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Preface

The demand for innovation in engineering is increasing. The new innovations are
key elements of engineering education to provide an innovative engineering cur-
riculum for the academics, researchers, and students with integrated and blended 
learning experiences. The objectives of this edited book are to provide guidelines in
developing a successful engineering curriculum, in designing an innovative learn-
ing and teaching method, and in promoting consistent standards in engineering 
education.

This edited book will introduce resources and case studies of engineering in the areas
of technology-enhanced engineering approach, integration of blended e-learning,
and sustainable and social innovation in engineering learning experiences.

The book presents number of chapters focusing on the latest developments in
engineering education and naval engineering and will provide the reader with a
broad overview of the latest developments of engineering design and methods. 
The chapters include relevant technical, sustainable, and social innovations that
have a significant influence on the society and the stakeholders. This edited book
consists of two parts. Part One contains 5 chapters focusing on pedagogical aspects
of engineering education, and Part Two comprises 4 chapters highlighting new
innovations in naval engineering. A brief summary of each part is given below.

Part 1 Engineering and Innovations Methods

Chapter One “How to deal with quantum leap innovations and free fall situations”
investigates three industrial case studies based on three different start situations for
the development of the organization. These three situations are satisfying a market
need; satisfying a want or a wish; and satisfying a creativity in combination with
improvisation and the use of dynamic management and development methods. 
This study concludes an important aspect that the product and business develop-
ment based on satisfying a want or a wish and mostly also a need does not follow
linear or continuous curves. This makes the planning of activities difficult for prac-
titioners. Therefore, people need to be creative, to improvise, and to use dynamic
mind-settings and principles if they want to develop any successful innovations in
their organization.

Chapter Two “Service-Learning and civic engagement as the basis for engineering 
design education” presents the pedagogy involved in service-learning that can be
implemented to teach students the engineering design process. The similarities and 
differences of service-learning as implemented through engineering design are
compared to community and civic engagement in disciplines such as social sciences. 
The study reveals the best practices in service-learning and civic engagement in
engineering design produce better engineers and enables the profession to fulfill its
highest purposes.

Chapter Three “Divergent abduction model and its convergent interaction in knowl-
edge production” proposes a new approach that integrates the scientific method with
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the modified abductive method and its interaction with the inductive method based 
on divergence, establishing a new sequential form to search for and obtain alterna-
tives in the generation of new theories by convergences, and in this way, gradually 
achieve a convergent procedure of support to produce new knowledge.

Chapter Four “Personalizing course design, build and delivery using PLErify” focuses 
on how a course building technique named PLErify was developed in response to 
emerging roles of faculty members and the need to implement their own teaching 
style in the technology driven teaching model as well as deep learning process. This 
study also explains an early attempt at pedagogy and trends that push the personal-
ization movement for supporting the concept of personalized teaching and learn-
ing where technology application is most needed to make it more efficient, more 
effective, and more pragmatic.

Chapter Five “Mechanical engineering design: going over the analysis-synthesis 
mountain to seed creativity” demonstrates a change in delivering Mechanical 
Engineering Design (MED) to undergraduate students as an extension of Natural 
and Engineering Science. The study suggests a new teaching approach that attempts 
to align student thinking and learning activities with what exists in industrial MED. 
The new synthesis mode helps students build their self-confidence and better 
prepares them for industry.

Part 2 Innovations Methods in Naval Engineering

Chapter Six “Exploring the Potential of the Sea” presents the definition of naval 
engineering, which is the branch of engineering that has as the main activity the 
exploration of the potential of the sea. Although specialized, naval engineering is 
quite eclectic since it addresses the main aspects of other engineering modalities, 
directly or indirectly. With the development of oil exploration and production in 
the ocean, the naval engineer’s work has extended to ocean engineering.

Chapter Seven “Vortex-induced vibration of a marine riser: Numerical simulation 
and mechanism understanding” focuses on Vortex Induced Vibration (VIV), which 
is the main cause of fatigue damage of the riser. The prediction of marine riser VIV 
is very difficult because of its strong non-linearity, instability, and uncertainty. In 
recent years, many numerical models of VIV for marine risers have been developed 
to explore the mechanism of marine riser VIV, providing scientific theoretical basis 
and practical engineering methods for vibration control and engineering design of 
marine risers. Combined with the authors’ own recent research results, this chapter 
discusses the research progress and the key issues of marine riser VIV in ocean 
engineering, including phenomenon mechanism analysis and the development of 
different numerical research methods.

Chapter Eight “Stability-of-subsea-pipelines and pipe-in-pipe-systems” investigates 
buckle propagation of subsea single-walled pipeline and Pipe-In-Pipe (PIP) systems 
under hydrostatic pressure, using 2D analytical solutions, hyperbaric chamber tests, 
and 3D FE analyses. Experimental results are presented using hyperbaric chamber 
tests, and are compared with a modified analytical solution and with numerical 
results using finite element analysis for single-walled pipelines and PIPs.

Chapter Nine “The Influence of Water Quality on the Structural Development of 
Vessels. Providing Directions for a Smart Dimensioning Process” presents an extensive 
literature review articulated with practical approaches. This chapter aims to define 

V

relevant directions for vessel’s structural development processes regarding the water
quality (sea or river waters), where they will outline their routes. Therefore, the
study looks for a relationship between the vessel’s structural coating design process
and the quality of the water where they navigate. Moreover, such a process not
only will optimize/minimize the costs with the periodic maintenance of the vessel’s
linings, but also regarding its routes - contributing to the revitalization of their
structural dimensioning.

We hope the selected chapters will help the readers to enhance their understanding 
of engineering pedagogy and processes.

Nur Md Sayeed Hassan
Central Queensland University,

Cairns Campus,
Queensland, Australia

Sérgio António Neves Lousada
UMa - Faculdade de Ciências Exatas e da Engenharia,

Campus Universitário da Penteada,
Funchal - Portugal
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Chapter 1

How to Deal with Quantum 
Leap Innovations and Free-Fall 
Situations
Stig Ottosson

Abstract

When a quantum leap innovation enters the market, other competing companies 
can get in negative chaos and free fall situations for their businesses. To change 
such a situation, the use of controlled self-organization principles, for example, as 
prescribed by the Planetary Organization principles, can be valuable. This chapter, 
which is based on dynamic/flexible/agile philosophies and participatory action 
research from three industrial cases, mainly deals with the question how to develop 
quantum leap innovations and how to survive free fall situations. For both situa-
tions, creativity, improvisation, and dynamic development are essential ingredients 
for success. The chapter also gives some useful tips on how to successfully handle 
change management situations.

Keywords: innovation, dynamic principles, organization, planning methods

1. Introduction

“Innovation” has become almost a buzzword that has no one single definition of 
what it means. In general, it is a positively loaded term that brings hope in difficult 
times for actors in the private sector, the public sector, and the idealistic (nonprofit) 
sector as well as for whole economies.

However, to create successful innovations is complex and often influenced by 
unforeseen possibilities and situations as well as problems to overcome for which 
no known solutions exist. Even more unclear is how to develop “sustainable innova-
tions,” although we might have an intuitive feeling that the expression refers to 
developing something good for the society and its inhabitants.

This paper deals with some experiences from three practical innovation projects. 
All three cases were successful although the development was not as smooth as 
wanted or wished. The findings are highlighted in this paper.

2. Research

The paper is based on participatory action research (PAR) [1] from three indus-
trial cases with three start situations: the development of SKF New Products (SNP) 
and the business unit FlexLink, the development of a new product of Careva system 
AB based on an invention, and the change management of Frontec Research & 
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Technology AB (FRT), which was a business in free fall. SNP was a subsidiary of the 
multinational ball-bearing company SKF AB. FRT was a subsidiary of Frontec AB, 
which was noted on the Swedish exchange market. Careva AB was a small Swedish 
privately owned company.

3. Theory

A practical definition of “innovations” is that they are new products (meaning 
goods and services) that are sold and used [2]. In this view, a new product or an 
invention is not an innovation but a part of it. “Sold” here means a wider view and 
money does not need to be exchanged. A new innovation can also be a new organi-
zational method in business practices or workplace organization.

One often distinguishes between three main innovation types (incremental 
innovations, radical innovations, and survival innovations [2]), and the most common 
type of innovation seems to be the incremental innovation, meaning the continuous 
development of products and services as well as business models and also organiza-
tional settings until a disruption situation occurs (see Figure 1), often initiated by 
a competitor in the market. Lean product development is one method to success-
fully make continuous improvements of existing products and solutions. When a 
disruption situation occurs, there will be a free fall to a stop or a new opportunity 
to develop based on new knowledge or a new solution. This is sometimes called a 
quantum leap [3]. The free fall means a negative chaos, while a positive chaos and a 
euphoric feeling often occur when a completely new opportunity appears.

Note that the curves in Figure 1 are not smooth in real development projects, 
which can also be seen from the cases described below.

Radical innovations appear as sudden steps up in the development level, 
sometimes called quantum leaps (see Figure 1). They are based on knowledge 
breakthroughs that are developed and introduced in the market. The technical 
development content is initially often large, and the organizational and business 
development comes after the introduction of the product on the market.

“Survival innovations” are needed for an organization when a radical change is 
needed for the business to survive. It can happen when a sudden step-down occurs 
(see Figure 1), for example, because of new laws or environmental changes, or 
when a market drop occurs for the business. This can be the result of competitors 

Figure 1. 
Situational innovation (product and business) development [4].
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introducing new technology and/or marketing and sales principles. In such a case, 
the technical development content is often initially small, and to improve the situa-
tion, focus must be on organizational and business development issues.

To coordinate all activities in the development of an innovation is a complex 
management activity for which some parts can be planned and for which creativity 
and improvisation are needed when it is not possible or meaningless to plan in depth.

“Creativity means shakings things up, both inside ourselves and in the world 
around us, and the constant re-organizing of both cognitive schemata and, to a 
greater or lesser extent, the domain of the creative person’s activity” [4].

“Improvisation is thought of as making the best of things, while awaiting a return 
to the way things should be done. Improvisation is an exception, something we can 
‘fall back on’ when things do not go the way they should” [5].

Therefore, innovation management is different from the management of mature 
businesses. Also, innovation management is place- and situation-dependent: the 
culture in the organization and the geographical area where the development takes 
place and the market where the initial marketing and sales takes place.

The more complex the leadership situation in a region or country, the higher 
the demands to produce market sustainable innovations and the more complex the 
innovation management as well as their costs will be. Sweden is an example of a 
country with such a demanding management situation (see Figure 2). Although 
Sweden’s population is only equivalent to 0.13% of the total world population, it is 
the 33rd largest export economy in the world and the 4th most complex economy 
according to the Economic Complexity Index (ECI). Another example is that, 
although the Nordic countries, especially Norway, have high labor costs with an 
average of 125 than the G7 countries of 108, they have managed to be successful on a 
global scale. “Therefore, there are important lessons to learn from high-cost coun-
tries that successfully compete in the global marketplace” [6].

In principle, there are three main types of management situations: to develop 
incremental innovations in existing companies that are managed by project leaders 
and managers, to develop more radical innovations managed by entrepreneurs and 
intrapreneurs, and to develop “survival innovations” managed by renovateurs [7]. 
The three innovations appear in all sectors: the private sector, the public sector, or in 
the idealistic/nonprofit sector.

Figure 2. 
Mapping leadership culture (based on [8]).
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Figure 1. 
Situational innovation (product and business) development [4].
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introducing new technology and/or marketing and sales principles. In such a case, 
the technical development content is often initially small, and to improve the situa-
tion, focus must be on organizational and business development issues.

To coordinate all activities in the development of an innovation is a complex 
management activity for which some parts can be planned and for which creativity 
and improvisation are needed when it is not possible or meaningless to plan in depth.

“Creativity means shakings things up, both inside ourselves and in the world 
around us, and the constant re-organizing of both cognitive schemata and, to a 
greater or lesser extent, the domain of the creative person’s activity” [4].

“Improvisation is thought of as making the best of things, while awaiting a return 
to the way things should be done. Improvisation is an exception, something we can 
‘fall back on’ when things do not go the way they should” [5].

Therefore, innovation management is different from the management of mature 
businesses. Also, innovation management is place- and situation-dependent: the 
culture in the organization and the geographical area where the development takes 
place and the market where the initial marketing and sales takes place.

The more complex the leadership situation in a region or country, the higher 
the demands to produce market sustainable innovations and the more complex the 
innovation management as well as their costs will be. Sweden is an example of a 
country with such a demanding management situation (see Figure 2). Although 
Sweden’s population is only equivalent to 0.13% of the total world population, it is 
the 33rd largest export economy in the world and the 4th most complex economy 
according to the Economic Complexity Index (ECI). Another example is that, 
although the Nordic countries, especially Norway, have high labor costs with an 
average of 125 than the G7 countries of 108, they have managed to be successful on a 
global scale. “Therefore, there are important lessons to learn from high-cost coun-
tries that successfully compete in the global marketplace” [6].

In principle, there are three main types of management situations: to develop 
incremental innovations in existing companies that are managed by project leaders 
and managers, to develop more radical innovations managed by entrepreneurs and 
intrapreneurs, and to develop “survival innovations” managed by renovateurs [7]. 
The three innovations appear in all sectors: the private sector, the public sector, or in 
the idealistic/nonprofit sector.

Figure 2. 
Mapping leadership culture (based on [8]).
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“Creative organizations should work out a model that would allow them to 
maintain a balance between non-hierarchical and hierarchical interactions, associ-
ated with equilibration and disequilibrium, or hierarchy, respectively” [9]. The 
Planetary Organization [10] seems to meet that demand well. This organization 
model can be seen as a combination of common line organization and self-organi-
zation. It was designed to take care of both vertical and horizontal communication 
and fast feedback, as shown in Figure 3. The leader is in the center of the Planetary 
Organization, giving energy to the other “planets.” There are also “comets” 
which move freely in the Planetary Organization. The Planetary Organization 
has similarities with network organizations. However, they are more informal in 
their structures and are not thought to be something to use to actually organize an 
organization.

The Planetary Organization plays an important part of the Dynamic Product 
Development (DPD™) principles [2]. In turn, DPD™ is philosophically based 
on a dynamic view from quantum physics, chaos theory, and complexity theory, 
while the classic view—as Waterfall principles—are based on Newtonian mechan-
ics, Taylorism, and the bureaucratic school. Some differences between the two 

The classic view The dynamic view

Small changes are negligible Small changes can cause big differences

Linear—one best solution exists Non-linear—many equally good solutions exist

Objectivity exists The observer always influences

A small change in the initial conditions will not 
change the long-term behavior of a system

Just a small change in the initial conditions can 
drastically change the long-term behavior of a 
system

It is possible to make accurate long-term predictions 
about the behavior of the system

It is not possible to make accurate long-term 
predictions about the behavior of the system

Chaos is destructive Chaos is the ground for development. Self-
organization occurs out of chaos and disorder

A system is either stable or unstable A system can swing between chaos and order

Organizations can be controlled/regulated Organizations can only be influenced

One-dimensional up-down character (line 
organization with an order of importance)

Network character (Planetary Organization with 
more equality among its members)

Table 1. 
Some examples of differences in view between the classic and dynamic views [2].

Figure 3. 
Exercising dynamic leadership means to be present in the middle of the activities, allowing a controlled freedom 
in the team. In this case, the situation is pictured for a small- or medium-sized enterprise (SME) [4].
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Agile software 
development

Lean product 
development 
(LPD)

Dynamic product development 
(DPD™)

Background Best practice Best practice Best practice + theory studies

Theoretical 
support

No theoretical 
foundation

No theoretical 
foundation

Quantum physics, chaos theory, 
complexity theory, innovation theory

Main research 
methods

Case studies 
(interviews)

Case studies 
(interviews)

Insider action research

Beneficiaries Users, business Customers, 
business

Users, business, and society

Leadership No formal 
leaders

Management 
by wandering 
around (MBWA)

MBWA

Manning 
principles

Teams set up 
first

Teams set up first Successive manning

Decision principles Late final 
decisions

Late final 
decisions

Early preliminary and late final 
decisions

Location Colocation Colocation Colocation

Work principles - Iterations
- Incremental 
steps
- Frequent tests

- Iterations
- Minimize waste
- Quality 
assurance
- Value streams

- Universal design
- DFX order
- Iterations within and between 
incremental work packages
- Traffic light metaphor
- Rules of thumb (e.g., BAD-PAD-
MAD-CAD, flowing water principle, 
switch between topics, (e.g., to 
reduce waiting time, apply the Pareto 
principle), few demands to meet in 
each loop, and so forth)

Follow ups Weekly meetings
Performance, 
time (PT)

Weekly meetings
Quality, cost, time 
(QCT)

Weekly meetings in the war room
Performance, cost, time (PCT)

Comparing 
scientific studies 
with other PD 
methods

Nothing found Nothing found Yes, from hardware development, 
software development, and 
organization studies

Table 2. 
Some important characteristics between three dynamic development methods.

