 
and validation work yields CAD/CAE/CAM34 techniques that enable many fewer adverse 
trade-offs in design, resulting in simultaneous progress in weight reduction, strength, 
stiffness, and energy absorption as needed, while cutting materials costs and waste and 
enhancing productivity in both design and manufacture. [ Yoshimoto et al, 1999] 

3.1.2 Aluminium 
There are a broad range of opportunities for employing aluminium in automotive 
powertrain, chassis, and body structures. The use of aluminium offers considerable potential 
to reduce the weight of an automobile body. In current steel construction, the vehicle 
consists of stamped body panels spot welded together (body-in-white) to which stamped 
steel fenders, doors, hood, and deck lid are bolted. There are two methods of designing and 
manufacturing an aluminium body structure; one is similar to the current steel construction 
using stamped option and the other system which involves castings, extrusions, and 
stampings welded together, known as spaceframe. [Cole et al, 1995] 
Adequate formability is one of the requirements for aluminium sheets to produce complex 
stampings at acceptable economical rates. This involves appreciation of the interaction of the 
crystallographic texture, sheet thickness and stamping die/lubricant parameters. In 
addition, the aluminium alloys chosen for exterior panels must have the ability of age 
hardening to provide suitable strength for dent resistance during the oven paint baking.  
In order to use the Aluminium in automotive intake manifolds and transmission housings, it 
is essential that material shows the ability to be cast into leakproof components with well-
defined inner passages for water and air flow, provides suitable thermal conductivity, and 
sufficient resistance to the mechanical forces at temperatures near 145’C. On the other hand, 
the components are exposed to high mechanical stresses from engine vibration and the 
thermal expansion loads. This can lead to thermal fatigue if the metallurgical structure is not 
sufficiently small and if the casting contains inclusions, oxide films, and porosity. This has 
initiated considerable research to aluminium castings with no defects to avoid fatigue and 
reduced impact resistance. Also control of solidification microstructure, dendrite arm 
spacing, grain size, and eutectic silicon morphology are the other areas that have become 
more and more under investigation. In addition to alloy chemistry and melt temperature, 
dissolved gas and nonmetallic inclusions must be controlled to limit porosity and stress-
raising oxide films. Foundry practice to eliminate turbulence during pouring that can cause 
such films can be enhanced by computer-based heat-flow fluid flow and solidification 
modelling to design the location and geometry of sprue, ingates, and risers. 
Aluminium usage in automotive applications has grown substantially within past years. A 
total of about 110 kg of aluminium: vehicle in 1996 is predicted to rise to 250 or 340 kg, with 
or without taking body panel or structure applications into account, by 2015 [Sears, 1997]. 
There are strong predictions for aluminium applications in hoods, trunk lids and doors 
hanging on a steel frame. Recent examples of aluminium applications in vehicles cover 
power trains, chassis, body structure and air conditioning. Aluminium castings have been 
applied to various automobile parts for a long period. As a key trend, the material for 
engine blocks, which is one of the heavier parts, is being switched from cast iron to 
aluminium resulting in significant weight reduction. Aluminium castings find the most 
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widespread use in automobile. In automotive power train, aluminium castings have been 
used for almost 100% of pistons, about 75% of cylinder heads, 85% of intake manifolds and 
transmission (other parts-rear axle, differential housings and drive shafts etc.) For chassis 
applications, aluminium castings are used for about 40% of wheels, and for brackets, brake 
components, suspension (control arms, supports), steering components (air bag supports, 
steering shafts, knuckles, housings, wheels) and instrument panels. Recently, development 
effort to apply wrought aluminium is becoming more active than applying aluminium 
castings. Forged wheels have been used where the loading conditions are more extreme and 
where higher mechanical properties are required. Wrought aluminium is also finding 
applications in heat shields, bumper reinforcements, air bag housings, pneumatic systems, 
sumps, seat frames, side impact panels, to mention but a few. Aluminium alloys have also 
found extensive application in heat exchangers. Until 1970, automotive radiators and 
heaters were constructed from copper and brass using soldered joints. The oil crisis in 1974 
triggered are-design to lighter-weight structures and heralded the use of aluminium. The 
market share of aluminium has grown steadily over the last 25 years and is now the material 
of choice for use in the automotive heat exchanger industry. Modern, high performance 
automobiles have many individual heat exchangers, e.g. engine and transmission cooling, 
charge air coolers (CACs), climate control. [Miller et al, 2000] 
Aluminium alloys for body-in-white applications 
Up to now the growth of aluminium in the automotive industry has been in the use of 
castings for engine, transmission and wheel applications, and in heat exchangers. The cost of 
aluminium and price stability remains its biggest impediment for its use in large-scale sheet 
applications. Aluminium industry has targeted the automotive industry for future growth 
and has devoted significant resources to support this effort. The body-in-white (BIW) offers 
the greatest scope for weight reduction with using large amount of aluminium. 
Recent developments have shown that up to 50% weight saving for the BIW can be achieved 
by the substitution of steel by aluminium [Scott, 1995]. This can result in a 20–30% total 
vehicle weight reduction when added to other reduction opportunities. There are two types 
of design each of which has a different form philosophy in the use of aluminium. One is the 
extruded space frame exemplified by the Alcoa- Audi A8 , and the other is the conventional 
sheet monocoque architecture as used in most steel structures as by the Alcan-Ford 
aluminium intensive vehicle (AIV). Each type has its merits: the space frame offers lower 
tooling costs by eliminating some stampings, whereas the conventional sheet monocoque 
offers established processes and low piece costs.  The updated examples of these two types 
are Ford P2000 and Audi AL2. Both of them could reduce weight about 40% on the BIW 
basis. The extruded space frame developed for Audi A8 is believed most appropriate for 
low volume production. The structure of Audi AL2 is a modified space frame with 
aluminium extrusions already developed for A8. Audi AL2 model is produced with an all 
aluminium body structure. In the AL2, there are fewer aluminium cast joints, which were 
extensively used in A8 since they are replaced with direct bonds. Aluminium extrusions in 
the AL2 are also made into as straight shape as possible. It is also clear that, as the 
automotive companies work more and more with aluminium, simplification of design 
results in lower overall cost. 
Determining the right alloy for the body structure and hang-on panels has been the subject 
of considerable development effort [Bull, 1992] and most of the activity is now concentrated 
on a relatively small number of alloys. 
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For skin sheet material the emphasis is on achieving a good balance of formability, strength 
after the paint-bake, and a high surface quality after pressing and paint finish. 
Consequently, the bake hardening 6xxx alloys are the primary choice for these applications. 
For structural sheet materials, strength may be a limiting factor in certain areas, impact 
energy absorption and good deep drawing behaviour are often the most important.  
To meet these requirements, 5xxx alloys are mostly used in North America. In Europe, 6xxx-
T4 materials are still widely used. One obvious and significant difference between 
aluminium and steel is the outstanding bare metal corrosion of the 5xxx and 6xxx 
aluminium materials. Increasingly large amounts of steel are supplied zinccoated to achieve 
acceptable paint durability, this is not necessary for aluminium. However, the aluminium 
coil or sheet can be supplied with a range of pre-treatment and primer layers which can 
improve formability, surface quality and may eliminate the need for E-coating. 
There is a wide range of aluminium materials and surface qualities, which can be chosen, 
and the growing design and process experience is enabling the aluminium industry to help 
the customer specifying the right material for the application. 
There is a clear difference [Bottema et al, 1998] in the alloy choice and treatments for these 
applications between Europe and North America.  
Aluminium alloys for brazing sheet applications 
As mentioned earlier brazed aluminium components are used extensively in modern 
vehicles for engine and transmission cooling, charge air coolers and climate control. It 
consists of a core alloy which provides the strength and life cycle requirements of the heat 
exchanger and a clad layer which is of a low melting point aluminium silicon alloy. During 
the brazing process the Al–Si alloy melts and seals joints in the heat exchanger between the 
different sheet components. The brazing sheet can be clad on one or both sides with the Al–
Si alloy and in some cases one side is clad with a different alloy to provide corrosion 
protection on the inner (water-side) of the a radiator. 
During 1970 vacuum brazing [Miller, 1967] was developed to solve the problems associated 
with old techniques of dip brazing. It was an environmental friendly approach but requires 
significant capital investment. It became the main method for manufacturing heat 
exchangers in the 1980s and still remains the preferred brazing method for evaporators and 
charge air coolers. It is gradually being superseded by controlled atmosphere brazing 
(CAB). A main advantage of vacuum brazing over controlled atmosphere brazing is that 
high (0.3%) magnesium containing alloys can be used. Although, now in use for several 
decades the complete mechanisms behind the technique are still not fully understood. Since 
the introduction of Nocolok process by Alcan in 1978 [Cooke et. al, 1978], this process has 
become the workhorse in the brazing industry. It is a very attractive process since it can be 
operated continuously at low costs [Fortin, 1985]. Although the CAB process is very popular 
it has some constraints like, the flux can not tolerate high magnesium alloys [Bollingbroke, 
1997] and the uniform application of the flux on the heat exchanger to be brazed can be very 
difficult to control. 

3.1.3 Magnesium 
Magnesium is 33% lighter than aluminium and 75% lighter than steel/cast-iron 
components. The corrosion resistance of modern, high-purity magnesium alloys is better 
than that of conventional aluminium die-cast alloys. As well, porosity-free die-cast AM501 
AM60 can achieve 20% elongation, or over three times that of Al A380, leading to higher 
impact strength; but magnesium components have many mechanical/physical property 
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extruded space frame exemplified by the Alcoa- Audi A8 , and the other is the conventional 
sheet monocoque architecture as used in most steel structures as by the Alcan-Ford 
aluminium intensive vehicle (AIV). Each type has its merits: the space frame offers lower 
tooling costs by eliminating some stampings, whereas the conventional sheet monocoque 
offers established processes and low piece costs.  The updated examples of these two types 
are Ford P2000 and Audi AL2. Both of them could reduce weight about 40% on the BIW 
basis. The extruded space frame developed for Audi A8 is believed most appropriate for 
low volume production. The structure of Audi AL2 is a modified space frame with 
aluminium extrusions already developed for A8. Audi AL2 model is produced with an all 
aluminium body structure. In the AL2, there are fewer aluminium cast joints, which were 
extensively used in A8 since they are replaced with direct bonds. Aluminium extrusions in 
the AL2 are also made into as straight shape as possible. It is also clear that, as the 
automotive companies work more and more with aluminium, simplification of design 
results in lower overall cost. 
Determining the right alloy for the body structure and hang-on panels has been the subject 
of considerable development effort [Bull, 1992] and most of the activity is now concentrated 
on a relatively small number of alloys. 
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1997] and the uniform application of the flux on the heat exchanger to be brazed can be very 
difficult to control. 
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than that of conventional aluminium die-cast alloys. As well, porosity-free die-cast AM501 
AM60 can achieve 20% elongation, or over three times that of Al A380, leading to higher 
impact strength; but magnesium components have many mechanical/physical property 
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disadvantages that require unique design for application to automotive products. Although 
its tensile yield strength is about the same, magnesium has lower ultimate tensile strength, 
fatigue strength, and creep strength compared to Aluminium. The modulus and hardness of 
magnesium alloys is lower than aluminium and the thermal expansion coefficient is greater. 
However, it should be noted that suitable ribbing and supports often can overcome the 
strength and modulus limitations. 
 