Figure 4. 
Relations and differences between different development principles.
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philosophic views are shown in Table 1. As shown, there are fundamental differ-
ences between the two views.

However, the dynamic view is gaining ground, for example, in Agile software 
development (ASD), and from there it starts to spread to hardware development (e.g., 
[11, 12]). Based on information, mainly from [2], comparisons can be made between 
different Agile/flexible/dynamic development methods (see Table 2). As seen in the 
table, there are many similarities between the different methods. DPD™ has more 
defined work principles and has a solid theoretical background, while the other 
methods are based only on best practice. Figure 4 can be used to show the relation-
ships and differences in a simple way. In that figure, the Waterfall principles included 
many principles that are also used in DPD™.

4. The three projects

4.1 Forming an incremental innovation

The Scandinavian division of the multinational SKF AB [13] decided to start 
SKF New Products in Gothenburg in 1979 as their volumes were decreasing mainly 
because of digital solutions. Therefore, a new start-up company was formed in their 
own premises in an old part of the SKF buildings, with its own board comprised 
of directors from SKF and two union leaders representing black- and white-collar 
worker unions. The author was recruited as an intrapreneur from another mul-
tinational company (ITT) for which he was responsible for the R&D laboratory 
in Stockholm. Before his appearance at SKF, 20 people from within SKF had 
been transferred to the new unit, mainly to work in one new business unit—SKF 
Actuators—and in an evaluation group of patents and product ideas. The treatment 
in this study is only about the evaluation group and what it accomplished.

One of the first decisions the intrapreneur made was to transform the evaluation 
group to the business unit, FlexLink, around an external prototype conveyor belt 
that the evaluation group was investigating. Having done that, the vice president of 
SKF AB told the intrapreneur and his staff directors that he had recently closed a 
business unit in Germany that worked with a similar product. On a direct question 
about whether he wanted the intrapreneur to also close this new business unit, he 
answered that it was up to the intrapreneur to decide on that. However, the staff 
directors ordered an external market investigation that showed a market and profit-
ability situation far below the rules given for new businesses within the SKF Group.

However, the intrapreneur had experienced at ITT that market investigations for 
products that do not exist on the market are of limited value and that the entrepre-
neur/intrapreneur is of prime importance if a new product or service will be an 
innovation or not. The intrapreneur of SKF New Products had faith in the entrepre-
neur he had chosen for FlexLink and decided to act as an umbrella man sheltering 
his entrepreneur so that he was able to forget about company politics and to allocate 
all his energy into getting the new business unit running as fast as possible.

Next, there were many rules for the traditional business within SKF that had to 
be skipped, such as how business cards should look, the sizes of parcels for deliv-
ering the products, how marketing material had to be done, and pricing. Tricky 
questions included how the logo should look and if the logo should have the SKF 
mark or not and if FlexLink should have its own telephone lines. The intrapreneur 
of SKF New Products had learned that asking for permission was not the right 
way to proceed in the large ITT organization where employees simply did what 
they thought beneficial for the new business. The vice president of SKF, as well as 
different directors around him, did not consider it worth engaging in this small 
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business that probably would have to be closed later as had happened with the 
German business.

Today “FlexLink is a leading conveyor manufacturer offering automated con-
veyor systems, flexible conveyor equipment, aluminum and stainless steel convey-
ors” [14]. According to their home page it has:

• 989 employees.

• 30% of employees are women.

• 50% of employees have a university degree.

• Operating units in 30 countries.

• Partner networks in more than 60 countries.

• More than 8000 installations worldwide, many for leading brands within 
FMCG, healthcare, automotive, and electronics.

Before FlexLink was purchased, partly by a Swedish venture capital company 
and later by the ABN AMRO Bank N.V. in the Netherlands, SKF made a considerable 
profit from running the business and the shares, although it took some years for 
them to break even. Had it been closed down early in its vulnerable development 
stage, which had been the natural decision based on the German experiences and the 
market investigation, SKF would have missed the benefits from the business unit.

4.2 Forming a radical innovation

In 2003, Mrs. Evastina Björk, who is an occupational therapist, defended her 
PhD thesis [15] in which she proposed a solution of a universal positioning belt for 
disabled people being transported in taxis and other vehicles. She had created that 
solution in 2002 and had made simple tests on it. Tailor-made positioning belts and 
modules of belt parts that could be combined to be suitable belts for people of dif-
ferent body shapes existed, but she found that was not a suitable situation for public 
transport, and a wish had been expressed by London Taxi to create a universal 
system. The new product concept consisted of two belts that were crossed over the 
chest of the passenger (see Figure 5).

In mid-2003, the development of the concept as a commercial product was 
started by the small company, Careva AB, in Gothenburg. The author was con-
tracted for the technical development of the product, for which he used the devel-
opment method Dynamic Product Development [2]. Quite soon, the functionality 
level reached about 80% of what was stipulated as the functioning level for the 
product (see Figure 6). DPD™ as a method was not commonly known, and classi-
cal methods, such as integrated product development and variants of it were com-
monly used. However, for financial reasons, the project had to be put on hold for 
almost 1 year (2004). When new funding was found, the money was coupled with 
demands for using classical development principles and classical control demands. 
A new start, orchestrated by an industrial design bureau, took place with a result 
that was not as good. From August 2007, the author was brought in again, and 
dynamic principles were again used to achieve a ready and functional prototype, 
which was achieved in February 2008.

Many small problems and tests on a large number of disabled passengers were 
needed to produce a commercial product and not until 2011 could the product be 
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Figure 6. 
The development of the Careva Crossit product [17].

introduced on the market. From the homepage of Careva, the following informa-
tion can be found:

“The Crossit was initially designed for public transportation such as taxis, bus-
ses, trains or aeroplanes, as the design allows someone who does not use positioning 
support but who wants to sit in that location in the vehicle to do so without remov-
ing the belt. It was designed to stay in place. However, after its introduction onto the 
market in 2011, the Crossit has also become popular for use in family cars.

Crossit has also been tested by users who employ a wheelchair, and it has been 
found to fit all wheelchairs with a sturdy backrest. It is especially suitable for 
elderly people who require posture assistance, helping them to achieve an upright 
sitting position, or for people who need extra support in a power chair. No tools are 
required for installation in a wheelchair or in a car seat. It does not cause any dam-
age to interior of the vehicle.”

Figure 5. 
The principle of the Careva Crossit positioning belt [16].
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To date, Careva exports the product to all the Nordic countries and several other 
countries around Europe.

4.3 Forming a survival innovation

A turnaround project was to bring Frontec Research & Technology AB (FTR) in 
Gothenburg, Sweden, to a profitable position within 6 months at an undefined cost 
payed by the business’ own income and with support from the mother company, 
Frontec AB. Discussions between the chairman of the board and the author about 
such a project started in December 1999. Prior to that, the mother company had 
tried traditional ways to change the negative curves without success. The discus-
sions ended with the author being given the mission, as interim CEO and renova-
teur, to turn around the company. If he should not succeed, it was determined that 
the company was to be closed down.

When the project started, FRT had 125 qualified employees. It made a loss of 
about 900.000 SEK (about 90.000 USD) per month and had done so for the last 
6 months. When the negative trend had started about 1 year earlier, different 
experts were consulted to change the situation. In early December 1999, the CEO 
had decided to leave the company, so the mother company had to try something 
radical to change the situation.

The renovateur got a free hand to do what he thought best, without having to ask 
the board of the company for acceptance. Monthly financial reports had to be deliv-
ered to the mother company, which was noted on the Swedish exchange market. 
The renovateur started to plan his work in January 2000, although the formal start 
as deputy CEO was on the 15th of February 2000.

The change management/turnaround project started with the reshaping of the 
company to be a Planetary Organization, with the sun in the middle (the author/
CEO), moons (the departments) in orbits around the planet, sub-moons (the 
groups) orbiting around each moon, and comets (free specialists) who moved 
freely in the Planetary Organization. Dynamic management principles and methods 
were introduced and used to speed up the changes needed to transform the com-
pany to a profitable enterprise (see [1]).

At the start of the project in February 2000, the company had no commercial 
value. Four months after the project start, the value of the company was calculated 
to be 32–44 MSEK or ca 3, 5–5 MUSD [18], and the company was sold in autumn 
2000 to another company on the Swedish stock exchange—Sigma AB.

The combination of the Planetary Organization concept and the use of dynamic 
methods and principles were powerful in quickly getting the company to show blue 
figures, after its situation with heavy red financial figures. The activities specified 
below were especially important to improve their results:

• A “stripped-down” monthly financial report as a complement to the formal 
one for the mother company gave the CEO better possibilities to see how the 
core business was developing.

• An “early warning system” was introduced to take away unwanted surprises.

• The individual bonus system was changed for the managers to be a collective 
bonus system.

• Continuous improvements (lean) and the Pareto principle were used 
intensively.
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4.3 Forming a survival innovation

A turnaround project was to bring Frontec Research & Technology AB (FTR) in 
Gothenburg, Sweden, to a profitable position within 6 months at an undefined cost 
payed by the business’ own income and with support from the mother company, 
Frontec AB. Discussions between the chairman of the board and the author about 
such a project started in December 1999. Prior to that, the mother company had 
tried traditional ways to change the negative curves without success. The discus-
sions ended with the author being given the mission, as interim CEO and renova-
teur, to turn around the company. If he should not succeed, it was determined that 
the company was to be closed down.

When the project started, FRT had 125 qualified employees. It made a loss of 
about 900.000 SEK (about 90.000 USD) per month and had done so for the last 
6 months. When the negative trend had started about 1 year earlier, different 
experts were consulted to change the situation. In early December 1999, the CEO 
had decided to leave the company, so the mother company had to try something 
radical to change the situation.

The renovateur got a free hand to do what he thought best, without having to ask 
the board of the company for acceptance. Monthly financial reports had to be deliv-
ered to the mother company, which was noted on the Swedish exchange market. 
The renovateur started to plan his work in January 2000, although the formal start 
as deputy CEO was on the 15th of February 2000.

The change management/turnaround project started with the reshaping of the 
company to be a Planetary Organization, with the sun in the middle (the author/
CEO), moons (the departments) in orbits around the planet, sub-moons (the 
groups) orbiting around each moon, and comets (free specialists) who moved 
freely in the Planetary Organization. Dynamic management principles and methods 
were introduced and used to speed up the changes needed to transform the com-
pany to a profitable enterprise (see [1]).

At the start of the project in February 2000, the company had no commercial 
value. Four months after the project start, the value of the company was calculated 
to be 32–44 MSEK or ca 3, 5–5 MUSD [18], and the company was sold in autumn 
2000 to another company on the Swedish stock exchange—Sigma AB.

The combination of the Planetary Organization concept and the use of dynamic 
methods and principles were powerful in quickly getting the company to show blue 
figures, after its situation with heavy red financial figures. The activities specified 
below were especially important to improve their results:

• A “stripped-down” monthly financial report as a complement to the formal 
one for the mother company gave the CEO better possibilities to see how the 
core business was developing.

• An “early warning system” was introduced to take away unwanted surprises.

• The individual bonus system was changed for the managers to be a collective 
bonus system.

• Continuous improvements (lean) and the Pareto principle were used 
intensively.
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• Management by MBWA was critical to pick up on weak signals and to improve 
the mood of the employees. MBWA also made it possible to meet the not 
confirmed bad rumors in a sophisticated way without revealing knowledge of 
the rumors.

• The three “comets” increased the efficiency of the work, based on storytelling 
and mentorship.

• By encouraging the consultants who were working at the premises of the 
customers to suggest small improvement projects and get feedback from the 
customers, the sales increased.

• The risk level for the company was lowered as each of the managers got to 
know the other managers’ duties, activities, and situations meaning that they 
could better support each other and even take over their jobs in case of planned 
and unplanned situations.

A pure line organization was used before the change in management started. 
Very few of the actions carried out could have been accomplished without dif-
ficulty if self-management alone had been used. As there were people working 
against the changes while officially saying they were in favor of the new ways of 
organizing and working, they would have hampered success of the activities if 
pure self-management had been used. Based on these experiences, it is hard to 
see how self-management, a circular and/or a holacracy/holocentric/circular/
sociocratic organization [19] could have been used to obtain the results achieved 
in this case.

5. Discussion

The three, with PAR [1] investigation, projects showed that the dynamic prin-
ciples and especially the use of DPD™ gave successful results.

The first case—SKF New Products—shows some of the difficulties an intrapre-
neur has to face. In this case, the good thing was that the management of SKF did 
not believe in the business unit, FlexLink, so they did not care that the intrapreneur 
broke a number of company rules, such as forming a unique trademark and devel-
oping suitable marketing material for the business and its products.

The SKF case showed an innovation that was developed into a mature, sustain-
able, and growing business. The case shows that it was extremely vulnerable and 
needed to be taken care of in a very sensible way, getting shelter, care, and nutrition 
offered by the renovateur and using its own localities. Figure 7 shows, in hindsight, 
the fruitful situation that was created for the large organization to take care of its 
lean and innovation activities living side-by-side. The innovation business in the 
figure is SKF New Products, with its different innovation projects organized as 
planets. The business units of SKF New Products remained in its own premises for 
all innovation projects until they had grown so much that they needed to move to 
new premises.

The SKF case also shows that market investigations for new products can be 
disastrous for deciding on whether further development should be done. A “good” 
entrepreneur will find his/her ways to success.

The second case—Careva—shows how tricky it can be to create to a commercial 
product and that product development can be far from the linear and nice looking 
S-shaped curves common in the literature.
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The third case—FRT—shows that Planetary Organization, in combination with 
dynamic methods, can give extraordinary results. Based on our experiences from 
the project, it can be concluded that neither the line or matrix organizations nor 
self-management organizations such as circular, holacracy, holocentric, or socio-
cratic are suited for handling modern, complex societal demands and fast-moving 
changes. The Planetary Organization accomplished this.

To determine whether the findings from the FRT case can be generalized, more 
projects need to be done and followed up. This is especially important, as traditional 
management methods and techniques are not designed to handle instability and 
rapidly changing situations.

6. Conclusion

The three principally different situations shown in Figure 1 can be useful to have 
in mind when deciding what kind of organization, planning principles, and devel-
opment methods should be used to get a wanted result in the end.

The three investigated innovation projects are examples of the fact that neither 
linear nor nonlinear curves can be used for the planning of new product develop-
ment and innovation development activities. Often, only creativity and improvisa-
tion can push the development processes further when problems occur.

One conclusion is that product and business development based on satisfying a 
need and a want can be planned with traditional methods. Development based on 
satisfying a wish and a want can only partly be planned with traditional methods. In 
addition, creativity, improvisation, and the use of dynamic principles are needed to 
achieve successful innovations.

Figure 7. 
Lean projects can be handled in the core business, while innovation projects is best taken care of outside the core 
business [2].
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Entrepreneurship was shown, in these cases, to cover not being “politically 
right” and daring to take risks to break against accepted rules and opinions to be 
successful in the end.

All three development projects resulted in sustainable businesses.
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Chapter 2

Service-Learning and Civic 
Engagement as the Basis for 
Engineering Design Education
Angela R. Bielefeldt and Marybeth Lima

Abstract

Service-learning (SL) is among the pedagogies that can be used to teach students 
the engineering design process. The similarities and differences of SL as imple-
mented via engineering design are compared to community and civic engagement 
typical in disciplines such as social sciences. Although engineering design can be 
conceptualized via a number of paradigms, a human-centered design approach is 
particularly well-suited to SL projects. SL projects typically engage engineering 
students and instructors with stakeholders who do not have technical backgrounds. 
This approach is different than many industrially-sponsored projects that are more 
typical in capstone design projects and poses unique challenges and opportunities for 
engineering design education. Best practice recommendations for SL design projects 
have been distilled, with a particular emphasis on developing reciprocal partnerships 
and meaningful student reflection. SL design projects can lead to a rich array of 
knowledge, skills, and attitude outcomes among students, including ethical develop-
ment, humility and empathy, and creativity and innovation. Enhanced recruiting 
and retention using this pedagogy has also been reported. Assessment of community 
partner satisfaction, learning, and outcomes are generally less well documented. 
SL design projects can be integrated into courses ranging from first-year to senior 
capstone, providing benefits to communities while enhancing students’ skills.

Keywords: service-learning, community engagement, human-centered design, 
reflection, reciprocal partnerships, professional skills, attitudes, empathy, humility

1. Introduction

In the twenty-first century, “engineers are called to be change-makers, peace-
makers, social entrepreneurs, and facilitators of sustainable human development” 
[1]. Preparing engineers to meet these challenges requires a rich educational 
experience. In particular, the way in which students are taught the design process is 
important. The products, processes, and infrastructure designed by engineers are 
critical to human quality of life, with an array of positive and negative impacts that 
should be carefully considered. More broadly, the designs of engineers are having 
global environmental effects. A rich design experience will reinforce to students 
the coupled socio-technical challenges they will face in practice, and prepare them 
to recognize and wrestle with the complex array of ethical issues that are inherent 
in all designs.
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It is not sufficient that engineers have a great depth of technical knowledge, so-
called I-Type education. Engineering education has been moving toward a T-shaped 
model that adds breadth skills that cross the boundaries of a single profession, such as 
teamwork, communication, and global understanding [2, 3]. Perhaps we need to move 
beyond T-shaped engineers to envision “cluster” type engineers [1], who will sit with a 
broad array of stakeholders (including members of the public and those in policy, social 
scientists, and natural scientists) to design appropriate and sustainable processes and 
products that better meet an array of environmental, social, and economic objectives.

It is our claim that service-learning can serve as an ideal basis for design education 
that strives to meet the aforementioned goals of educating global citizen engineers. In 
addition, the hard work invested by students and educators can yield tangible results 
that serve real people, as opposed to designs in AutoCAD or objects that are displayed 
at a design fair and then go to waste. Engaging with communities may also broaden 
the diversity of students interested in becoming engineers, both in terms of recruit-
ing students into engineering majors in higher education as well as retaining students 
to graduate with engineering degrees and enter the engineering workforce [4].

This chapter begins by defining service-learning (SL) and community engage-
ment and briefly describing their history in higher education and in engineering. 
Next, frameworks and theories of design that are particularly relevant to SL are 
presented, with a focus on human-centered design. This section is followed by a 
discussion of essential elements of SL-based design projects, as well as challenges 
and pitfalls of SL as a pedagogy for design education. The student knowledge, skills, 
attitudes, and identity that can result from SL-based design projects are presented 
next. Examples of SL-based design programs and courses are integrated throughout 
the chapter to illustrate concepts and best practices. This chapter is intended to 
provide the reader with an introduction to service-learning as a vehicle for design 
education, and to provide additional resources for readers who wish to delve into 
more detail with the theory and practice of this pedagogy.

2. Service-learning in engineering education

Service-learning is defined as “a credit-bearing, educational experience in 
which students participate in an organized service activity that meets identified 
community needs and reflect on the service activity in such a way as to gain further 
understanding of course content, a broader appreciation of the discipline, and 
an enhanced sense of civic responsibility.” [5] Service-learning in higher educa-
tion was pioneered by Ernest Boyer [6, 7] and other scholars in non-engineering 
professions [8–10] and was identified by George Kuh [11] as a high impact edu-
cational practice critical to the retention of early career college students. Service-
learning, and more broadly civic engagement, which encompasses curricular and 
co-curricular efforts to ensure that the university is using its resources to partner 
with communities and other stakeholders to address complex societal issues, are a 
well-defined part of the higher education landscape in the USA. Campus Compact, 
the major professional society for civic engagement in higher education, has more 
than 1100 universities as members.

Models of service-learning were presented by Heffernan [12], and include 
(among others) a discipline or placement based model, in which students are situ-
ated within the community and perform community service to meet their learning 
objectives, as well as a problem-based or deliverable model, in which student create 
or co-create (with community) a product to fulfill course requirements. Service-
learning in engineering has largely used the deliverable model, in which students 
deliver designs or designed and built artifacts.
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Leah Jamieson pioneered service-learning in engineering through the 
Engineering Projects in Community Service (EPICS) program at Purdue University 
[13, 14]. This model features vertically integrated teams consisting of an approxi-
mately equal number of first-year, sophomore, junior, and senior engineering stu-
dents who take a course repeating times for semester credit and who work together 
on addressing community issues using human-centered design. The teams are also 
multidisciplinary, including students studying an array of engineering and non-
engineering disciplines. The community partnerships are often long-standing, with 
EPICS conducting a number of projects with partners over many years. Examples 
of projects conducted by EPICS in partnership with communities include hands-
on exhibits for science museums, custom toys for children with disabilities, and 
software for elementary schools, non-profits, and public agencies. The EPICS model 
has expanded to include approximately 40 colleges of engineering nationally and 
internationally [15]. Edmund Tsang [16] is the editor of the engineering volume of 
the American Association of Higher Education’s Service-Learning in the Disciplines. 
Numerous early models of service-learning in engineering are shared in this volume.

Though there is much work on service-learning in engineering, engineers 
serving the common good through co-curricular (outside the classroom) methods 
also play a large role in learning through service (LTS) activities [17, 18]. Many 
pre-professional and practicing engineers have participated in engineers without 
borders (EWB), whose mission is “To be the beating heart of the engineering 
movement for sustainable global development, building and evolving engineering 
capacity throughout the world.” (http://ewb-international.com/). In this context, 
engineers partner with communities throughout the world that have a lack of access 
to resources in an effort to improve the quality of life for people in these communi-
ties. Common projects include improved sanitary conditions, enhancing water 
quality and availability, and access to energy.

There has been a proliferation of curricular and co-curricular opportunities for 
civic engagement in engineering since the turn of the century. SL design projects 
have been integrated into introductory courses for first-year students, technical 
core courses, and senior capstone design. Readers are encouraged to consult the 
International Journal for Service Learning in Engineering: Humanitarian Engineering 
and Social Entrepreneurship (IJSLE), especially two special issues published in 
2014 and 2015, Opportunities and Barriers to Integrating Service-Learning into 
Engineering Education [19] and University Engineering Programs that Impact 
Communities: Critical Analyses and Reflection [20]. Additionally, the Community 
Engagement Division of the American Society for Engineering Education was 
created in 2012 and has a resource page for general knowledge in this area (https://
aseeced.libraries.psu.edu/resources).

3. Design frameworks

The design process can be modeled in a number of ways, with specifics that vary 
somewhat depending on whether engineers are designing infrastructure at the com-
munity scale (e.g. a bridge, road, power system), physical products that are owned 
at a household or personal level (e.g. a car, computer), or processes (e.g. computer 
software). Some methodologies are more congruent than others with service-learning. 
The human-centered design process has often been used to frame service-learning 
(e.g. [21, 22]), and also aligns with numerous elements in the conceive-design-imple-
ment-operate (CDIO) process [23]. Human-centered design puts the people who are 
the users/community members at the heart of the process, engaging them through-
out all phases. Optimally, service-learning embraces the notion of designing with 
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It is not sufficient that engineers have a great depth of technical knowledge, so-
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ing students into engineering majors in higher education as well as retaining students 
to graduate with engineering degrees and enter the engineering workforce [4].

This chapter begins by defining service-learning (SL) and community engage-
ment and briefly describing their history in higher education and in engineering. 
Next, frameworks and theories of design that are particularly relevant to SL are 
presented, with a focus on human-centered design. This section is followed by a 
discussion of essential elements of SL-based design projects, as well as challenges 
and pitfalls of SL as a pedagogy for design education. The student knowledge, skills, 
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more detail with the theory and practice of this pedagogy.
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community needs and reflect on the service activity in such a way as to gain further 
understanding of course content, a broader appreciation of the discipline, and 
an enhanced sense of civic responsibility.” [5] Service-learning in higher educa-
tion was pioneered by Ernest Boyer [6, 7] and other scholars in non-engineering 
professions [8–10] and was identified by George Kuh [11] as a high impact edu-
cational practice critical to the retention of early career college students. Service-
learning, and more broadly civic engagement, which encompasses curricular and 
co-curricular efforts to ensure that the university is using its resources to partner 
with communities and other stakeholders to address complex societal issues, are a 
well-defined part of the higher education landscape in the USA. Campus Compact, 
the major professional society for civic engagement in higher education, has more 
than 1100 universities as members.

Models of service-learning were presented by Heffernan [12], and include 
(among others) a discipline or placement based model, in which students are situ-
ated within the community and perform community service to meet their learning 
objectives, as well as a problem-based or deliverable model, in which student create 
or co-create (with community) a product to fulfill course requirements. Service-
learning in engineering has largely used the deliverable model, in which students 
deliver designs or designed and built artifacts.
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communities. Figure 1 offers a visual representation of the human-centered design 
process. The hexagon in the center represents the team of people working together 
on a particular issue (inspired by [1]), which is embedded in the complex ecosystem 
of the technical, social, and environmental realms. The community members (C) are 
“at the table” working side-by-side with engineers (E) and other experts in policy (P) 
and natural and/or social scientists (S). There are opportunities to harness community 
expertise in all phases of the design process.

An individual or the community collectively should identify a problem or situa-
tion they believe engineers might be able to contribute to solving or improving. The 
community should be the driving force, with a vision of partnering with engineers. In 
other words, problem identification should not be externally imposed. An engineer 
might share data with the community that she/he believes indicates an issue, but 
should not presume that her/his external perceptions of a ‘problem’ are authentic to a 
specific individual or community. Otherwise, there is an implication that a particular 
community or individual is at a ‘deficit’, needing charity or help from an “expert” engi-
neering student, versus being co-equal partners in working to improve a situation.

Once an issue has been identified by the community, the next step is to gain a thor-
ough understanding of the issue. It is important to realize that a particular problem is 
situated within a larger framework of the planet and environment at large, the society 
and economy in which a community or individual resides, various cultural norms and 
legal constraints, and interactions among these complex systems. Engineers should 

Figure 1. 
Conceptual model of the human-centered design process as a collaboration among engineers (E) and 
community members (C) with contributions by policy makers (P) and scientists (S), situated within larger 
environmental, social, and technical realms.

21

Service-Learning and Civic Engagement as the Basis for Engineering Design Education
DOI: http://dx.doi.org/10.5772/intechopen.83699

have a strong understanding of the technical issues that are relevant to a problem, 
as well as community issues that they can gain perspective on through research. 
Critically, they also need to partner with others “on the ground” to fully understand 
other conditions relevant to the problem. In this stage, students should talk with and 
listen to their community partners. Ideally, this process includes contextual or trans-
formational listening, which is a skill that must be thoughtfully developed [24–26]. 
The public and community should not be viewed as a monolith; there are sure to be 
an array of individuals and groups with different perspectives. Engaging an array of 
stakeholders early in the process can yield important benefits. The more students in 
their role as novice engineers can immerse themselves in the communities and with the 
people their engineering is designed to serve, the more likely they are to better under-
stand and appreciate the needs of the ultimate users of the co-created design. This 
approach aligns with the ideas of empathic design [21, 27]. Students may also need to 
recruit partners or work with other disciplines to gain a thorough understanding of 
relevant constraints and criteria.

The next phase in the process focuses on divergent thinking, where individuals 
imagine an array of potential solutions. Engineers often bring examples of solutions 
that have worked in similar situations. But each situation is unique, and engineers 
should not force fit technology to a problem. The analogy is often that engineers 
have a set of tools, and just because they have a “hammer” does not mean that is the 
right tool for the job. Students should not position themselves in roles as experts, 
but as learners, collaborators, and facilitators, bringing their ideas and inviting 
ideas from others. Interactive discussions with a broad array of stakeholders are 
likely to yield a diverse array of creative ideas. This step is critical to the process, in 
order for the best solutions to be among the array of options being considered.

Next, there should be a thoughtful process of evaluating the range of ideas 
under the set of local constraints and criteria, to narrow in on a sub-set of poten-
tially feasible, appropriate, and optimal solutions. This process should be con-
ducted by the community members and engineering students working together in 
a participatory design process. The evaluation process should consider the larger 
context of the issue, including the social and environmental spheres. Engineers 
then create conceptual designs, which allow rough evaluation of metrics such as 
cost, environmental emissions, etc. Typically a number of the important criteria 
that determine an optimal solution are subjective. Thus, community members must 
be engaged in contributing to the design and evaluating these issues. The com-
munity should select the ‘optimal’ solution from among the sub-set of options that 
went through the conceptual design phase. This is a convergent phase of the design 
cycle, and may be challenging given that different stakeholders may have different 
perspectives on ‘optimal.’

Engineers then typically handle the majority of the detailed design phase, which 
largely resides in the technical realm. Engineering students may complete this work 
if carefully supervised by instructors with appropriate expertise; some projects will 
require that licensed Professional Engineers review the designs. More forward-thinking 
SL programs are engaging in co-design among community members, students, and 
engineers. Where appropriate, prototypes of products are created, which can then 
go through testing by the community. In the case of infrastructure, computer models 
are built and subjected to expected human and natural conditions (e.g. hurricane); 
results are shared with stakeholders. Design changes can be made in response to the 
testing feedback cycle. This iterative process can often be viewed as a microcosm of 
the full design process (e.g. a problem might be identified in the prototype, alternative 
fixes are proposed and evaluated, etc.). The teams of engineering students and faculty 
should be completely transparent with stakeholders, explaining what they are doing 
and why. This approach provides an opportunity for co-equal learning among all of the 
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have a strong understanding of the technical issues that are relevant to a problem, 
as well as community issues that they can gain perspective on through research. 
Critically, they also need to partner with others “on the ground” to fully understand 
other conditions relevant to the problem. In this stage, students should talk with and 
listen to their community partners. Ideally, this process includes contextual or trans-
formational listening, which is a skill that must be thoughtfully developed [24–26]. 
The public and community should not be viewed as a monolith; there are sure to be 
an array of individuals and groups with different perspectives. Engaging an array of 
stakeholders early in the process can yield important benefits. The more students in 
their role as novice engineers can immerse themselves in the communities and with the 
people their engineering is designed to serve, the more likely they are to better under-
stand and appreciate the needs of the ultimate users of the co-created design. This 
approach aligns with the ideas of empathic design [21, 27]. Students may also need to 
recruit partners or work with other disciplines to gain a thorough understanding of 
relevant constraints and criteria.

The next phase in the process focuses on divergent thinking, where individuals 
imagine an array of potential solutions. Engineers often bring examples of solutions 
that have worked in similar situations. But each situation is unique, and engineers 
should not force fit technology to a problem. The analogy is often that engineers 
have a set of tools, and just because they have a “hammer” does not mean that is the 
right tool for the job. Students should not position themselves in roles as experts, 
but as learners, collaborators, and facilitators, bringing their ideas and inviting 
ideas from others. Interactive discussions with a broad array of stakeholders are 
likely to yield a diverse array of creative ideas. This step is critical to the process, in 
order for the best solutions to be among the array of options being considered.

Next, there should be a thoughtful process of evaluating the range of ideas 
under the set of local constraints and criteria, to narrow in on a sub-set of poten-
tially feasible, appropriate, and optimal solutions. This process should be con-
ducted by the community members and engineering students working together in 
a participatory design process. The evaluation process should consider the larger 
context of the issue, including the social and environmental spheres. Engineers 
then create conceptual designs, which allow rough evaluation of metrics such as 
cost, environmental emissions, etc. Typically a number of the important criteria 
that determine an optimal solution are subjective. Thus, community members must 
be engaged in contributing to the design and evaluating these issues. The com-
munity should select the ‘optimal’ solution from among the sub-set of options that 
went through the conceptual design phase. This is a convergent phase of the design 
cycle, and may be challenging given that different stakeholders may have different 
perspectives on ‘optimal.’

Engineers then typically handle the majority of the detailed design phase, which 
largely resides in the technical realm. Engineering students may complete this work 
if carefully supervised by instructors with appropriate expertise; some projects will 
require that licensed Professional Engineers review the designs. More forward-thinking 
SL programs are engaging in co-design among community members, students, and 
engineers. Where appropriate, prototypes of products are created, which can then 
go through testing by the community. In the case of infrastructure, computer models 
are built and subjected to expected human and natural conditions (e.g. hurricane); 
results are shared with stakeholders. Design changes can be made in response to the 
testing feedback cycle. This iterative process can often be viewed as a microcosm of 
the full design process (e.g. a problem might be identified in the prototype, alternative 
fixes are proposed and evaluated, etc.). The teams of engineering students and faculty 
should be completely transparent with stakeholders, explaining what they are doing 
and why. This approach provides an opportunity for co-equal learning among all of the 
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participants in the design process, and is inclusive of both community members and 
engineering students.

The implementation steps, such as manufacturing a designed product, are often 
thought of as ‘detached’ from users and communities. However, in service-learning 
projects there are often opportunities to engage communities in this phase. For 
example, community participation in constructing a school playground, building 
a Habitat for Humanity home, community participation in building a Bridges to 
Prosperity (B2P) bridge, and locals producing ceramic water filters for point-of-use 
household treatment of drinking water in a micro-enterprise [19, 20]. Community 
involvement in the implementation step can be particularly impactful and con-
tributes to the community “taking ownership” of the constructed artifact that they 
co-designed and helped to construct. The same is true in the operation, maintenance, 
and monitoring phases of a project. Community understanding of the process and 
ultimately their sense of ownership is fostered by their intimate involvement in all 
phases. The greater the participation of the community in all phases of the project, 
the greater the overall sustainability of a project over the long term—and across the 
interconnected areas of societal, environmental, and economic issues.