Property Magnesium Aluminium Iron 
Crystal Structure hcp FCC BCC 
Density at 200C (g/cm3) 1.74 2.70 7.86 
Coefficient of thermal expansion 20-1000C (*106/C) 25.2 23.6 11.7 
Elastic modulus (106 MPa) 44.126 68.947 206.842 
Tensile strength (MPa) 240 320 350 
Melting point (0C) 650 660 1.536 

Table 4:  Properties of Mg, Al, Fe [Source: Davies, 2003] 

Despite the above issues Magnesium alloys have distinct advantages over aluminium that 
could not be dismissed. These include better manufacturability, longer die life and faster 
solidification due to lower latent heat. Therefore more castings can be produced per unit 
time compared to aluminium. Magnesium components have higher machinability.  
Magnesium components can be produced with improved dimensionality and surface 
quality, and smaller draft angles compared to aluminium. The capability of magnesium to 
be hot chamber die cast can reduce casting scrap by reducing dross and can limit gas and 
oxide inclusions while allowing more consistent melt temperature. A comparison of the 
properties of the Mg, Al and Fe is made in Table 4. 
Mechanical properties of Mg alloys 
Specific strength and specific stiffness of materials and structures are important for the 
design of weight saving components. Weight saving is particularly important for 
automotive bodies, components and other products where energy consumption and power 
limitations are a major concern [Tkachenko et. al, 2006]. The specific strength and specific 
stiffness of magnesium are compared with aluminium and iron in Figure 3. There is little 
difference between the specific stiffness between Mg, Al and Fe as seen in Figure 3. The 
specific stiffness of Al and Fe is higher than Mg only in the ratio of 0.69% and 3.7%, 
respectively. On the other hand, the specific strength of Mg is considerably higher than that 
of Al and Fe in the ratio of 14.1% and 67.7%, respectively. [Kulekci, 2008] 
Because of its too low mechanical strength, pure magnesium must be alloyed with other 
elements, which confer improved properties. The Mg-Al-Zn group of alloys contains 
aluminium, manganese, and zinc. These are most common alloying elements for room 
temperature applications. Thorium, Cerium, and Zirconium (without aluminium) are used 
for elevated temperatures and form the Mg-Zn-Zr group.  Thorium or cerium is added to 
improve strength at the temperatures of 260°C to 370°C. Mg-Al alloys are one major group 
among magnesium-based alloys. The strength of these alloys is improved [Aghion et al 
2003, Pekguleryuz et al, 2003 a-b ]. But they suffer from poor coherency, and high creep 
deformation at elevated temperature of >150 0C for long periods of time, the supersaturated 
Mg solid solution transforms to Mg matrix with coarsely dispersed Al (g) precipitates and 
contributes to grain boundary migration and creep deformation. Furthermore Al (g) is also 
prone to aging and has poor metallurgical stability, which limited its application in higher 
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temperatures. Early developments in improving the creep properties of magnesium were 
made in the 1960s by Volkswagen [Medraj & Parvez, 2007]. It was based on Mg-Al-Si 
system. These alloys exhibit marginally improved creep resistance but are difficult to die-
cast. Magnesium components are generally in the form of magnesium alloys. The addition 
of other alloying elements can strengthen and harden magnesium as well as alter its 
chemical reactivity. 
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Fig. 3. comparison of specific stiffness and strength of the Mg, Al and Fe [Source: Kulekci, 
2008] 

AZ91D magnesium alloy has been shown to creep at ambient temperature under initial 
applied stress of only 39% of its yield stress [Grieve 2001]. The commonly used die-casting 
alloy AZ91, starts creep at temperatures above 100°C and has a maximum operating 
temperature at 125°C [Aghion et al, 2001]. 
Because of its creep behaviour, it is not convenient to use this alloy for power train and 
engine castings. Both of them operate at temperatures of 100°C or more and are fixed 
together with threaded fasteners so creep becomes a key issue for these applications 
[Pekguleryuz, 2003 a-b]]. The studies on AE42 alloy showed that AE42 has a greater 
percentage of initial compressive load than AZ91D as seen in Figure 4 [Aghion et al 2003, 
Pekguleryuz, 2003 ]. AE series alloys have better creep resistance with respect to AZ91D. 
Magnesium alloys for automotive applications must have good creep resistance property. 
These alloys should be thermally and metallurgically stable and resistance to flow during 
creep loading. Moreover, it should have adequate corrosion resistance, castability and 
strength. The AE42 (Mg-4 atomic percent Al-2 atomic percent rare earths) magnesium alloy 
has improved creep resistance over the other alloys as seen in Figure 4. Magnesium- 
thorium alloys display excellent creep properties at elevated temperature (350°C). However, 
these alloys have cast disadvantages due to expensive rare earth additions [Pekguleryuz, 
2003, a-b]. The Mg-Al-Sr system is a recently developed alloy for the heat-resistant 
lightweight Mg alloys. The Mg- Al-Sr system is used by BMW for the manufacturing of die-
cast engine blocks. This system has excellent mechanical properties, good corrosion 
resistance and excellent castability. Mg alloys with Sr addition have better creep resistance 
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disadvantages that require unique design for application to automotive products. Although 
its tensile yield strength is about the same, magnesium has lower ultimate tensile strength, 
fatigue strength, and creep strength compared to Aluminium. The modulus and hardness of 
magnesium alloys is lower than aluminium and the thermal expansion coefficient is greater. 
However, it should be noted that suitable ribbing and supports often can overcome the 
strength and modulus limitations. 
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Table 4:  Properties of Mg, Al, Fe [Source: Davies, 2003] 

Despite the above issues Magnesium alloys have distinct advantages over aluminium that 
could not be dismissed. These include better manufacturability, longer die life and faster 
solidification due to lower latent heat. Therefore more castings can be produced per unit 
time compared to aluminium. Magnesium components have higher machinability.  
Magnesium components can be produced with improved dimensionality and surface 
quality, and smaller draft angles compared to aluminium. The capability of magnesium to 
be hot chamber die cast can reduce casting scrap by reducing dross and can limit gas and 
oxide inclusions while allowing more consistent melt temperature. A comparison of the 
properties of the Mg, Al and Fe is made in Table 4. 
Mechanical properties of Mg alloys 
Specific strength and specific stiffness of materials and structures are important for the 
design of weight saving components. Weight saving is particularly important for 
automotive bodies, components and other products where energy consumption and power 
limitations are a major concern [Tkachenko et. al, 2006]. The specific strength and specific 
stiffness of magnesium are compared with aluminium and iron in Figure 3. There is little 
difference between the specific stiffness between Mg, Al and Fe as seen in Figure 3. The 
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respectively. On the other hand, the specific strength of Mg is considerably higher than that 
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Because of its too low mechanical strength, pure magnesium must be alloyed with other 
elements, which confer improved properties. The Mg-Al-Zn group of alloys contains 
aluminium, manganese, and zinc. These are most common alloying elements for room 
temperature applications. Thorium, Cerium, and Zirconium (without aluminium) are used 
for elevated temperatures and form the Mg-Zn-Zr group.  Thorium or cerium is added to 
improve strength at the temperatures of 260°C to 370°C. Mg-Al alloys are one major group 
among magnesium-based alloys. The strength of these alloys is improved [Aghion et al 
2003, Pekguleryuz et al, 2003 a-b ]. But they suffer from poor coherency, and high creep 
deformation at elevated temperature of >150 0C for long periods of time, the supersaturated 
Mg solid solution transforms to Mg matrix with coarsely dispersed Al (g) precipitates and 
contributes to grain boundary migration and creep deformation. Furthermore Al (g) is also 
prone to aging and has poor metallurgical stability, which limited its application in higher 
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temperatures. Early developments in improving the creep properties of magnesium were 
made in the 1960s by Volkswagen [Medraj & Parvez, 2007]. It was based on Mg-Al-Si 
system. These alloys exhibit marginally improved creep resistance but are difficult to die-
cast. Magnesium components are generally in the form of magnesium alloys. The addition 
of other alloying elements can strengthen and harden magnesium as well as alter its 
chemical reactivity. 
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Fig. 3. comparison of specific stiffness and strength of the Mg, Al and Fe [Source: Kulekci, 
2008] 

AZ91D magnesium alloy has been shown to creep at ambient temperature under initial 
applied stress of only 39% of its yield stress [Grieve 2001]. The commonly used die-casting 
alloy AZ91, starts creep at temperatures above 100°C and has a maximum operating 
temperature at 125°C [Aghion et al, 2001]. 
Because of its creep behaviour, it is not convenient to use this alloy for power train and 
engine castings. Both of them operate at temperatures of 100°C or more and are fixed 
together with threaded fasteners so creep becomes a key issue for these applications 
[Pekguleryuz, 2003 a-b]]. The studies on AE42 alloy showed that AE42 has a greater 
percentage of initial compressive load than AZ91D as seen in Figure 4 [Aghion et al 2003, 
Pekguleryuz, 2003 ]. AE series alloys have better creep resistance with respect to AZ91D. 
Magnesium alloys for automotive applications must have good creep resistance property. 
These alloys should be thermally and metallurgically stable and resistance to flow during 
creep loading. Moreover, it should have adequate corrosion resistance, castability and 
strength. The AE42 (Mg-4 atomic percent Al-2 atomic percent rare earths) magnesium alloy 
has improved creep resistance over the other alloys as seen in Figure 4. Magnesium- 
thorium alloys display excellent creep properties at elevated temperature (350°C). However, 
these alloys have cast disadvantages due to expensive rare earth additions [Pekguleryuz, 
2003, a-b]. The Mg-Al-Sr system is a recently developed alloy for the heat-resistant 
lightweight Mg alloys. The Mg- Al-Sr system is used by BMW for the manufacturing of die-
cast engine blocks. This system has excellent mechanical properties, good corrosion 
resistance and excellent castability. Mg alloys with Sr addition have better creep resistance 
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than other alloy systems as seen in Figure 4. Corrosion resistance of the Mg- Al-Sr alloys is 
similar to AZ91D and better than AE42, which indicates that strontium does not have 
adverse affect on corrosion properties [Medraj, 2007]. The addition of Al to Mg alloys 
provides good fluidity which adversely affects the creep resistance. Wrought alloys exhibit 
significantly better combination of strength and ductility compared with casting alloys. 
However wrought alloys are currently used to a very limited extent due to a lack of suitable 
alloys and some technological restrictions imposed by the hexagonal crystal structure of 
magnesium [Eliezer et al, 1998]. 
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Fig. 4. Compressive creep of the magnesium alloys at 70 MPa, 150 0C after 200 hrs, [Source: 
Pekguleryuz  et al, 2003]  
Technical problems and solutions for use of magnesium alloys in automotive industry 
The disadvantages of Mg alloys are high reactivity in the molten state, inferior fatigue and 
creep compared to aluminium and galvanic corrosion resistance. The problems in using 
magnesium alloys stem from their low melting points 650°C and their reactivity (inadequate 
corrosion resistance) [Haferkamp et al, 2001]. The main problem for Mg alloys encountered 
during fabrication and usage is the fire hazard/risk, especially in machining and grinding 
processes due to their relatively low melting point [Sreejith & Ngoi, 2000]. In roughing cuts 
the chips are generally thick and not likely to get hot enough to ignite. However, the thin 
chips produced in the finishing cuts are more likely to heat up and ignite. Similarly, the dust 
in grinding can ignite, even explode, if heated to melting temperatures. The fire hazard can 
be eliminated by avoiding fine cuts, dull tools, high speeds; using proper tool design to 
avoid heat build up; avoiding the accumulation of chips and dust on machines and cloths; 
and using coolants.  
Magnesium is a reactive metal, so it is not found in the metallic state in nature. It is usually 
found in nature in the form of oxide, carbonate or silicate often in combination with calcium. 
Because of this reactivity the production of magnesium metal requires large amounts of 
energy. This situation makes magnesium an expensive metal. To prevent reactivity 
problems, protective finishes, such as anodic coating or paint are used [Shi et al, 2006]. 
Magnesium is attacked by inorganic acids. It is not attacked by alkalis and caustic soda. 
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Welding of Mg alloys can also present a fire risk if the hot/molten metal comes in contact 
with air. To overcome this problem, the welding region must be shielded by inert gas or 
flux. A larger amount of distortion relative to other metals may arise due to high thermal 
conductivity and coefficient of thermal expansion in welding of magnesium alloys if 
required precautions are not taken [Robots 4 welding, 2007]. Service temperatures must be 
well below the alloy melting points; otherwise the fire hazard might materialize. For 
example, it caused an engine fire in a DC-3 aircraft, resulting in a fatal crash. This particular 
aircraft was built during World War II, when aluminium shortages forced manufacturers to 
use of magnesium alloys as a replacement in some applications. The low creep properties of 
magnesium alloys limits the application of magnesium alloys to be used for critical parts, 
such as valve covers [Medraj, 2007]. The following are the main issues that need attention to 
increase creep properties of magnesium alloys: stress relaxation in bolted joints, the 
potential for creep at only moderately elevated temperatures, corrosion resistance, and the 
effects of recycled metal on properties.   
Significant research is still needed on magnesium processing, alloy development, joining, 
surface treatment, corrosion resistance, and mechanical properties improvement. 
Different coating methods are used to increase the corrosion resistance of magnesium alloys. 
Problems with contact corrosion can be minimized, on the one hand, by constructive 
measures and, on the other hand, by an appropriate choice of material couple or the use of 
protective coatings [Blawert et al, 2004]. Chromate coating of Mg alloys is hazardous and 
not environmentally friendly. A newly developed Teflon resin coating has been developed 
for Mg alloys [AIST, 2007]. The coating is obtained with an aluminium vapour deposition 
and finish treatment with a Teflon resin coating. The newly developed Teflon resin coating 
is a low cost, chromium-free corrosion resistant coating for magnesium alloys. The coating 
not only has corrosion resistant properties, but also good lubricity, high frictional-resistance 
and non-wetting properties. The main future of the coating is in the application of Teflon 
coating on Magnesium alloys. 