Done well, service-learning enacted through a model of human-centered design 
requires frequent engagement with the community across all stages of the design pro-
cess. The more engaged community members are in the entirety of the design process, 
the better the outcome will fulfill project goals. Community members may not be 
immediately available at the discretion of a student design team, and communication 
processes and timelines need to be respectful of these preferences and needs. The feed-
back cycle among members of a design team that stretches across disciplines requires 
thoughtful consideration at each step. Catalano [28] advocates for a contemplative 
paradigm, which he combined with service-learning in a senior capstone design course. 
The various elements in the human-centered design process imply that a majority of 
significant service-learning design projects will have timelines that stretch beyond the 
confines of a single academic term. This “feature of the landscape” requires creative 
thinking to integrate community-scale design problems into higher education, adapting 
traditional course structures (e.g. [29] ‘tyranny of the semester’). A thoughtful process 
to design the SL experience is encouraged. The Learning Though Service Program 
Model Blueprint is a tool that can facilitate this process, considering the perspectives 
of a wide range of stakeholders (e.g. students, community members, instructors, the 
university, intermediaries such as non-governmental organizations, practitioners) with 
respect to value propositions, relationships, and resources [30].

A sub-set of engineering service-learning design focuses on poverty alleviation, 
in programs such as Humanitarian Engineering and Engineering for Developing 
Communities. Nelson [31] described four different mental models that are com-
monly used to frame design processes associated with poverty alleviation: income 
first, needs first, rights first (including human-centered design), and local first. A 
well-being framework brings these four mental models together. The framework 
supports the importance of deeply engaging with communities and recognizing 
their unique expertise in their local context. Because poverty is framed as “the sys-
tematic failure to achieve wellbeing objectives”, the framework lends itself to a series 
of metrics that can form the basis of design objectives, constraints, and criteria; for 
example, “material sufficiency, bodily health, social connectedness, security, and 
freedom to make choices around action” (p. 2). A service-learning design program 
at Ohio Northern University is a case example of the well-being framework [31].

Entering into service-learning design projects, instructors may want to consider 
servant-leadership as a framework for their teaching and as a model for students 
to consider when they engage with communities [32]. Design instructors will have 
a role as a “guide on the side”, with a mindset of mentoring or serving both their 
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students and the community partner, and being mentored and served by these 
constituents. A case study of this approach was a service-learning project in a 
senior thermodynamics course at the Milwaukee School of Engineering [32]. The 
LSU Community Playground Project, which is affiliated with a first-year engineer-
ing design course, required the service-learning instructor to develop a servant 
leadership approach to be successful; the evolution from becoming a “traditional” 
engineering educator to a servant leader engineering educator is described in [33]. 
Stoecker [34] takes this concept further, suggesting that engaged faculty frame their 
work as community organizing.

4. Essential elements and challenges of SL-based design projects

There are several essential elements of successful service-learning-based 
projects. The authors strongly suggest that faculty who wish to use this pedagogy 
work with their university’s office of civic engagement and/or service-learning to 
help identify community partners and to assist with planning and executing their 
projects within a reciprocal framework. Other groups, such as non-governmental 
organizations (NGOs), may be key stakeholders, particularly in international 
service-learning projects.

In terms of reciprocal partnerships, an asset based model of collaboration is 
ideal because it acknowledges the resources and assets that the university and 
community “bring to the table,” as well as identifies the needs that each constitu-
ent seeks to meet through partnership. For example, universities might have assets 
with respect to discipline-specific knowledge and monetary resources, while 
communities might have assets with respect to community-specific knowledge and 
capacity resources. Partnerships are more successful when constituents combine 
their strengths to address a community issue together rather than a charity model 
in which one constituent helps the other. Another way to frame this asset based 
philosophy is that each constituent will both learn something from and teach 
something to the other.

The 2006 Community Partner Summit [35], p. 13 and Portland State University’s 
2008 Partnership Forum [36], p. 3 identified the following essential components for 
successful community-university partnerships:

1. Quality processes (open, honest, respectful; relationship-focused, character-
ized by integrity; trust-building; acknowledgement of history, commitment to 
learning and sharing credit)

2. Meaningful outcomes (specific and significant to all partners)

3. Transformation (at individual, institutional, organizational, and societal 
levels)

These essential components are achieved by practicing the following processes 
([36], pp. 3–4):

• Asset (resources, strengths, and interests) identification and recognition for all 
partners

• Dialog within partners and between partners

• Creation of common language
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participants in the design process, and is inclusive of both community members and 
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the better the outcome will fulfill project goals. Community members may not be 
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back cycle among members of a design team that stretches across disciplines requires 
thoughtful consideration at each step. Catalano [28] advocates for a contemplative 
paradigm, which he combined with service-learning in a senior capstone design course. 
The various elements in the human-centered design process imply that a majority of 
significant service-learning design projects will have timelines that stretch beyond the 
confines of a single academic term. This “feature of the landscape” requires creative 
thinking to integrate community-scale design problems into higher education, adapting 
traditional course structures (e.g. [29] ‘tyranny of the semester’). A thoughtful process 
to design the SL experience is encouraged. The Learning Though Service Program 
Model Blueprint is a tool that can facilitate this process, considering the perspectives 
of a wide range of stakeholders (e.g. students, community members, instructors, the 
university, intermediaries such as non-governmental organizations, practitioners) with 
respect to value propositions, relationships, and resources [30].

A sub-set of engineering service-learning design focuses on poverty alleviation, 
in programs such as Humanitarian Engineering and Engineering for Developing 
Communities. Nelson [31] described four different mental models that are com-
monly used to frame design processes associated with poverty alleviation: income 
first, needs first, rights first (including human-centered design), and local first. A 
well-being framework brings these four mental models together. The framework 
supports the importance of deeply engaging with communities and recognizing 
their unique expertise in their local context. Because poverty is framed as “the sys-
tematic failure to achieve wellbeing objectives”, the framework lends itself to a series 
of metrics that can form the basis of design objectives, constraints, and criteria; for 
example, “material sufficiency, bodily health, social connectedness, security, and 
freedom to make choices around action” (p. 2). A service-learning design program 
at Ohio Northern University is a case example of the well-being framework [31].

Entering into service-learning design projects, instructors may want to consider 
servant-leadership as a framework for their teaching and as a model for students 
to consider when they engage with communities [32]. Design instructors will have 
a role as a “guide on the side”, with a mindset of mentoring or serving both their 
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students and the community partner, and being mentored and served by these 
constituents. A case study of this approach was a service-learning project in a 
senior thermodynamics course at the Milwaukee School of Engineering [32]. The 
LSU Community Playground Project, which is affiliated with a first-year engineer-
ing design course, required the service-learning instructor to develop a servant 
leadership approach to be successful; the evolution from becoming a “traditional” 
engineering educator to a servant leader engineering educator is described in [33]. 
Stoecker [34] takes this concept further, suggesting that engaged faculty frame their 
work as community organizing.

4. Essential elements and challenges of SL-based design projects

There are several essential elements of successful service-learning-based 
projects. The authors strongly suggest that faculty who wish to use this pedagogy 
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• Asset (resources, strengths, and interests) identification and recognition for all 
partners

• Dialog within partners and between partners

• Creation of common language
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• Relationship-building strategies

• Describing and understanding each other’s culture

• Learning together

• Collaborative problem posing and solving

• Collaborative agenda setting

• Identification and recognition of each partner’s needs, issues and challenges

• Self-assessment and reflection within each partner group and between partners

• Constant negotiation and modification

• Supporting infrastructure in each partner’s organization

Another important component of a successful service-learning partnership 
is reflection, or metacognition. Professionals constantly reflect on what they are 
doing, why they are doing it, and next steps; students need to develop this skill 
that professionals may forget that they practice, because this practice is so embed-
ded in their daily work. There are many models of reflection ranging from the 
simplest (what, so what, now what) to those that are more complex [37, 38]. Lima 
and Oakes [39] have a list of reflection questions in Chapter 2 of their textbook 
on service-learning in engineering. Reflection can be used to catalyze and assess 
student learning.

A thoughtful assessment plan should be developed, to help ensure that the 
outcomes desired for both communities and students are achieved. This plan should 
include formative assessment to enable during-course adjustments, as well as sum-
mative assessment to provide ‘lessons learned’ for the future. Assessment methods 
for student outcomes are well documented (see examples in [40]). Community 
outcomes have been rigorously studied in fewer instances, and are an area where 
additional scholarship is needed.

Even when adhering to all essential components and processes for successful 
partnerships, there can still be challenges and pitfalls. For example, as men-
tioned previously, it can be difficult to manage partnerships within the time 
constraints of a semester: most community issues involve people working on 
them throughout the year, not in 15-week blocks. This constraint may require 
some thought in terms of deploying a design and maintaining it once it is built. 
Repeating courses with the same community partner is one way to address this 
issue; others have created infrastructure to complete and maintain projects  
[39, 41]. Such considerations ensure that a design effectively serves the com-
munity, instead of being dumped on the community. Student resistance to 
participating in service-learning classes is also possible [32]; explicitly and 
repeatedly connecting the service activities to the learning objectives in class 
allays most student concerns. Finally, communication can be an issue, particu-
larly where media is concerned. University media tend to focus on the students 
and faculty involved in a service-learning project and typically portray the 
community-university relationships as the university helping the community 
[42]. An explicit conversation among constituents about uniform talking points 
for media, and if at all possible, media interaction with all constituents present, 
is recommended. See [42], for more details.
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5. Potential student outcomes of SL-based design

Across all disciplines, service-learning has been shown to be an impactful peda-
gogy. A recent meta-analysis of SL across 62 studies (all included a control group, 
elementary through postsecondary level students with 68% college undergraduates) 
determined that SL resulted in “significant gains in five outcome areas”: academic 
achievement (grades or test performance; highest mean effect size, ES, 0.43), social 
skills (leadership, cultural competence, social problem solving; ES 0.30), attitudes 
toward self (self-esteem, self-efficacy, personal abilities, feelings of control; ES 0.28), 
attitudes toward school and learning (academic engagement, enjoyment of course; 
ES 0.28), and civic engagement (civic responsibility, altruism; 0.27) [43]. It is unclear 
whether or not any of the studies included in the meta-analysis included engineering 
students, but the results are nevertheless compelling.

Within engineering, previous research has identified a number of knowledge, 
skills, attitudes, and identity (KSAI) outcomes that could result from engineering 
student engagement in project-based service-learning (PBSL); [40] presented a litera-
ture review from numerous published sources. While that study extended beyond SL 
in design settings, SL-based design should have the capacity to yield the same array of 
outcomes. SL-based engineering design education can achieve all of the core techni-
cal outcomes one would expect from engineering design in general (aligned with the 
academic achievement outcome in the meta study), while also realizing a number of 
additional outcomes. The potential outcomes of SL-based design education that map 
to the technical and professional knowledge and skills expected of engineers interna-
tionally and by U.S. accreditation are summarized in Table 1 [44, 45].

A greater complexity and range of design constraints are typical in SL-based 
projects compared to other design experiences. Service-learning executed through 
human-centered design may be superior to standard design pedagogy in developing 

Table 1. 
Knowledge and skill outcomes achievable via SL-based design and PBSL.
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communication skills with diverse audiences and teamwork/leadership skills in 
interdisciplinary settings. In addition, PBSL in engineering has been shown to 
yield enhanced creative design; cultural competency and leadership (social skills); 
self-confidence; attitudes toward community service; and engineering identity. The 
compiled data in [40] indicated outcomes for which the projects with a SL context 
yielded enhanced outcomes in comparison to non-SL projects.

SL-based design embeds an array of ethical issues, both microethics and mac-
roethics, and may be particularly impactful in building students’ ethical reasoning 
skills. In a faculty survey on ethics and societal impacts instruction, 212 respon-
dents who described their capstone design course as including ethics and/or societal 
impact topics indicated that these topics were taught via service-learning [46]. 
Zoltowski and her collaborators [47] have been developing instruments and meth-
ods to measure ethical gains as a result of SL-based design experiences (e.g. [48]).

In addition to knowledge and skills, attitudes are important to the professional suc-
cess of engineers and are explicitly recognized in CDIO [23] and the American Society 
of Civil Engineers (ASCE) Civil Engineering Body of Knowledge for the 21st Century 
(CEBOK). The third edition of the CEBOK [49] explicitly includes affective domain 
goals and rubrics associated with seven outcomes. Attitudes supportive of professional 
practice that may be specifically developed via a SL design experience, such as “value 
effective and persuasive communication to technical and non-technical audiences” 
which requires “empathy… with diverse clients and stakeholders” ([49], pp. 2–42–43). 
The professional attitudes listed in the CEBOK3 (pp. 2–53) and developed specifically 
via SL may include creativity, flexibility, consideration of others, empathy, honesty, 
integrity, respect, sensitivity, thoughtfulness and tolerance. Humility [50] and empathy 
[51] have been proposed as important mindsets in working with communities.

Of additional interest is the extent to which SL-based design is effective at devel-
oping students’ creativity and innovation skills. This has not yet been rigorously 
studied using established instruments (such as the Creative Engineering Design 
Assessment Purdue Creativity Test or Purdue Creativity Test [52]); rather, the data 
reflects student self-assessments in surveys or anecdotal statements by instructors. 
One of the more rigorous assessments was associated with a first-year mechanical 
engineering design course [53]. A sub-set of the design projects were SL-based 
and included leadership training. Students engaged in SL projects had a statisti-
cally significant gain in the self-assessed extent to which they possessed creativity/
ingenuity on the post- versus pre-assessment using a five-point scale; gains were 
not statistically significant among students working on non-SL design projects. 
In a senior product design course with service-based projects, students rated their 
creativity at a higher level on the post-survey than the pre-survey (average ~6.55 
increased to ~6.95 on nine-point scale; p < 0.05); this compared to a gain of about 
one-point in their self-rated product design skills [54]. Fully anecdotal statements 
regarding growth in students’ creativity and/or innovation skills in association with 
service-based design projects were made in a number of other papers [55–61].

Another set of proposed outcomes from SL-based design is that it may help 
attract students to engineering majors and/or retain students in engineering, 
particularly women and underrepresented minorities. Many students are drawn to 
engineering due to a desire to make a difference, help others, and improve society. 
SL projects offer tangible examples of these outcomes, inspiring students and pro-
viding rewarding experiences. Three large service-learning programs in engineer-
ing have data related to the impacts of their program in recruiting/retaining female 
students: the Service Learning Integrated Throughout a College of Engineering 
(SLICE) program at the University of Massachusetts Lowell [62], EPICS at Purdue 
University [63], and the Humanitarian Engineering and Social Entrepreneurship 
(HESE) program at Pennsylvania State University [64]. Other SL programs have 
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reported on the large percentage of women among the participants, such as the 
Humanitarian Engineering Center at Ohio State University [65] and engineers 
without borders [66, 67] provided data from a variety of developing community 
programs. The real-world tangible nature of SL design projects is a significant 
motivator, in addition to making a positive difference.

6. Assessing community impacts of SL design projects

Service-learning has co-equal goals of benefits to community partners and 
student learning. Assessment is needed to demonstrate whether SL design projects 
have met these goals. SL projects may have impacts at the individual, organizational, 
community, or system scales [68]. Jiusto and Vaz [68] present a model that considers 
these impacts to both communities and academics, which can inspire instructors 
considering the use of SL as a design pedagogy to think beyond immediate impacts. 
This broader systems-level perspective can include potential project outcomes such 
as improvements in the health and well-being of community partners, while recog-
nizing how these outcomes might contribute to enhancing community sustainability 
or social cohesion. Identifying impacts of interest in partnership with all stakehold-
ers is the first step in developing a plan to assess these impacts.

In practice, SL has often focused its assessment efforts on student learning 
and less on evaluating the impacts on community partners and communities; this 
imbalance is evident both for SL in the context of engineering design and SL more 
broadly [69–71]. Reynolds [72] provides a critical review of literature on commu-
nity perspectives on service-learning, and conducted research on the perspectives 
of the international partner community in Nicaragua on their partnership with the 
College of Engineering at Villanova University. Although this was a research proj-
ect, assessment lessons can be learned. Observations, interviews with community 
organization representatives, interviews with community residents, and document 
reviews were conducted. Community partners confirmed the tangible results of 
improved access to clean water and healthcare which saved lives, but also described 
trust, a sense of pride, and connections/awareness as important outcomes. The 
community also had less positive perceptions that included feeling like their com-
munity was a laboratory for students. The community also had goals toward student 
learning, including shifting students’ perspectives from helping to learning and 
having a responsibility to others.

These findings represent the particular ways in which SL projects were con-
ducted in this instance and their specific community partners, and should not be 
generalized. However, these important insights provide an example of the types of 
outcomes that assessment can illuminate. Others have also used interviews [73, 74] 
and surveys [14, 74, 75] to assess community partner satisfaction and other perspec-
tives on SL engagement. Readers are encouraged to consult participatory action 
research models [76] to learn more about the process of planning, executing, and 
evaluating projects together; communication, transparency, and shared power in 
decision-making are hallmarks of these approaches.

Design projects and their products should be monitored over time to evaluate 
sustainability and long-term impacts. This process is easier for projects in local com-
munities and more challenging for international projects, but is critical in all cases. 
SL projects could model practices and processes used in international development 
work for monitoring and evaluation (M&E), which typically include mixed-
methods [77]. The community and/or students can be involved in monitoring the 
designed systems, and can work together to resolve any issues that are identified. 
On-going collaboration with groups charged with monitoring and evaluation is 
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also a strategy. For example, with the LSU Community Playground Project [33, 41], 
once community-designed playgrounds are built at public schools, a company that 
subcontracts with the school system to provide grounds and maintenance services to 
the schools takes over the maintenance of the playgrounds. On-going communica-
tion among the playground project, the school system, and the company ensures 
that playgrounds are re-designed, built, and maintained based on need.

7. Conclusions

Done well, service-learning based engineering design can yield a rich array of 
benefits for engineering students and communities. However, faculty must carefully 
plan their course and partnership in order to achieve the full potential of SL-based 
design. Engineering faculty and students should enter into the design process from a 
mindset of humility and listening, being respectful, and embracing the expertise of 
the community. This positioning is often different from the techno-centric, “expert” 
perspective that pervades engineering. To instill this human-centered or empathic 
design perspective in students, their first formal education on the engineering design 
process should promote these views. This approach can perhaps grow into participa-
tory design in the senior year. One challenge is the fact that many engineering faculty 
members have not previously experienced such approaches, either during their edu-
cation and training, or in practice. Fortunately, the literature provides rich examples 
for faculty to draw from to implement this methodology in their own courses. 
We believe that best practices in service-learning in engineering design make our 
students better engineers and enables our profession to fulfill its highest purposes.
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Chapter 3

Divergent Abduction Model and 
Its Convergent Interaction in 
Knowledge Production
Manuel Vicente Castillo Guilarte

Abstract

To date, the abductive is maintained as a method by which premises or isolated 
conjectures are generated from deductive and inductive methods, whose basis is 
convergence and divergence, respectively. The vast majority of authors do not relate 
the abductive method to the scientific method. Starting from a descriptive method-
ology and deductive analysis, the objective of the work is to propose a new pattern 
of extended use of the abductive method and its interaction with the inductive 
method based on divergence and, in this way, schematically and organically achieve 
a convergent procedure of support for the production of new knowledge. In this 
chapter, a model is established integrating the abductive n times with the diver-
gence, and, logically, unifying and integrating are reduced until reaching a solution 
by convergence and, in this way, to achieve alternative processes of preparation and 
academic training to support and comply with the requirements of promotion and 
doctoral thesis in relation to generating new knowledge, as established in the rules 
that govern it in Venezuela.

Keywords: abductive divergence, abduction, convergence interaction

1. Introduction

The production of knowledge has always been a necessity, and it is the final 
fruit of research and education. The search for knowledge has a very clear objec-
tive and concludes in the contribution that occurs when there is an invention or an 
innovation, but, when analyzing the different countries, the difference between 
being and not developing depends on how their level is in science and technology. 
Venezuela as a country has three major problems: the low production of knowledge, 
the syndrome of anything but thesis in doctoral studies, and the elimination of the 
requirements of having a doctorate for promotion to the last categories in some uni-
versities. Starting from this problematic, the present chapter is developed in which, 
centered on a deductive documentary methodology, a conceptual framework of 
abduction and divergence is defined, which are integrated to establish a conver-
gent model of knowledge production with its corresponding stages. In Venezuela, 
there is a legislation published in the Official Gazette [1] that states in article 26: 
“Doctoral studies are aimed at training for the realization of an original work that 
constitutes a significant contribution to the knowledge of a specific area of knowl-
edge.” To illustrate, in Venezuela, historically, the doctorate consists of constructing 
an original contribution relevant to science, for which the generation of knowledge 
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is mandatory in the doctorate; the rest of the Venezuelan legislation speaks and 
defines research but without involving it with patents, and, although there are 
universities that are generally responsible for educating and training researchers, 
only the doctoral thesis at the graduate level is developed with the aim of generating 
new knowledge. Additionally, in Venezuela, there is a National Universities Law 
published in Official Gazette N° 1.429 of September 8, 1970, in article 87 which 
establishes that they are ordinary members of teaching and research staff, instruc-
tors and assistant, aggregates, associates, and full professor, known as the ranking 
or location of teachers according to the merits and time spent on average of 4 years 
in each category. To ascend from one level to another in the universities is defined in 
article N° 89 which says: “The Ordinary members of the teaching and research staff 
will be located and will rise in the ranks according to their credentials or scientific 
merits and their years of services. To ascend from one category to another in the 
ranking, it will be necessary, in addition, to present for the consideration of a jury 
appointed for that purpose an original work as a credential of merit.” The important 
thing of this article is that the work of promotion to ascend to the different levels of 
the ladder must be original; but as time went by and after 24 years, a modification 
to the Law of Universities published in Official Gazette No. 35, 708 of May 11, 1995, 
called Standards on the Teaching and Research Staff Scale of National Universities, 
and in article N° 5, it establishes: “The work of promotion required by the Law of 
Universities must be original, novel and untold published during the time in which 
the teacher remained in the previous ladder to which one aspires”; this article intro-
duces and raises the requirement that, besides being original, must comply with 
being novel, which leads to new verifiable knowledge worldwide, and the unpub-
lished is that it has not been published previously; the legislators seek to establish 
the obligatory nature of the ordinary teachers of the universities, to produce new 
knowledge on the frontier of science, which in practice is invention and innovation.

After an analysis of the problematic, the most important of the writing is the 
divergent adductive model of n hypotheses, all with the same probability, where 
infinite conjectures of a fact or event are defined, and then from a convergent step-
by-step process, look for the possible solution, and in the end, a general model that 
integrates both approaches in a single scheme is presented.

2. Cause of Low Production of Knowledge

There is a great variety of problems related to the low production of knowledge 
in Venezuela, the most outstanding being:

• The percentage of students who graduate from doctorates as a source of knowl-
edge production is approximately 10% compared to the income, which defines 
that there is a low efficiency in this schooling in Venezuela; this oscillates 
between 0 and 15% per year, with a unique atypical value of a University with a 
95% ratio of graduates of the total income. Everything is based on the informa-
tion provided by the universities to the National Graduate Advisory Council 
[2]; the cause is known as everything except thesis [3], which means finishing 
school and doctoral thesis project, but it does not end with the delivery and 
public defense of the said thesis.

• The actors that are required to produce knowledge are university teachers, and 
they are not fulfilling their task. By law they are obliged to investigate and, 
also, to climb the ladder in the categories of associate and holder; they must 
have a doctorate, but, in the great majority of the universities of the country, 
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an exceptionality persists so as not to fulfill the requirement of the title of 
doctor [4], which increases inefficiency and allows people to reach the highest 
levels of teaching without academic credentials. The experts in generating 
patents par excellence are the university professors, but if these do not fulfill 
their obligations, they do not possess the experience to support others, which 
turns into a vicious circle.

• It does not exist an orientation, models, or patterns adapted to our reality that 
supports the generation of knowledge, being tutors who should have a high 
level of expertise and experience in the subject of doctoral thesis, publication, 
incubation, prototypes, and patents and their inclusion in the application to 
solve problems. The different methodologies known worldwide are not giving 
real benefits in Venezuela, and both the level of scarcity of financial resources 
for research projects and low salaries become factors of low motivation; all 
the above is reflected in the world records which places Venezuela among the 
group with the lowest number of patents per year.

3. Objective

Define a basic model of abduction and divergence interaction that allows 
systemically to model with the variables involved in a convergent sequential pattern 
to increase knowledge production in Venezuela.

4. Methodology

The research is based on a study and analysis of the information developed in 
other areas of knowledge and its application in the subject, to relate them to the 
dynamics over time of the problem and the generation of knowledge; starting 
from the use of a descriptive methodology, of deductive analysis with emulation of 
different sciences, the convergence and divergence engineering is established as a 
tool to model the scope of knowledge generation. The research begins by locating 
and studying the sources of information to subsequently analyze and interpret in a 
critical and separate way the ideas surrounding the topic, to relate them as variables 
that intervene in a basic model of knowledge generation.

5. Theoretical support

Abduction is a term from the Latin abductio and is composed of the words abs, 
from afar, and ducere, to carry. The movement by which a member or an organ 
moves away from the median plane divides the body in two symmetrical parts. “The 
abductor is the muscle that serves for abduction” is a type of reasoning that from 
the description of a fact or phenomenon offers or arrives at a hypothesis, which 
explains the possible reasons or reasons for the fact through the premises obtained. 
Charles Sanders Peirce calls it a conjecture [5]. That conjecture seeks to be, at first 
sight, the best explanation or the most probable one.

Abductive thinking or reasoning is a type of reasoning that from a fact or 
phenomenon is reached a hypothesis, which explains the possible reasons or reasons 
for establishing a premise called conjecture. That conjecture seeks to be, at first 
sight, the best explanation or the most probable one. Aristotle investigated seduc-
tive reasoning in his First Analytics. According to Aristotle, abductive reasonings 
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are syllogisms where the premises only give a certain degree of probability to the 
conclusion. According to Peirce, abduction is something more than a syllogism: 
it is one of the three forms of reasoning together with deduction and induction. 
Charles S. Peirce (1903) [5] defines abduction: “Abduction is the process by which 
an explanatory hypothesis is formed, it is the only logical operation that introduces 
a new idea.” Abduction can be understood as a form of logical inference. In abduc-
tion to understand a phenomenon, a rule that operates in the form of hypotheses 
is introduced to consider the possible result as a particular case within that rule; in 
other words, in the case of a deduction, a conclusion is obtained of a Premise “p,” 
while abductive reasoning consists of explaining “c” by means of “p” considering 
p as explanatory hypothesis [6]. Abduction is characterized, then, as a creative 
process, as it generates the new ideas, while the deduction derives knowledge from 
the one that has already been validated previously, and the induction, for its part, 
is limited to checking it in. Abduction, allows the identification of indications to 
which something corresponds and the reasons for their appearance, from which a 
series of consequences can be extracted.

Divergence is a word that comes from Latin “divergens” which means divergent. 
It means action and effect of diverging, progressive separation of two or more lines 
or surfaces; diversity of disagreements, diversity of opinions, as an example we have 
in mathematics the divergence of a vector field on a surface and the infinite series 
that does not converge [7].

Divergent thinking: Throughout history there are many treaties that established 
the classification of productive thinking in two groups: divergent and convergent. 
Divergent thinking is pointed by the authors as a generator of different solutions to 
a problem, in different directions, seeking the best; confronting the new and with 
a tendency to creativity and ingenuity, it has also been called lateral thought, by De 
Bono in 1970, as well as holistic thinking defined by Jan Smuts in 1927, in which the 
analysis is of the whole and not of its parts, including as a term “see the forest and not 
the tree.” There is a mechanism associated with creativity, which is retrospective per-
ception and intuition; according to the story, it is established that the great discoveries 
have been produced by changes of schemes through casual observations, accidents, 
errors, and humor. Rio Pérez, in 2002, characterized the creative thinking of an 
individual and related it to the intellectual structure of the subject, their characteris-
tics, and their mental capacities [8]. At the beginning, human development focused 
on intelligence, knowledge, memory, and logical or convergent thinking, and, later, 
divergent production was incorporated [9]. The production of knowledge, in the first 
instance, is the interaction of vertical and lateral thought closely linked, where lateral 
thinking is the one that increases the efficiency of vertical thinking.

6. Case study

To define the case study, it is formulated in the Seminar on Management 
in Science and Technology, of the Doctorate of Management of Research and 
Development, during the academic periods of the second of 2011 to the first of 
2014, with an average of seven students, belonging to the Area of Management 
of Research and Development, of the Commission of Postgraduate Studies of the 
UCV, to which a question was posed to the trainees: Is there a ticket on the floor? 
Unknown, what do you think about it? Do you formulate all the hypotheses related 
to the case? Table 1 shows the relation of the number of students and the total 
of hypotheses that they managed to define for 5 min, which is an application of 
establishing premises when an event occurs, with a total of 40 curative participants 
during six semesters.
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The challenge was to produce the greatest number of hypotheses; in many cases, 
the abductions are but the spontaneous conjectures of reason. In order for these 
hypotheses to emerge, the imagination and instinct must compete. Abduction is like 
a flash of understanding, a jump over the known; for abduction, it is necessary to 
leave the mind free. Based on the same events, then the students are illustrated with 
a variety of hypotheses of equal probability; out of a total of 100, there are at least 
35 equally likely assumptions and they are:

• It’s false?

• Is the evil?

• Will it be paving?

• Is it terror?

• What brought a bird?

• Will it be a student?

• Will it be a professor?

• Will it be a pump?

• Will it be a joke, with a hidden camera?

• Will they be filming?

• Will you have owner?

• Is it good luck?

• Will it be embraced?

• Will it have poison?

• Will it have a bar code?

• Will it have GPS?

• Will you have intelligent chip?

People Hypothesis

1 1

18 2

15 3

2 4

3 5

1 6

Table 1. 
Relationship and participants responses.
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• Will it be an alarm activator?

• Will you be in a research?

• Will it be a hologram?

• Will it be mine?

• Is it a projection?

• Will it be contaminated from drug?

• Is it a transparent touch screen?

• Is it an optical illusion?

• Will it be printed on the floor?

• Is it glass?

• Will it be plastic?

• Is it a photo?

• Is it a joke?

• Is it a proof of ethics?

• Is it a proof of honesty?

• Is it a proof of success?

• Is it a proof of education?

7. Model of generation of knowledge

Starting from the definition of abduction and divergence [10], the model will be 
presented in five parts to increase understanding; each phase will have a comment 
and the basis of the construction. The first phase consists of applying abduction 
infinitely starting from a central axis and according to the abduction capacities; 
a scenario will be produced in which all the hypotheses are distributed, and it is 
illustrated in Figure 1. In a broad way, it is possible to name this new concept as 
“Conductive Abductive Model of Infinite Conjectures and Hypotheses” consider-
ing itself as a novel contribution that aims to broaden the scope of the traditional 
abductive method defined by Pierce.

The second step, once infinite hypotheses are defined, is to order all of them 
according to some preestablished macrovariables, which will depend on the experi-
ence and training of each person; however, part of these may be:

• Morals, ethics.

• Cultural, habits, customs.
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• Formation, education instruction.

• Family, society, country.

• Science, technology,

• Invention, innovation.

• Sentiment, intuition, religion, creed.

• Development, underdevelopment,  poverty, wealth.

• Link, irreality, fiction, superstition, reality.

• Heat, threat, insecurity.

• Equipment electrical, mechanical, communications.

• Defense, protection, integrity.

• Politics, government, doctrines.

• Experience, techniques, tools, skill, etc.

The hypotheses are grouped according to each variable, which is illustrated in 
Figure 2.

In the third phase of the model, we seek to establish the different relationships 
between the hypotheses and their relationship with the variables to which they are 
associated, which is presented in Figure 3, and, in this way, a new group of inte-
grated hypotheses is established and selected according to the different preestab-
lished criteria, which gives a new higher level, in which at least 30% less participate, 
reducing the total number of hypotheses.

The fourth phase of the model is presented, which combines and establishes a 
process of integration, simplification, and reduction until it reaches at least one, 
two, or three possible solutions with characteristics; theoretical logics that are novel 
are presented in Figure 4. In this figure, the convergent model is characterized, 
from the general to the particular, from the very broad to the simple.

Figure 1. 
Infinite application of abduction.



New Innovations in Engineering Education and Naval Engineering

42

• Will it be an alarm activator?

• Will you be in a research?

• Will it be a hologram?

• Will it be mine?

• Is it a projection?

• Will it be contaminated from drug?

• Is it a transparent touch screen?

• Is it an optical illusion?

• Will it be printed on the floor?

• Is it glass?

• Will it be plastic?

• Is it a photo?

• Is it a joke?

• Is it a proof of ethics?

• Is it a proof of honesty?

• Is it a proof of success?

• Is it a proof of education?

7. Model of generation of knowledge

Starting from the definition of abduction and divergence [10], the model will be 
presented in five parts to increase understanding; each phase will have a comment 
and the basis of the construction. The first phase consists of applying abduction 
infinitely starting from a central axis and according to the abduction capacities; 
a scenario will be produced in which all the hypotheses are distributed, and it is 
illustrated in Figure 1. In a broad way, it is possible to name this new concept as 
“Conductive Abductive Model of Infinite Conjectures and Hypotheses” consider-
ing itself as a novel contribution that aims to broaden the scope of the traditional 
abductive method defined by Pierce.

The second step, once infinite hypotheses are defined, is to order all of them 
according to some preestablished macrovariables, which will depend on the experi-
ence and training of each person; however, part of these may be:

• Morals, ethics.

• Cultural, habits, customs.

43

Divergent Abduction Model and Its Convergent Interaction in Knowledge Production
DOI: http://dx.doi.org/10.5772/intechopen.85152

• Formation, education instruction.

• Family, society, country.

• Science, technology,

• Invention, innovation.

• Sentiment, intuition, religion, creed.

• Development, underdevelopment,  poverty, wealth.