3.2 Plastics and composites  
Polymer composite materials have been a part of the automotive industry for several 
decades, with early application in the 1953 Corvette. These materials have been used for 
applications with low production volumes, because of their shortened lead times and lower 
investment costs relative to conventional steel fabrication. Important drivers of the growth 
of polymer composites have been the reduced weight and parts consolidation opportunities 
the material offers, as well as design flexibility, corrosion resistance, material anisotropy, 
and mechanical properties. Although these advantages are well known to the industry, 
polymer composite use has been impeded by high material costs, slow production rates, and 
to a lesser extent, concerns about recyclability. Several factors have hindered large scale 
automotive applications of polymer composites. Amongst these are concerns about crash 
energy absorption, recycling challenges, competitive and cost pressures, the industry’s 
general lack of experience and comfort with the material. 
The cost of composite materials is usually much higher (up to 10 times higher when using 
carbon fibres) than those of conventional metals. A comparison of the cost elements for the 
glass fibre composites and carbon fibre composites are made with the steel in figure 5. 
Therefore, the main targets for future development must be the use of hybrid composites 
(low-cost fibres to be used where possible and aramide and carbon fibres to be used only 
where they are required for damage tolerance or stiffness reasons), the evaluation of highly 
automated and rapid manufacturing processes including the application of intelligent 
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than other alloy systems as seen in Figure 4. Corrosion resistance of the Mg- Al-Sr alloys is 
similar to AZ91D and better than AE42, which indicates that strontium does not have 
adverse affect on corrosion properties [Medraj, 2007]. The addition of Al to Mg alloys 
provides good fluidity which adversely affects the creep resistance. Wrought alloys exhibit 
significantly better combination of strength and ductility compared with casting alloys. 
However wrought alloys are currently used to a very limited extent due to a lack of suitable 
alloys and some technological restrictions imposed by the hexagonal crystal structure of 
magnesium [Eliezer et al, 1998]. 
 

0

5

10

15

20

25

AZ91D AS41 AE42 Low Sr alloy High Sr alloy
Magnesium alloys

%
 C

om
pr

es
si

ve
 c

re
ep

 

 
Fig. 4. Compressive creep of the magnesium alloys at 70 MPa, 150 0C after 200 hrs, [Source: 
Pekguleryuz  et al, 2003]  
Technical problems and solutions for use of magnesium alloys in automotive industry 
The disadvantages of Mg alloys are high reactivity in the molten state, inferior fatigue and 
creep compared to aluminium and galvanic corrosion resistance. The problems in using 
magnesium alloys stem from their low melting points 650°C and their reactivity (inadequate 
corrosion resistance) [Haferkamp et al, 2001]. The main problem for Mg alloys encountered 
during fabrication and usage is the fire hazard/risk, especially in machining and grinding 
processes due to their relatively low melting point [Sreejith & Ngoi, 2000]. In roughing cuts 
the chips are generally thick and not likely to get hot enough to ignite. However, the thin 
chips produced in the finishing cuts are more likely to heat up and ignite. Similarly, the dust 
in grinding can ignite, even explode, if heated to melting temperatures. The fire hazard can 
be eliminated by avoiding fine cuts, dull tools, high speeds; using proper tool design to 
avoid heat build up; avoiding the accumulation of chips and dust on machines and cloths; 
and using coolants.  
Magnesium is a reactive metal, so it is not found in the metallic state in nature. It is usually 
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Welding of Mg alloys can also present a fire risk if the hot/molten metal comes in contact 
with air. To overcome this problem, the welding region must be shielded by inert gas or 
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3.2 Plastics and composites  
Polymer composite materials have been a part of the automotive industry for several 
decades, with early application in the 1953 Corvette. These materials have been used for 
applications with low production volumes, because of their shortened lead times and lower 
investment costs relative to conventional steel fabrication. Important drivers of the growth 
of polymer composites have been the reduced weight and parts consolidation opportunities 
the material offers, as well as design flexibility, corrosion resistance, material anisotropy, 
and mechanical properties. Although these advantages are well known to the industry, 
polymer composite use has been impeded by high material costs, slow production rates, and 
to a lesser extent, concerns about recyclability. Several factors have hindered large scale 
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energy absorption, recycling challenges, competitive and cost pressures, the industry’s 
general lack of experience and comfort with the material. 
The cost of composite materials is usually much higher (up to 10 times higher when using 
carbon fibres) than those of conventional metals. A comparison of the cost elements for the 
glass fibre composites and carbon fibre composites are made with the steel in figure 5. 
Therefore, the main targets for future development must be the use of hybrid composites 
(low-cost fibres to be used where possible and aramide and carbon fibres to be used only 
where they are required for damage tolerance or stiffness reasons), the evaluation of highly 
automated and rapid manufacturing processes including the application of intelligent 
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preforms or half-finished goods, and the full use of the potential of composites for parts 
integration. Either glass or carbon, reinforced in the matrix of thermoset or thermoplastic 
polymer materials. The glass-reinforced thermoset composites are the most commonly used 
composite in automotive applications today, but with the development of very high 
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Fig. 5. Cost structure comparison of BIW designs [source: Dieffenbach et. al, 1996)] 