• Link, irreality, fiction, superstition, reality.

• Heat, threat, insecurity.

• Equipment electrical, mechanical, communications.

• Defense, protection, integrity.

• Politics, government, doctrines.

• Experience, techniques, tools, skill, etc.

The hypotheses are grouped according to each variable, which is illustrated in 
Figure 2.

In the third phase of the model, we seek to establish the different relationships 
between the hypotheses and their relationship with the variables to which they are 
associated, which is presented in Figure 3, and, in this way, a new group of inte-
grated hypotheses is established and selected according to the different preestab-
lished criteria, which gives a new higher level, in which at least 30% less participate, 
reducing the total number of hypotheses.

The fourth phase of the model is presented, which combines and establishes a 
process of integration, simplification, and reduction until it reaches at least one, 
two, or three possible solutions with characteristics; theoretical logics that are novel 
are presented in Figure 4. In this figure, the convergent model is characterized, 
from the general to the particular, from the very broad to the simple.

Figure 1. 
Infinite application of abduction.



New Innovations in Engineering Education and Naval Engineering

44

The model has been illustrated in three initial figures, to explain the divergence 
of n abductions and the convergence of these in a certain pattern or technique; 
harmonizing the four previous figures integrated into a final model is presented in 
Figure 5, and it is called Integrated Model of Generation of Knowledge, which is 
characterized by the following:

• Everything begins with a problem and ends with one or several novel solutions 
that depend on the cognitive capacity of each actor.

• From a problem, infinite hypotheses are generated producing a three- 
dimensional divergence, and the size, range, spectrum, and novelty will be pro-
portional to the total skills of the individual involved, and the farther they can go 
in different directions, the closeness to produce new knowledge it will be greater.

• Having as origin, divergent model in two or three dimensions the only way to 
reach a defined point as a solution to the problem is to apply a convergence, 
which requires ingenuity and engineering; as an organized and systematic 
procedure, it will be specific to each actor if based on their experiences, school-
ing, logic, and reasoning.

In the field of engineering, specifically the area of networks, a simile could be 
proposed, the distribution and water collection system, in the understanding that 
we start from a drinking water dam; as a starting point, we will make a distribution 
system in such a way that we start with pipes of high diameter to reach the smallest 
as a sink and start at a point and takes the water to infinite points, achieving and 

Figure 2. 
Association of hypotheses in variables.

Figure 3. 
Relationships and links of the hypothesis with others and the new preset variables.
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applying a divergent system; once the water is used, it is transformed into waste or 
wastewater, which must be channeled and taken to a sewage treatment plant and 
then incorporated into the dam or river, starting from infinite points and reaching 
one, which is a convergent system. This comparison is a way of understanding how 
the model of generation of raised knowledge works, part of a point called fact or 
event, and of producing infinite hypothesis, and then convergence starts, simplify-
ing until arriving at a point as final selection of hypothesis.

8. Conclusions

• In this work, we present a novel contribution that aims to redefine the tra-
ditional abductive method, called “Conductive Abductive Model of Infinite 
Conjectures and Hypotheses.”

• The proposed model is a new approach that integrates the scientific method with 
the modified abductive method, establishing a new sequential form to search for 
and obtain alternatives in the generation of new theories by convergences.

Figure 4. 
General model of knowledge production.

Figure 5. 
Integrated generation of knowledge model.
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• The model of divergent abduction linked to the convergent process of selec-
tion is transformed into a procedure to generate and produce new knowledge, 
which contributes to improvement for graduate students, which, using the 
model, guides them to success and search for new theories.

• The model systematized as part of a seminar, in the schooling of doctoral stud-
ies, can be the basis for training the students and strengthening their skills for 
knowledge production.

• The model achieved is novel, but its deduction was obtained with the same 
principles set out in this work.
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Chapter 4

Personalizing Course Design, 
Build and Delivery Using PLErify
Maria Lorna A. Kunnath

Abstract

The Course-Building technique called PLErify was developed by the author 
in response to the emerging roles of university faculty in the technology-driven 
teaching with the rising popularity of AI and deep learning. Topics that support 
personalized teaching and learning using technology to make it more efficient, 
more effective and more pragmatic. Early attempts at pedagogy and trends that 
pushed the personalization movement are explained. The progress of the project 
in a Web App format is detailed focusing on a faculty building a sample hybrid 
course planned for a course offering of a framework of digital resources within the 
app in a technology-rich smart classroom. The PLErify course-building Template 
is explained with methodologies to add content to it in various ways with sugges-
tions to insert multimodal techniques, e.g., Augmented Reality, Virtual Reality 
and Simulation, however applicable, alongside numerical data-science-supported 
technologies that will comprise the most part of course presentation technique. A 
portion of a full course will be demonstrated using PLErify with an accompanying 
Course Evaluation for Professors to mull to prepare for course redesign current to 
improve next year’s offering of same course.

Keywords: web application, digital resources, personal learning environment, 
PLErify, course development, MOOC, didactic, AI

1. Introduction

In a digital society, every aspect of our daily lives is interconnected and each 
person has an identity that is solely one’s own that is encrypted and authenticable 
by a system. That identity allows you to interactively access multiple parts of any 
platform to perform actions and obtain something as a result. In an ideal version 
of a digital society, we humans are interconnected as citizens (e-government) and 
members of various groups (private) and afforded rights and privileges accord-
ingly. We see micro versions of the workings of a digital society in Big Tech such as 
Facebook, LinkedIn, Twitter, Instagram, and Google with each connectivity model 
functioning according to predetermined business model.

Our ever-evolving digital society intertwines the roles of humans and robots in 
institutions and industries. These roles keep changing as technology advances to near 
capability of humans through artificial intelligence and deep learning permeating the 
deepest trenches of every industry, not excluding higher education. In higher educa-
tion, it is hardly noticeable that the roles of main players (faculty and instructors) as 
primary owners, designers, and deliverers of their own courses for live instruction 
need to step up and adapt more aggressively more so than any other group. Not to be 
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Facebook, LinkedIn, Twitter, Instagram, and Google with each connectivity model 
functioning according to predetermined business model.

Our ever-evolving digital society intertwines the roles of humans and robots in 
institutions and industries. These roles keep changing as technology advances to near 
capability of humans through artificial intelligence and deep learning permeating the 
deepest trenches of every industry, not excluding higher education. In higher educa-
tion, it is hardly noticeable that the roles of main players (faculty and instructors) as 
primary owners, designers, and deliverers of their own courses for live instruction 
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confused with purely online learning, tech-driven courses go beyond use of learning 
management system, LMS. PLErify use of private server, resource, and tool-based 
application is one such solution and discussed below.

2. Emerging faculty role in an AI-driven scenario.

“If we teach today’s students as we taught yesterday’s, we rob them of tomorrow”.
John Dewey

An American philosopher and educator, John Dewey (1859–1952) gave a very 
powerful quote with a whole new meaning that is truer now than in his time. Truer 
now because the educational methods we now deal with goes beyond the chalk-
board, goes beyond talking in front of students, and goes beyond doing projects 
in isolation using pen and paper. Not completely discounting the power and value 
of note-taking using pen and paper and would not advise against the method, it is 
important to recognize the presence of computational tools being used as part of 
current teaching methods he would have never imagined would exist today.

Undeniably, educational technology tools ushered the transition from passive 
(sit, listen, take notes) to active (interactive “constructivist” learning) with students 
defining their knowledge accumulation, construction, and learning pathways. 
Deep learning, Machine Learning, Big Data and Internet of Things (IoT), and 
artificial intelligence disrupting education in more pervasive ways have no specific 
timeframe. While innovation and adaptation slowly chip away traditional education 
system, the idea of faculty being put aside with little to no role in designing, offer-
ing, syndicating, and delivering courses (aptly described as course massification) is 
in fact a repelling thought. In universities however, few scenarios must play out to 
avoid a scenario where the machine decides and controls. The professor must play 
the central role but in an enhanced strategic [1] and impactful way. They (professors) 
must assume leadership roles to formulate actionable changes but be cognizant and 
fully prepared to face added responsibilities from programming robot conscious-
ness to designing robotized courses through aggregating and updating content, that 
is, build virtual (academic versions of Alexa-like) robot assistants [2], automated 
pulling of content from a variety of resources. These new robot-driven challenges in 
higher education are succinctly described as follows.

2.1 Robots and professors for efficient teaching

Widely practiced in Japan, Korea, Taiwan, Singapore, and China, are robots 
(built in the likeness of a professor/researcher), robot applications, and robots 
programmed to co-teach/co-research juggling the myriad roles of the human 
instructor. Other foreseen creative uses of these robots involve individualizing 
attention to each student, thereby ensuring progress, remediation, and success 
(knowledgebase-driven virtual assistants). Missing in those possible roles are 
robots that build online courses for professors based on didactic teaching styles and 
student learning styles all utilizing high integrity knowledge bases with optimum 
performance. Past attempts at course development using course sequencing [3], 
adaptive learning paths [4], computational teaching, and participatory teaching [5] 
can inspire new innovations in this area. One deep-learn course building technique 
is an AI-based course aggregator (software-based) which pulls different curriculum 
(using Big Data) of the same course from many places/universities and then gets 
stored to a central location where students get to pick and choose a course program 
of study. These new courses would be up-to-date with new data that include recent 
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developments in the discipline. Since my focus on PLErify is to assist the instructor, 
the adaptive learning concept for learners based on any learner model (cognitive, 
behaviorist, and mental models) has been intentionally skipped.

2.2  The MOOC-as-course augmentation for faculty and as resource for PLErify 
teaching learning

In AI age, faculty must face their new roles as programmer and owner/builder 
of learning environments of their courses that they must update per semester. 
Professors who remain indifferent in the new reality of a virtualized higher 
education vis-a-vis their expanded roles and new responsibilities will face major 
challenges as industry-driven automation-driven AI persistently seek dormant or 
stagnant unchanging areas to automate and simplify. A faculty [6] from Scotland 
recalls his very productive sabbatical spent at Google (Big Tech and AI-driven) in 
Silicon Valley. In that sabbatical, this academically trained faculty learned and 
eventually re-adapted his purely academic mindset (coding) to meld with that of 
a practitioner’s mindset and started building coding projects that work in real life. 
Faculty (particularly those in the sciences and engineering) can follow Barker’s example 
and come out technologically empowered fusing the academic with the practical 
real world and impart the same mentality to its students, that is, college to career.

Regardless, MOOC courses will continue to be made available online to anybody 
for free, or at a minimal cost. Boosting acceleration of acceptance by universities glob-
ally, MOOC continues an upward evolution toward a better practical higher education 
option for both career (skills training or mastery certifications system) and advanced 
degrees (bachelors, masters, and doctorate). Also, with student advancement (and their 
interest in mind) and ease of teaching for instructors as prime motivators for MOOC 
development, there is truly so much about the MOOC system to be appreciated that 
will make higher education leaner, more efficient, very current, and very affordable.

Another very encouragingly useful aspect of MOOC that is only now being real-
ized is, they add to the personalization of learning both as a teaching resource for 
instructors and as an inexpensive way for students to obtain advanced degrees and 
lastly but more importantly to upgrade skills of work professionals. MOOC business 
model is being revamped and, evolving toward a more profitable version, thereby 
offering fee-based enrollments where certification of completion is a student’s 
objective. The free aspect of the MOOC model however can be used by all faculty 
as another teaching tool. For example, professors can require students to take the 
MOOC version of their course offered by other universities (now estimated at 900) 
shown in Figure 1, before students take the real course. In a PLErify state, courses 
already in MOOC database can be treated as a required mastery before registering 
and enrolling in the equivalent actual university traditional course or program 
unloading faculty of heavy teaching. Some tedious portions of the course can be 
bypassed having mastered it beforehand through MOOC.

While debates and experimentation continue to grow in artificial intelligence, 
PLErify App (2007) remains a precursor to the above scenarios. Even though the core of 
educational technology research centers on academic applications, academe, ironically 
remains the most resistant and the slowest to adapt to a scenario of AI, Big Data and 
IoT which when taken as a group suddenly changes the course delivery game. Groups in 
the tech industry persistently hint at a future without a human teacher and professor, 
as computer scientists now and then flirt with the idea of adding consciousness to a 
computer. At this time though, a robot cannot actually augment human cognitive and 
emotional capabilities through what they claim as smarter machines currently experi-
mented in other industries (automobile industry). I would simply and safely assume 
that use of virtual robot assistant is an easy spillover for use in higher education [2].
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It is best to speculate that whatever happens in the corporate industry will, in 
some form happen in the education industry. The digital society interconnects 
everything, from machines and app to the software/hardware; from knowledgebase 
to users; from different variety and degrees of transactional computing; from the 
teachers to the students; from the businesses to the consumers; from the students 
to the universities; from the faculty to the students to the universities; and finally, 
from the ordinary users to everything which can occur via our desktops and our 
handhelds. Apocalyptic ideas have been flouted at global corporate e-learning events 
that hint at the idea of massification to replace traditional creative teaching without a 
human teacher, which may appeal to select academicians who fall into the trappings 
of “easy teaching,” that is, less classroom presence and letting the students watch 
video lectures and digitized .pdf files of the syllabus. Given that these handheld tools 
are now a normal part of everyday life blending the here, the now, and the future, 
a DIY culture for course building becomes inevitable. Embodied by the PLErify 
application (2007), the DIY mindset provides a solid training ground for ubiquitous 
computing vis-a-vis course building as it involves an interplay of a variety of cogni-
tive skills combined with digital conversion of ideas into a viewable medium.

Today, 24/7 we carry our smartphones, iPad, and other handhelds also known 
as mini/microcomputers, more powerful than any computers built in the 1980s 
and the 1990s, with us and with these technologies we socialize, network, listen 
to music, share photos, financially transact, chat on live video, and much more, 
thereby doing tasks never before possible at the very same period of time educators 
were theorizing on learner styles, cognitive styles, etc. My own observation over 
this past decade is that while educators spent so much time researching learner 
styles and cognitive styles, they believed impacted learning, Big Tech simply went 
ahead and produced a plethora of handhelds and smartphones that rapidly jump-
started user acquiring tech skills in turn accelerating mastery that are, fortunately, 
usable in both daily life and university learning but unfortunately left out those who 
could not keep up with the constant roll-out of new versions and models. What that 
phase did to each of us was it made us tech-savvy and I would argue, smarter. Now, 
certain tech user interactions have become ingrained for majority of us smartphone 
and multiple device owner and users. Majority of learner tasks to: make choices, 
complete learner tasks, solve problems, think about thinking (metacognition), 
compute, analyze have become second nature.

Indeed, technology has a very democratizing effect on its dedicated users from 
acquiring uniformity of skills to performing actions to obtain something back 
as a result; skills, which by the way, are also transferable to other domains from 

Figure 1. 
The hard-to-ignore breadth and reach of MOOC globally.
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personal, to business, to higher education with specific attention to learners. All 
users get it. We can turn on the device, charge the device, download and use apps, 
transact, collaborate, blog, share documents, and so many other things that it is 
now second nature to have (as opposed to not have) our smart devices even while we 
sleep. Technology has intercepted our lives in unimaginable and remarkable ways 
psychologically but best of all, educationally. I must conclude that though technol-
ogy tools are not advisable for use by children, technology for mature adults is an 
additive rather than a subtractive experience.

3. Didactic models for creative computational teaching

The timely re-entry of computational [7] tools to teach creatively befits this era 
of our technology-driven education. Less intervention on how students create their 
learning paths as they meld new learning with what they already know in work-
ing memory gives students a better grasp at how to manage their interactions and 
the accumulation of those interactions in a self-directed way exemplified by the 
constructivist didactic model used in the Virtual Mentor Project notably learning by 
asking LBA Project [8].

The actors on stage in the world of tech-based teaching and learning and their 
functions in the teaching learning equation are summarized with one infrastructure 
in common: connection to the Internet (Figure 2).

Software applications accessible on the web allow both instructors (course makers)  
and students (users) to manipulate course content to create, present, and store. 
Learning Management Systems (LMS) are prepackaged applications that act as an 
administrative tool to manage the online course, the students who enroll, and the 
professor who offers the courses. Artificial intelligence (AI) is the byproduct of deep 
learning, huge swathes of databases within a database that when meshed together 
gives it intelligence though within a limit, that is, you can program a robot to do 
certain things that will be limited to the amount of intelligence you put in it. A 
human is still in command and an ill-programmed robot like a biased robot gives 

Figure 2. 
Technology infrastructure to teach.
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disastrous results. Data science is the highest application of computational ability 
that can detect patterns of naturally occurring events in nature, analyze it, and 
provide very accurate predictions and analysis in context. Interactive rooms/walls 
that began in the mid to late 1990s, but was not very successful such as the project 
at Stanford University and though unsuccessful at its early attempts to merge it in 
the teaching and learning game, has re-emerged (Germany Applications) with more 
sophisticated screens that cover the entire walls making possible the projection of 
visualized data comprehensible to all learners.

Augmented reality when applied has the capability to freeze, slow down or speed 
up, and look for patterns among piles and piles of data and of events that are intended 
to be analyzed and deduce from. It is very useful in the science and engineering course 
making in particular, though also usable in other fields when observation of actions is 
sought. Virtual reality or virtual environments are computing environments otherwise 
called virtual immersions where “users are immersed in low latency high-quality visual 
stimuli and spatial audio amplified by motion platforms, dispersed systems, and 
active/passive haptic device that allow users to fill objects with more sophisticated 
systems equipped with gesture recognition and voice input. Success of VE systems 
depend on system performance matching user expectations” [9]. Ubiquitous comput-
ing is computing at its finest you hardly notice it. The Clouds are on demand delivery 
model that enables the synchronized delivery of computing resources such as appli-
cations, storage, servers, networks, and services (liberating software providers of 
low-level IT on premise infrastructure) that allows instant scale up of various types 
of web services [10]. Web services are on-demand applications, storage, and servers 
and sometimes called SaaS, PaaS, and IaaS enabled mostly through the cloud. DevOps 
and Containerization [11] is a systems management technique for on-demand services 
performed in a bundled way as a completely packaged infrastructure (operating system 
and software applications) updateable on the fly with the least hassle.

Bonk [12] aptly describes a changed e-learning ecosystem in the past two decades 
and summarizes it based on three themes namely Learner Engagement, Pervasiveness, 
and Customizability using the same computing technologies for document-sharing, 
collaborating, software, hardware, communicating, and digital resource use. Based 
on learner engagement, he cites, 1—mobility, 2—visual, 3—touch sensory,  
4—game-based, 5—immersive, 6—collaborative, 7—social, 8—digital and resource 
rich, 9—adventurous, 10—hands-on and in its pervasiveness, 11—mostly online, 
12—video-based, 13—global, 14—immediate, 15—access to experts, and  
16—synchronous in being customizable, e-Learning is more 17—open, 18—more 
blended, 19—more competency-based, and 20—ubiquitous. With its customiz-
able quality, e-learning is 21—more blended, 22—more self-directed, 23—more 
competency-based, 24—more on demand, 25—more massive, 26—more modular, 
27—more communal, 28—more modifiable, 29—more flipped, and 30—more 
personal. The “more personal” thus sets the stage for personalization (PLErify) in 
both teaching and learning, which lends itself appropriately to the different didactic 
models [13] of teaching for different types of courses whether it is intended for 
knowledge-building, theorizing, knowledge or skills acquisition, model-building, 
simulation, and argumentation.

4. General instructional design with less focus on user learning style

Instructional design for high-performance computing [5, 7, 14, 15] focuses on 
the principles governing working memory vis-a-vis cognitive load [16] extracting 
memories associated with completion of task (primary and secondary memories). 
Primary memory are those cognitive schemas a person acquires as a result of 
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interacting with the environment stored in long-term memory which the secondary 
memory (the cognitive schemas stored in short-term memory) uses to solve problems 
though not without limits. Knowledge creation for working memory follows the 
principles of (a) “narrow limit of change,” that is, within a small span of time, 
new information should be very limited in order for it to be stored in long-term 
memory. “Unlimited”: it may be in the amount of information it can process, working 
memory follows the principle of being capable of spewing (b) “unlimited amount of 
information” for information retrieval. When that knowledge creation does not occur, 
the mind adjusts by following the principle of (c) “randomness as genesis” methods 
(the borrowing and reorganizing principle, that is, imitation, listening, reading, and 
social interaction) to compensate in the knowledge creation. Finally, when cognitive 
overload must be overcome to commit new knowledge in long-term working memory, 
the mind does what is called the principle of environmental organizing and linking, 
retrieving, and cycles through information already stored in long-term memory.

In non-scientific, non-engineering subject matter, focus on cognitive load 
combined with learning theories has not been exhaustively studied. Learning styles 
has been linked to the effective design of course materials as it affects comprehen-
sion and overall performance [17]. A person’s style of learning is determined by 
environmental factors manifested through behavioral patterns. In my 2001 Doctoral 
Dissertation [15] experimental study based on learning style effect on user perfor-
mance, I found out that in a matched condition, i.e., matching concrete icons with 
concrete learners and matching abstract icons with abstract learners resulted in 
better performance on recall and memory and task completion. Concrete learners 
performed better overall in a matched condition. There are other learning theories 
besides that was used (Kolb’s) in my experiment and most are in the style of thinking 
and therefore behaving, extent of proficiency or lack of and style of responding to 
environmental triggers. Knowing fully well that style of learning in the AI-driven 
teaching will override the learning style consideration, platforms will be built 
mainly based on learner independence during the learning process. That is, they will 
determine the route, path, and speed at accumulation of knowledge and skills as they 
see fit. In the past, there was “adaptive learning” where the computer adjusts to the 
learner based on the speed of knowledge acquisition of the user and then readjusts 
the next set of materials based on that performance. If the previous task proved 
hard, the computer generates an easier task to complete and vice versa.

Though the idea that learner pathways must still be considered in designing 
personal learning environments, it is safe not to overly worry about learners and skip 
the time-consuming practice of hand-holding knowing that users have full control of 
their digital strategies and techniques to learn. It is both consoling and problematic 
at the same time: consoling because instructors would not need to look over learner’s 
shoulders during the process of mastery, yet problematic because it now forces the 
instructors to be on the top of every technology used by the learner. Instructors need to 
possess tech skills better than students. Casual everyday users (including the dark forces 
of the web) of tech will possess mastery of technology for every intended purpose.

5. State of purely online learning

MOOCs, such as EdX, Coursera, Open CourseWare (OCW), and hybrid 
designs, are designed to offer free courses for poor countries (MOOC), to corpora-
tions (Coursera and Udacity), EdX (universities), however of late modified it to 
a paid model adding some validation features to address legitimacy of courses, 
such as granting of certificates, shortening of Master’s program as the case in 
Georgia Tech. Student attrition remains a problem compared to regular traditional 
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disastrous results. Data science is the highest application of computational ability 
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classroom model proving that regardless of convenience, students still prefer a 
human teacher in the classroom indicative of what history has revealed, that is, the 
most valuable teacher is a human. Another acute finding is that MOOC courses are 
not suitable for advanced courses that can only be handled by a human.

Alternatively, MOOC courses, based on a very interesting observation of Cooper 
and Mehran [18], have the potential utility in personalized learning in the same 
manner as YouTube online video courses do, that is, a place to find highly reputable 
learning resources for students to pre-familiarize themselves of courses they will 
take before they turn up at actual class lectures. This utility when applied as a 
“before-you-attend-a-class” feature skirts the nagging issues attached in MOOC 
such as validation, plagiarism, certification, and lack of richer evaluation. MOOC, 
in that capacity, is indeed a welcome addition to personalized learning. One mon-
etization [19] possibility explored by MOOC concerns that of providing added 
validation about the student for employment which, to my mind is very interesting 
and closes the loop of education to career. In an interview [13] with John Hennessey 
by his longtime colleague Davis Patterson, John was very enthusiastic about MOOC 
and thought of it is a compelling solution for continuing education (skills upgrading 
for working professionals) with his continuing belief that Masters and PhD pro-
gram will be part of MOOC and non-MOOC.

In that vein, professors in higher education institutions need to skill themselves 
sufficiently to be able to create a digital course only once but updated for every 
semester’s offering. Faculty load of work is, in truth, lightened while students 
carry most of the load of a course, that is, reading materials, accessing mixed 
modal multimedia, collaborating, project work, homework, assignments, critiqu-
ing, mid-term exams, and final exams. In the PLErify platform, AI tools, in the 
research (Research Resources and Libraries Semantic Knowledgebase), analytics 
(Quantifying/Analytical engines), authoring (Multimedia and Multimodal), and 
learning management systems (Course Delivery Student Access Point) are placed 
in a private server for the instructor where he is given the freedom to extract all 
sorts of information for his course and capture and store those information in an 
organized cataloged file directory (on both desktop and the Private server) purely 
for his own access Figure 6.

6. PLErify course design and future AI prospects

PLErify components that are visually depicted in Figure 3 are as follows.
Research is a set of live databases to extract content through digital libraries for 

download of scholarly materials, quantitative and qualitative data. Analytics is a set 
of measurement tools to analyze datasets and extract visualization files for inclu-
sion in the instructor’s course curriculum. Authoring tools are a set of applications 
to convert text to viewable mixed media and mix it up for immediate playback as 
one full course. Learning management system (LMS) is described in my paper [1] 
“Virtualized Higher Education” as the course’s administrative tool performing the 
tedious tasks as the container that holds a course or courses. An LMS is an applica-
tion that typically contains the following: administrative features for managing con-
tent: content uploading/downloading; calendar and scheduling instructor timings; 
student administration; faculty/student communication tool; conferencing; and 
homework/project submission and grading. These processes and activities as shown 
in Figure 4 are time-consuming and repetitive some of which can be made efficient 
through automation. Decisions to automate parts of the PLErify platform depends 
on the instructor who (after updating his skills in AI, deep learning, virtual assistants, 
and robots) can select which activities to augment as shown in Figure 7.
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Figure 3. 
The PLErify application toolset desktop version (http://elearnovate.com/plerify).

Figure 4. 
PLErify processes and organizing storage principles for the Mac and Windows.
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6.1 Sample course curriculum on learning styles

• Module I: Timeline Origins and Theorists

 ○ Step  1 Research: gather literature on early theorists (background, philoso-
phies, and teachings)

 ○ Step 2 Analytics: quantitative data from research associated with background, 
philosophies, teachings, and applications of learning theory in higher 
education

 ○ Step 3: extract visuals and moving media equivalent of content derived from 
steps 1 and 2 and combine them to illustrate concepts and examples

 ○ Step 4: prepare the interactive module summary for Part 1.

• Module II: Belief Systems of LS (Cognition, Behaviorism, Environment)

 ○ Step 1: gather literature on LS relative to cognition, behaviorism, and 
environment

 ○ Step 2: extract quantitative/qualitative data on LS relative to cognition, 
behaviorism, and environment

 ○ Step 3: extract visuals and moving media equivalent of content derived from 
steps 1 and 2 and combine them to illustrate concepts and examples

 ○ Step 4: prepare interactive module summary for Part II.

• Module III: Higher Education Applications of Learning Styles

 ○ Step 1: gather research on higher education use of learning styles (projects 
successful or unsuccessful)

 ○ Step 2: extract quantitative or qualitative info based on above.

 ○ Step 3: visuals and moving media from steps 1 and 2.

 ○ Step 4: prepare interactive module summary for Part III.

Identify simulation videos or games to illustrate LS application.
Include the URL’s of videos (simulation and VR) within the course before pack-

aging it for export to the LMS. Package the three modules as one course and export 
it to the LMS enroll students taking the course.

Add a Course Evaluation (Table 1) showing a generic form freely available 
online at https://www.jotform.com/form-templates/course-evaluation-form-3.

6.2 Course and instructor evaluation form

Instructor’s Name.
Course Description.
Course Number Date-Month-Day Year.
Please evaluate honestly.
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6.3 Student participation

The amount of effort you put into this course was:
Excellent Very Good Good Fair Poor Very Poor.
On average, how many hours a week did you spend on this course (in and out of 

class)?
0–2 2–5 6–10 11–14 15 Up.
What grade do you expect in this course?
A (4.5–5.0) B (3.5–4.4) C (2.5–3.4) D (1.7–2.4).
This course is best described as:
Major Minor A distribution requirement A program requirement Prerequisite 

Other.
Every e-learning course is organized into modules shown in Figure 5. To popu-

late content, the method is quite straightforward starting with Module 1 but not 
necessarily following a linear process, that is an instructor can jump from Module 1 
to other modules in no particular order depending on how they interconnect topics 
and ideas.

Click Module 1. Module 1 will load chapters. In the edit mode, you can replace 
the content with your content. Chapter 1’s format is repeated for Chapters 2–4. 
You can replace the content as your syllabus progresses. In each chapter, you can 
include datasets (from the research toolset analyzed with results presented).  

Table 1. 
Generic course evaluation form that can be modified.
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These analyses of presented data, or sample data can be saved in database read-
able format backed up in instructor’s private server and desktop for inclusion in 
the digital course. The content of the modules is managed as shown in Figure 6. 
For example, in a digital course on Learning Theories, an instructor will find the 
timeline data to present the history of the early to modern learning theorists. This 
timeline tool in the PLErify App can be dramatized through an augmented reality 
historical film on the significance of each era and how it influenced education at 
different times in the history of the modern world.

Personal learning environments or expert systems as it is sometimes called is 
disruptive enough to education due to its “lean to use automation.” Any AI applica-
tion is still limited in capability where human skills of negotiation, detection, mobi-
lization, and understanding of power and trust (much like the gut instinct humans 
have to sense danger and change) is required. In other words, regardless of whether it 
is continually built to be smarter and smarter and contradicted by Krakovsky [20] 
who has a more optimistic view, AI as predicted may not develop a true “sense of 
self.” Her research to a certain extent can be useful for building the intelligent robot 
as instructor assistants that will be tasked to meet students, answer course-related 
concerns, substitute the human instructor who is on research travel, and track 
student progress as described in Section 2.

Assigning automation features shown in Figure 7 in PLErify in the next 
5–10 years will center on course preparation, in converting a simple text to some-
thing more graphic or visual, combining the visuals into a more powerful single 
visual based on context, capturing real live data from a source known only to the 
instructor, citing the link of that source in the course materials, mastery in the use 
of sophisticated tech-enhanced classroom, synching course presentation of materi-
als with the tools in the smart tech-enhanced classroom, and automating tasks in 
use of the LMS.

Figure 5. 
PLErify course creation in modules.

Figure 6. 
Course module management.
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7. Reflections on the profession vis-a-vis digital society

We can entrust the ability to recognize learner styles, learner abilities, compre-
hension and understanding in Artificial Intelligence (AI) as it continues its ascent 
towards enhanced intelligence in almost all facets of our digital life in this case 
Higher Education and Course building. In that token, Instructor (as Designers) and 
Technologists can look into Chris Stary’s [13] research on the Scholion Project as 
one guide looking into the design and implementation of his constructivist-based 
project that aids learners taking into account learners’ mental models, cognition and 
metacognition.

In this second half of this decade, AI’s recognition capability has gone far beyond 
its early beginnings that it is now termed the Age of the Machine. Much similar to 
Elon Musk’s Tesla, the machine can now build other machines. Thinking about this 
new reality in education also means the teaching and learning can now rid of a lot 

Figure 7. 
Areas in PLErify that may be automated highlighted in red circle.
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of the mundane tasks in: course creation (by instructors), course management (by 
LMS’s), course participation (students), grading and course evaluation methodol-
ogy, and issuing valid certification. The machine age that will make our transition 
to a fully digital society brings with it a whole slew of new realities as well for the 
professional. The expectations from each of us has become compounded to an 
extent that a degree certificate attached to an individual that requires skills are also 
updated be it technical, socialization, community, or connectivity [21].

Professional degree certificates (undergraduate and graduate) now also comes 
with it the responsibilities of skills upgrading on a continuing basis; of being in 
communities attached to that profession; of being in the know in those communities; 
of being socialized in the platforms of Facebook, Twitter, Instagram, and LinkedIn 
to not just being there but being a part of the larger whole comprised of billions of 
people in the world. To think about it in terms of how AI responds to that changed 
perspective is to assume that all these interactions are captured by the AI machine 
and adds it in terms of quantifiable data, making new assumptions about the added 
data in effect, understanding ourselves more from that newly captured information 
producing an updated profile of a person’s learners style based on captured cognitive 
functions and user action decisions as opposed to self-reported learner style [22].

Schneider [21] points out that through data analytics, these learner characteristics 
can be extracted automatically from user’s ongoing interaction to perform a variety of 
transactions (from finding a route using GPS (geographical positioning system) or learning 
online to online banking transaction) in day-to-day lives. When these patterns of user 
interaction are validated, a method called “user nudging” could be used much like 
adaptive computing that “adjusts to serving user tasks based on prior action,” that is, 
nudging would guide user actions by giving choices through prompts.

Denning [23] summarizes it brilliantly that to truly survive in the age of machines 
where the knowledge worker conducts work on highly intelligent machines, new 
expectations come to the fore that requires pragmatism in belongingness, ever 
adapting skillsets that changes as the system changes, community building based on 
chosen areas of belongingness (professional, leisure, or recreational), and last but 
not least, willingness to mentor, to display your skills to the person that needs it so 
that the next learner improves the knowledge to the next and so on and so forth.

8. Conclusion

8.1 Security concerns with respect to PLErify, MOOC, and tech tools

Security breaches from China, North/South Korea, and Russia are a threat to our 
tech-enabled life. These countries’ very advanced cyber-surveillance and intrusion 
system have penetrated US cyber defense system potentially undoing major educa-
tion technology advancements. The industry needs to come up with a very strong 
authentication system as well as cyber-blocking mechanisms beyond the obvious 
firewalls.