3.2.1 Fabrication 
The choice of a specific fabrication method depends on the costs and on the technical 
requirements of the component to be produced. In order to guarantee economic production, 
methods with a high throughput are absolutely necessary. High throughput can be achieved 
by means of low clock times or by means of high integrative parts. Table 5 compares the 
most commonly used composite fabrication processes available today, addressing their 
advantages, disadvantages, and cycle time.  
The use of prepregs, which are reinforced with carbon or glass in fibre and fabric forms 
coated with epoxy resins, may be suitable for only limited automotive applications because 
of lower productivity. One of the chief obstacles in the way of achieving higher production 
volumes for structural composites is the time at the preforming stage required to place 
complex, properly oriented reinforcement in the moulding tools. This requirement results in 
long cycle times, high labour cost, and low productivity of the moulding tool investment. A 
recent study indicates that the cost of preforms contribute about 35% to the total composite 
BIW cost, compared to 50% for moulding and 15% for assembly (Mascarin 2000). Some of 
the approaches that are used for making preforms are specially knit fabric designed to drape 
properly for a given component; braided reinforcement over moulded foam cores; multiple 
ply vacuum preforming; and robotically applied chopped fibres known as P4 process The 
most broadly accepted reinforced thermoset composites used by automakers in today’s 
market include sheet moulding composite (SMC), bulk moulding composite (BMC), 
reinforced reaction injection moulding (RRIM), and liquid composite moulding processes 
such as structural reaction injection moulding (SRIM) and resin transfer moulding (RTM). 
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SMC and RRIM are most widely used today, contributing to 48% and 40%, respectively to 
the total thermoset components used in the 2000 model year passenger cars (ACA 2000). 
RTM and SRIM composite moulding processes have been considered to provide the best 
economic balance for the automotive structural products. These processes have favourable 
cycle times with large parts and produce a surface quality corresponding to the automotive 
standard 
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control 

Labour intensive for 
large complex parts 5-10 hrs 

Preforming 

Good mouldability 
with complicated 
shapes and the 
elimination of 
trimming operation 

Cost-effective only for 
large complicated 
shape parts and large 
scrap generated when 
fibre mats used 

45-75 secs. 
(compform process) 
4-5 mins (vacuum 

forming) 

RTM 

Inside and outside 
finish possible with 
thickness control, 
more complex parts 
possible with vacuum 
assisted 

Low viscosity resin 
necessary and the 
possibility of voids 
formation without 
vacuum assisted 

8-10 mins for large 
parts: 3-4 mins for 
vacuum assisted 

Liquid compression 
moulding 

Favoured method for 
mass production with 
high fibre volumes 

Expensive set p cost 
for low production 1-2 mins 

SMC 
Cost effective for 
production volume 
10K-80K/year 

Minimum weight 
savings potential 50-100 secs 

RIM 
Low cost tolling where 
prototypes can be 
made with soft tools 

Difficult to control the 
process 1-2 mins 

BMC Low cost base material

Low fibre content 
randomly oriented, 
low structural quality, 
poor surface finish 

30-60 secs 

Extrusion compression 
moulding 

Fully automated 
variety of polymers 
and fibres can be used 
with fibre volumes up 
to 60% by weight 

Not for surface finish 
parts without paint 
film or similar process

3-6 mins 

Structural reaction 
injection moulding 

Low tooling cost with 
the good finish 
capability 

Difficult to control the 
process particularly 
with low viscosity 
resin and longer cure 
cycle time 

4 mins 

Table 5: A Comparison of the Most Commonly Used Composite Moulding Processes 
[Source: Das, 2000] 
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3.2.2 Cost 
Reducing the cost of manufacturing automotive structural components from lighter 
weight composite materials so that they are competitive with the component (including 
life cycle) costs of other materials is a major focus. Although cost reduction is a pervasive 
factor in all composites R&D activities, most of the activities in this area are related to 
materials, the major factor affecting the viability of composites in automotive applications 
today. 

3.2.3 Manufacturability 
Methods for high-volume production of automotive components from lightweight materials 
have not been adequately developed. Composite processing technologies need to be 
developed that yield the required component shape and properties in a cost-effective, rapid, 
repeatable, and environmentally conscious manner. For instance, technologies for high-rate 
forming and moulding of composites for large structural components and high-volume 
production of continuous fibre preforms are needed. 
It is essential that high-rate preforming techniques be developed to obtain chopped-fibre 
preforms with consistent fibre distribution and density at the volumes required by the 
automotive industry. 

3.2.4 Design  data/test methodologies 
One of the major challenges for the commercialization of polymer composites is the lack of 
adequate design data (e.g., material property databases), test methods, analytical design 
tools (i.e., models), and durability data. DOE is focusing on the development of enabling 
technologies and property data to predict the response of materials in a given structural 
design after long-term loading, under exposure to different environments, and in crash 
events. 
Theoretical and computational models are being developed for predicting energy 
absorption and dissipation in automotive composites. These models are tools designers 
need to minimize component weight while maximizing occupant safety. 

3.2.5 Joining and inspection 
High-volume, high-yielding technologies for joining composites to each other and to metal 
structures in an automotive assembly environment do not currently exist but are being 
developed. Current efforts concentrate on adhesive formulation, modelling, and processing. 
Significant work is being conducted to understand the synergistic effects of environmental 
stressors on adhesive joint integrity. The next five-year research focus is on the development 
of non-adhesive joining techniques such as chemical bonding of thermoset composites and 
the joining of carbon fibre based composites to a variety of materials. Fast, reliable, and 
affordable methods to test bond integrity and assembled structures are needed. 
One of the major drawbacks in the use of composites for automotive applications is that 
technologies for cost-effective recycling and repair of advanced composite materials do not 
exist. Cost-effective methods for the separation and recycling of composite materials into 
high-value applications, as opposed to using them only as filler, need to be developed. 
Methods are being pursued for separating glass and carbon fibre from thermoset and 
thermoplastic resin systems. Efforts are also underway to identify alternate uses for post-
consumer automotive grade composites. 
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3.3 Renewable materials, barriers and incentives in use of biocomposites  
The lightweight, low cost natural fibres offer the possibility to replace a large portion of the 
glass and mineral fillers in several automotive interior and exterior parts. In the past decade, 
natural-fibre composites with thermoplastic and thermoset matrices have been embraced by 
European car manufacturers and suppliers for door panels, seat backs, headliners, package 
trays, dashboards, and interior parts. Natural fibres such as kenaf, hemp, flax, jute, and sisal 
are providing automobile part reinforcement due to such drivers as reductions in weight, 
cost, and CO2, less reliance on foreign oil sources, recyclability, and the added benefit that 
these fibre sources are “green” or ecofriendly. As a result, today most automakers are 
evaluating the environmental impact of a vehicle’s entire lifecycle, from raw materials to 
manufacturing to disposal. At this time, glass-fibre-reinforced plastics have proven to meet 
the structural and durability demands of automobile interior and exterior parts. Good 
mechanical properties and a well-developed, installed manufacturing base have aided in the 
insertion of fibreglass-reinforced plastics within the automotive industry. However, glass-
reinforced plastics show shortcomings such as relatively high fibre density (approximately 
40% higher than natural fibres), difficulty to machine, and poor recycling properties, not to 
mention the potential health hazards posed by glass-fibre particulate. 
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Table 6. A list of vegetable and cellulose fibre classifications [Source: Holbery & Houston, 
2006] 

An ecological evaluation, or eco-balance, of natural-fibre mat as compared to glass-fibre mat 
offers another perspective. The energy consumption to produce a flax-fibre mat (9.55 
MJ/kg), including cultivation, harvesting, and fibre separation, amounts to approximately 
17% of the energy to produce a glass-fibre mat 54.7 MJ/kg). [Patel et al, 2002] Though 
natural-fibre-reinforced plastic parts offer many benefits as compared to fibreglass, several 
major technical considerations must be addressed before the engineering, scientific, and 
commercial communities gain the confidence to enable wide-scale acceptance, particularly 
in exterior parts where a Class A surface finish is required. Challenges include the 
homogenization of the fibre’s properties, and a full understanding of the degree of 
polymerization and crystallization, adhesion between the fibre and matrix, moisture 
repellence, and flame retardant properties, to name but a few. Technology for implementing 
natural fibre composites into interior trim continues to be developed by Tier I and Tier II 
automotive suppliers, typically in partnership with producers of natural fibre- based 
processing capabilities for mat or other material forms. Compression moulding, injection 
moulding, thermoforming, and structural reaction injection moulding are all processes 
utilized to process natural-fibre composites. [Holbery & Houston, 2006] 
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3.3.1 Thermoplastic/ thermoset polymers 
The manufacture of natural-fibre composites includes the use of either a thermoset or 
thermoplastic polymer binder system combined with the natural fibre preform or mat. In 
automotive applications, the most common system used today is thermoplastic 
polypropylene, particularly for nonstructural components. Polypropylene is favoured due to 
its low density, excellent processability, mechanical properties, excellent electrical properties, 
and good dimensional stability and impact strength. [George et al, 2001], However, several 
synthetic thermoplastics are utilized including polyethylene, polystyrene, and polyamides 
(nylon 6 and 6, 6). The development of thermoplastic natural-fibre composites is constrained 
by two primary physical limits: the upper temperature at which the fibre can be processed and 
the significant difference between the surface energy of the wood and the polymer matrix. 
Process temperature is a limiting factor in natural fibre applications. The generally perceived 
upper limit before fibre degradation occurs is on the order of 150°C for long processing 
durations, although fibres may withstand short-term exposures to 220°C.  
The result of prolonged high-temperature exposure may be discoloration, volatile release, 
poor interfacial adhesion, or embrittlement of the cellulose components. Therefore, it is 
important to obtain as rapid a reaction rate as possible during both surface treatment and 
polymer processing to limit exposure to cell wall components preventing degradation. The 
development of low-process-temperature surface 
treatments with high service capabilities are viewed as enabling technology for the 
application of natural fibres in composite materials. Because the interfacial adhesion 
between the natural fibre and polymer matrix determines the composite physical properties, 
it is usually necessary to compatibilise or couple the blend. [Baille, 2004] Compatibilisation 
is any operation performed on the fibre and polymer that increases the wetting within the 
blend. Coupling is a process in which dissimilar polymers or fillers are made into an alloy 
by use of external agents called coupling agents. [Bledzki & Gassan, 1999] The result of 
properly applying a compatibiliser or coupling agent to the composite is an increase in 
physical properties and environmental durability. [Mohanty et al, 2005] The primary 
thermoset resins used today in natural-fibre composites for automotive applications are 
polyester, vinylester, and epoxy resins. [Mohanty et al, 2005] In natural fibres, polar groups 
are the main structural units and the primary contributor to mechanical properties; these 
also render cellulose more compatible with polar, acidic, or basic groups, as opposed to 
nonpolar polymers. Polyester resins are widely used, particularly the “unsaturated” type 
capable of cure from a liquid to a solid under a variety of conditions. Epoxy resins offer high 
performance and resistance to environmental degradation. Epoxies have wide appeal in 
industry, although in the automotive industry epoxies have not gained broad use due to 
longer cure schedules and high monomer cost. Vinylester resins is a relatively new addition 
in the family of thermosetting resins which combine excellent chemical resistance, good 
thermal and mechanical properties, and the relative ease of processing and rapid cure 
characteristics of polyester resins. These have better moisture resistance than epoxies when 
cured at room temperature. Vinylester resins are similar in their molecular structure to 
polyesters, but differ in that the reactive sites are positioned at the ends of the molecular 
chains, allowing for the chain to absorb energy. This results in a tougher material when 
compared to polyesters. 

3.3.2 Composite processing 
The primary drivers for the selection of the appropriate process technology for natural-fibre 
composite manufacture include the final desired product form, performance attributes, cost, 
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and ease of manufacturing. Several factors must be considered in selecting a process. One 
must insure: that the fibre is distributed evenly within the matrix, that there is adequate 
compatibility between the hydrophobic matrix and hydrophilic fibres, that fibre attrition is 
minimized due to processing to insure reinforcement, that the desired fibre orientation 
effects will be imparted, that thermal stability of the fibre is maintained throughout the 
processing step, and that the moisture inherent within the fibre is at the desired level, 
minimizing problems with swelling or part distortion. The control of moisture in the fibre 
and the effect of moisture after moulding are primary considerations in natural-fibre 
composites in automobiles. Similarly, the ability to eliminate water absorption during 
service of natural-fibre-based composite components is paramount in industrial 
applications. For example, it has been shown in sisal fibre/unsaturated polyester composites 
that storage in water will result in a reduction of up to 50% in flexural modulus. [ 
Zafeiropoulous  et al, 2002] 
Compounding processes that blend the natural fibres with a thermoplastic matrix are 
gaining wide acceptance due to the high degree of consistency feasible in the pellet form. 
The purpose of a compounding operation is to produce a pelletised feed stock that can be 
processed further, similar to any other thermoplastic processing technique, such as injection 
moulding, extrusion, or thermoforming. There are several types of compounding processes, 
including extrusion, kneading, and high-shear mixers.  
Injection moulding is a versatile process and is the most widely used processing 
technique for making composite products, particularly where intricate shapes are needed 
in cyclic, high-volume production. The benefits include excellent dimensional tolerance 
and short cycle times coupled with few post-processing operations. According to BMW, it 
is possible to manufacture bio-based composites that are as much as 40 percent lighter 
than equivalent injection-moulded plastic parts.[Singh 1998] One of the challenges posed 
by injection moulding natural-fibre composites is to produce pellets of a consistent 
quality. This has been explored by both North American and European injection 
moulding equipment suppliers through a process called direct long-fibre thermoplastic 
(D-LFT) moulding. In this continuous process, first developed for glass fibres, the fibres 
are spooled and fed into a heating zone, where the thermoplastic is integrated with the 
fibre bundles. These bundles are then cut at a desired length and fed continuously into an 
injection moulding hopper, and parts are moulded continuously. It is reasonable to 
assume that the recent developments in producing continuous natural-fibre roving could 
be integrated on a large scale into the D-LFT process. Several companies are working in 
this development area.  
Thermoforming is mainly used to produce natural-fibre-mat thermoplastic composites. The 
process takes pre-cut layers of fibre (or preformed mats that could comprise random fibres 
or roving) and polymer sheet that are inserted in a heated mould, and consolidates the 
material as heat is transferred through conduction to melt the thermoplastic. The 
thermoplastic flows to penetrate the fibre component, with pressure applied during the 
heating and cooling phases. After reaching the melt temperature in a hot press, the molten 
hybrid material is consolidated into a composite in a cold press, with very rapid processing 
times possible via combined heating-cooling presses in parallel. Compression moulding 
using thermoset polymer matrices is another major platform used to manufacture large 
parts for the automotive industry, producing light, strong, and thin panels and structures. 
The primary advantage of this process is low fibre attrition and process speed. A 
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3.3.1 Thermoplastic/ thermoset polymers 
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comparison of compression moulded unsaturated polyester composites reinforced with 
glass fibre and with natural fibres (flax) is provided in Table 7. 
 

 Property Glass fibre (30% wt) Natural Fibre (35% wt) 

Flex Strength (MPa) 80 70 

Flex Modulus (GPa) 6.0 6.0 

Elongation at Break (%) 2.2 1.9 
Impact Strength 

(KJ/mm2) 38 20 

Density (g/cm3) 1.54 1.42 

Table 7: Comparison of the properties of the flax fibre and glass fibre.  

This indicates that the properties are comparable with properties with similar fibre loadings. 
Another method of compression moulding is the sheet moulding compound (SMC) process 
which has been used for glass composites for years. Many variations of compression 
moulding have been developed that are suitable for automotive application, and recent 
developments to combine extrusion and compression of thermoplastic composites, initially 
with glass fibres, are beginning to enter into the automotive industry. This process extrudes 
large thermoplastic fibre bundles, or pre-heated plugs, into a compression mould in-situ, 
and then the compression moulds the part. However, high capitalization costs will preclude 
this process from large-scale insertion into the Tier 1 supply chain in the near future. The 
foaming technique produces foamed products that can be used in upholsteries and in 
insulation applications. Finally, thermoset polymer composite manufacture via resin 
transfer and vacuum-assisted resin transfer moulding has gained interest from the 
automotive industry. The primary benefits of this processing platform include 
compounding at low shear and temperatures with minimal degradation of the cellulose 
fibre. Higher fibre loadings to 70% are possible, as well as good devolatilization. However, 
these processes are meeting resistance due to the high capital expenditure requirements.  

4. Conclusions 
The competition in the market of materials for automotive applications is substantial. This is 
due to the size and value of the market. In the more recent years the environmental concern 
has opened the need for lighter vehicle for lower fuel consumption and also for the need of 
recycling. These recent pressures have opened the door for introduction of new materials to 
the automotive market such as alternative metals and composites. However there are yet 
significant barriers in large scale use of these materials mainly due to the cost of the raw 
materials or the large capital investment need for transformation of the forming processes. 
Therefore the need for further research for suitable processes, properties and lower cost 
materials in this lucrative industry is at its peak. The more traditional materials such as steel 
producers are trying hard to keep their market by further innovations and improvements in 
their alloying and their processes in order to offer lighter material and structure option. But 
at the same time the newer materials such as alternative metals and composites are at the 
heart of the research and innovation for opening the possibility of the lighter and more 
environmentally friendly future vehicles.   
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