Without a strong cyber security strategy attached to all these tech innovations, 
any attempts at technologizing higher education would face enormous challenges. 
China’s breaches covered the entire hardware/software and telecommunication 
ecosystem (home routers included) baffling Europe, the US, and Australia. A solu-
tion that has been proposed is virtualization and containerization. If virtualization 
and containerization provides a guarantee for the safety and security of cumulative 
progress and strides made in the education sector and if we are willing to adapt to 
rapid changes demanded of us as educators, faculty, and students, then the future 
will certainly be bright.
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Chapter 5

Mechanical Engineering Design: 
Going over the Analysis-Synthesis 
Mountain to Seed Creativity
Kant Kanyarusoke

Abstract

This chapter advocates and exemplifies a change in delivering mechanical 
engineering design (MED) to undergraduate students. It looks at, and critiques the 
current delivery mode which treats MED as an extension of Natural and Engineering 
Science, through its bias for analysis of existing systems. It is argued that even 
though students’ innovativeness might be getting slightly enhanced, their creativ-
ity is stunted by the mode. So, is their understanding of how machines evolve from 
human needs, and of how non science related issues affect the evolution. A new 
teaching approach which attempts to align student thinking and learning activities 
with what exists in industrial MED is suggested. In this approach, human needs 
drive engineering problem formulation, which in turn, precipitates a synthesis of 
machines, mechanisms and constituent elements to satisfy the needs in a regulated 
environment. The regulation obeys laws of science but is mostly, ‘Humanities’— 
constrained. Creativity and innovation case studies are given, and it is shown how 
new machines can come into existence in the course of learning MED. This would be 
difficult in the current delivery mode. The new mode, of synthesis followed by iterative 
analysis, helps students build self-confidence and prepares them better for industry.

Keywords: analysis, creativity, innovation, mechanical engineering design, synthesis

1. Introduction

Mechanical engineering design (MED) deals with conceptualising, planning, 
optimising and communicating mechanical systems to do specific tasks [1]. The tasks 
are meant to satisfy specific needs as desired by Man. In a most general form therefore, 
human needs satisfaction, requiring tasks to be done in a mechanised way, are the 
primary drivers of MED [2]. These needs could be anything from physical, such as mov-
ing between places ‘X’ and ‘Y’, to thermal comfort as in air-conditioning, to egoistic 
and futuristic as in imagining being part of a generation that sends human species out 
of the solar system, etc. It is evident that these need-drivers can be diverse and very 
complex: sometimes, they may neither be directly related to ordinary science, nor to 
normal expressions of art. Yet, the systems which have to do the tasks are physical. 
They are regulated by laws of Physics and Mathematics—whether known, or yet to be 
discovered. Moreover, they are expressed in artistic form to appeal to potential users 
and handlers. This marks the first hurdle in MED: to relate the obscure needs to as yet, 
inexistent systems. At engineering student level, this is perhaps the greatest challenge. 
We shall shortly see why this chapter symbolically refers to it as a ‘mountain’.
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Physically, mechanical systems consist of materials—shaped, sized and con-
nected in such a way that energy can be input at certain points to cause desirable 
changes at other points within the system [3]. ‘Desirable’ here, means the ‘changes’ 
at those other points positively contribute to satisfaction of needs. The simplest 
identifiable material in the system is called a machine element. The contribu-
tion in most systems is through several groups of connections of elements, called 
mechanisms, which in turn are also interconnected to form the total system, or 
machine. Therefore, MED has to consider selection of materials for the elements, 
sources of input energy, and transformations of this energy within the machines 
being designed. Prior education and training of mechanical engineering students 
tends to prepare them quite well for this part of MED. This is especially so, because 
MED, as a subject, is normally taught later in their studies, after they have done a 
fair amount of engineering science subject modules. Hence, many undergraduate 
MED curricula tend to focus on design of individual machine elements, as typified 
in Refs. [4-6], and in text books [7–9]. Necessary and convenient as this may be, 
it creates a mental comfort zone for students that tends to further disable them 
from connecting the obscure human needs to the very machine elements they may 
be studying. They are in one valley of comfort, while the needs are in another. An 
invisible mountain separates the two valleys. How do we make that mountain  
visible—and how do we help students ascend, and then descend it? Those are the 
two questions addressed in this chapter.

MED is not simply the identification of needs, and inventing or conceptualising 
machines to satisfy those needs. In a world of ever increasing scarcity of both materials 
and readily exploitable energy resources, and where many other engineering design-
ers are competing to satisfy the same needs—possibly in different ways, MED has to 
include a consideration of alternative and/or complementary designs. The alternatives 
have to be compared with, and contrasted against, each other on well-defined criteria. 
Complementary designs may be necessary to extend market outreach. To the extent 
that these comparisons and contrasts can be modelled mathematically, and analytical 
optimisation procedures carried out, engineering students have little difficulty in this 
area. However, careful consideration of needs, gives rise to two questions. One is on 
extents to which the needs are likely to be met; the other is on how infrequently and for 
how long in a given period, they are not likely to be met. The first of these concerns, 
contributes to quality of the design. The second leads to reliability. These two areas are 
probabilistic and are less familiar to students than the physical or ‘functionality’ part 
of MED. Along with them, come others characterised by chaos. These include market-
ability, effects on and by the environment, etc. All these issues (Functionality, Quality, 
Reliability, Marketability, Safety and Environmental, etc.) have to be planned for in the 
design. Finally, the design has to be persuasively communicated.

The endpoint of MED has traditionally been sets of detailed engineering draw-
ings [10]. Today however, it may, in addition include: a set of simulations and their 
results, a working physical model, a working prototype and a series of oral and writ-
ten presentations. This author considers that as much as possible, mechanical engi-
neering students should not be let to end designs at drawings alone. This is because 
at their stage of professional development, they have not yet mustered sufficient 
insights on manufacturing and assembly processes to give error-free manufactur-
ing drawings for workshop personnel to make and assemble satisfactory machines. 
The author finds that—requiring and guiding them to translate their drawings into 
models or working prototypes, greatly helps them improve their overall design and 
manufacturing abilities. More importantly, drawings, and simulations, do not pro-
duce the same level of satisfaction and self-confidence building as a finished working 
model or a prototype. One case in this chapter illustrates the principle of ending with 
a working prototype while the other, builds on a similarly finished student project.
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The remainder of the chapter is therefore arranged as follows: we begin with a quick 
description of engineering analysis, to which, most MED students and practitioners are 
used, and in which, they easily find a comfort zone. Then, as a point of departure, we 
present a sample of industry design processes as reported in the literature. In Section 3, 
we present two cases: one is by the author, on design evolution of a hydro mechanism he 
invented in 2015. The second is by a physically challenged student, building on previous 
work. The originality and contribution of this chapter is in demonstrating an alternative 
method of delivering MED courses in order to quicken nurturing of innovation and 
creativity among mechanical engineering undergraduates. In the conclusion section, we 
summarise the differences between the two delivery approaches.

2. A brief on engineering design processes and methods

In this section, we first present the current state of handling MED at under-
graduate level. We show it as being biased towards engineering analysis, rather than 
to the more desirable engineering synthesis. In the second and third subsections, 
we turn to how engineers in industry do MED. In one, we debrief the reader on 
processes, while in the other, we describe recorded methods.

2.1 Engineering analysis

Engineering analysis works on an existing system, which may be real or virtual 
in form. It applies already known laws of science and engineering to check both 
functionality and feasibility—if virtual. By functionality is meant, a ‘YES’ to the 
question: does this system do what it is intended to do? Feasibility means—a high 
(acceptable—in the circumstances) probability that the imagined system can be made 
and that, after then, it will be functional. The applicable laws of science consist of the 
virtually ‘inviolable’ and universal principles (within limits of present knowledge) 
of Physics and Chemistry, usually, but not always, as explained by Mathematics. In 
mechanical and chemical engineering, for example, laws of motion and of thermo-
dynamics are good examples [11, 12]. So are those of electric and magnetic circuitry, 
and of logic systems in electrical and electronic engineering [13], etc. The second 
group—i.e., of engineering—however, are not necessarily inviolable. Nor do they 
have to be universal. They are practice—based. These engineering practice principles 
distinguish the engineering professional from the physical scientist in ways similar to 
how a medical doctor is different from a biologist, or an agriculturalist from a bota-
nist. In mechanical engineering, such principles include those of making parts of the 
system; joining and assembling into subsystems, and finally into the finished system. 
Then, there are principles related to system usage, e.g., legality, cost, safety, security 
and environmental impacts, etc. It is clear that both the making and usage principles 
can vary from place to place and with era, depending on levels of development and 
acceptability in the societies where the systems are to be made or used.

In countries like South Africa, Botswana and Kenya, where pre-university 
education consists of 12 years at ‘primary’ and ‘secondary’ levels [14–16], University 
engineering curricula tend to start off with a consolidation of physical science and 
mathematical principles, and are then, in mechanical engineering, followed by an 
introduction to ‘making’ principles. In others like Nigeria, Uganda and Zimbabwe, 
the consolidation starts before admission to university in a so called ‘Advanced’ level 
of education [17–19]. Here, the mechanical engineering student starts off at a slightly 
higher level, is introduced to engineering communication, and to other essential 
branches like electrical and materials engineering in addition to some of the ‘making’ 
principles. MED in either case is introduced later, with analysis of virtual systems.
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mechanisms, which in turn are also interconnected to form the total system, or 
machine. Therefore, MED has to consider selection of materials for the elements, 
sources of input energy, and transformations of this energy within the machines 
being designed. Prior education and training of mechanical engineering students 
tends to prepare them quite well for this part of MED. This is especially so, because 
MED, as a subject, is normally taught later in their studies, after they have done a 
fair amount of engineering science subject modules. Hence, many undergraduate 
MED curricula tend to focus on design of individual machine elements, as typified 
in Refs. [4-6], and in text books [7–9]. Necessary and convenient as this may be, 
it creates a mental comfort zone for students that tends to further disable them 
from connecting the obscure human needs to the very machine elements they may 
be studying. They are in one valley of comfort, while the needs are in another. An 
invisible mountain separates the two valleys. How do we make that mountain  
visible—and how do we help students ascend, and then descend it? Those are the 
two questions addressed in this chapter.

MED is not simply the identification of needs, and inventing or conceptualising 
machines to satisfy those needs. In a world of ever increasing scarcity of both materials 
and readily exploitable energy resources, and where many other engineering design-
ers are competing to satisfy the same needs—possibly in different ways, MED has to 
include a consideration of alternative and/or complementary designs. The alternatives 
have to be compared with, and contrasted against, each other on well-defined criteria. 
Complementary designs may be necessary to extend market outreach. To the extent 
that these comparisons and contrasts can be modelled mathematically, and analytical 
optimisation procedures carried out, engineering students have little difficulty in this 
area. However, careful consideration of needs, gives rise to two questions. One is on 
extents to which the needs are likely to be met; the other is on how infrequently and for 
how long in a given period, they are not likely to be met. The first of these concerns, 
contributes to quality of the design. The second leads to reliability. These two areas are 
probabilistic and are less familiar to students than the physical or ‘functionality’ part 
of MED. Along with them, come others characterised by chaos. These include market-
ability, effects on and by the environment, etc. All these issues (Functionality, Quality, 
Reliability, Marketability, Safety and Environmental, etc.) have to be planned for in the 
design. Finally, the design has to be persuasively communicated.

The endpoint of MED has traditionally been sets of detailed engineering draw-
ings [10]. Today however, it may, in addition include: a set of simulations and their 
results, a working physical model, a working prototype and a series of oral and writ-
ten presentations. This author considers that as much as possible, mechanical engi-
neering students should not be let to end designs at drawings alone. This is because 
at their stage of professional development, they have not yet mustered sufficient 
insights on manufacturing and assembly processes to give error-free manufactur-
ing drawings for workshop personnel to make and assemble satisfactory machines. 
The author finds that—requiring and guiding them to translate their drawings into 
models or working prototypes, greatly helps them improve their overall design and 
manufacturing abilities. More importantly, drawings, and simulations, do not pro-
duce the same level of satisfaction and self-confidence building as a finished working 
model or a prototype. One case in this chapter illustrates the principle of ending with 
a working prototype while the other, builds on a similarly finished student project.
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The remainder of the chapter is therefore arranged as follows: we begin with a quick 
description of engineering analysis, to which, most MED students and practitioners are 
used, and in which, they easily find a comfort zone. Then, as a point of departure, we 
present a sample of industry design processes as reported in the literature. In Section 3, 
we present two cases: one is by the author, on design evolution of a hydro mechanism he 
invented in 2015. The second is by a physically challenged student, building on previous 
work. The originality and contribution of this chapter is in demonstrating an alternative 
method of delivering MED courses in order to quicken nurturing of innovation and 
creativity among mechanical engineering undergraduates. In the conclusion section, we 
summarise the differences between the two delivery approaches.

2. A brief on engineering design processes and methods

In this section, we first present the current state of handling MED at under-
graduate level. We show it as being biased towards engineering analysis, rather than 
to the more desirable engineering synthesis. In the second and third subsections, 
we turn to how engineers in industry do MED. In one, we debrief the reader on 
processes, while in the other, we describe recorded methods.

2.1 Engineering analysis

Engineering analysis works on an existing system, which may be real or virtual 
in form. It applies already known laws of science and engineering to check both 
functionality and feasibility—if virtual. By functionality is meant, a ‘YES’ to the 
question: does this system do what it is intended to do? Feasibility means—a high 
(acceptable—in the circumstances) probability that the imagined system can be made 
and that, after then, it will be functional. The applicable laws of science consist of the 
virtually ‘inviolable’ and universal principles (within limits of present knowledge) 
of Physics and Chemistry, usually, but not always, as explained by Mathematics. In 
mechanical and chemical engineering, for example, laws of motion and of thermo-
dynamics are good examples [11, 12]. So are those of electric and magnetic circuitry, 
and of logic systems in electrical and electronic engineering [13], etc. The second 
group—i.e., of engineering—however, are not necessarily inviolable. Nor do they 
have to be universal. They are practice—based. These engineering practice principles 
distinguish the engineering professional from the physical scientist in ways similar to 
how a medical doctor is different from a biologist, or an agriculturalist from a bota-
nist. In mechanical engineering, such principles include those of making parts of the 
system; joining and assembling into subsystems, and finally into the finished system. 
Then, there are principles related to system usage, e.g., legality, cost, safety, security 
and environmental impacts, etc. It is clear that both the making and usage principles 
can vary from place to place and with era, depending on levels of development and 
acceptability in the societies where the systems are to be made or used.

In countries like South Africa, Botswana and Kenya, where pre-university 
education consists of 12 years at ‘primary’ and ‘secondary’ levels [14–16], University 
engineering curricula tend to start off with a consolidation of physical science and 
mathematical principles, and are then, in mechanical engineering, followed by an 
introduction to ‘making’ principles. In others like Nigeria, Uganda and Zimbabwe, 
the consolidation starts before admission to university in a so called ‘Advanced’ level 
of education [17–19]. Here, the mechanical engineering student starts off at a slightly 
higher level, is introduced to engineering communication, and to other essential 
branches like electrical and materials engineering in addition to some of the ‘making’ 
principles. MED in either case is introduced later, with analysis of virtual systems.



New Innovations in Engineering Education and Naval Engineering

70

Even when real systems like engines, motor vehicles, home use machines, etc. 
are available, they are rarely analysed as whole systems because universities tend to 
compartmentalise knowledge. For example, in the case of a car engine, the student 
would have to draw on learnings from ‘experts’ in Thermodynamics, Mechanics 
of Machines, Fluid Mechanics, Materials & Manufacturing Engineering, 
Environmental Science, Electrical/Electronics, etc. These ‘experts’ would have 
taught the respective ‘knowledge compartments’ most generally, often, not even 
mentioning the engine. For the average student, integration of these ‘compart-
ments’ in MED can be a very difficult first step to make, up the symbolic mountain 
mentioned earlier.

The usage principles occasionally come superficially in some final year projects. 
Even then however, the current approach to MED fails to motivate creativity in part, 
because it deals with already existing systems, whether imaginary or not. We can 
accept that it can lead to innovation as when an existing system is modified substan-
tially to perform the same function ‘better’ or to perform others it originally was not 
intended for. We still note however, that limitations can be imposed by an insuffi-
cient grasp of the usage principles. To summarise therefore: to the extent that current 
treatment of MED at universities is theoretical analysis—driven, relying on existing 
systems and with limited concern for usage, it stunts both innovation and creativity. 
The intent of this chapter is to advocate and demonstrate a reversal of that approach, 
and align it with the practice in industry so that on one hand, students appreciate 
MED better, and on the other, they can find it easier to settle in industrial practice 
after they leave campus. Figure 1 shows the two approaches, side by side.

2.2 Engineering design processes

In industrial practice, design approaches have been formalised to ensure as much 
detail on user requirements and on limiting constraints are taken care of, to get as cost 
effective (or profitable) a safe and marketable product as can be achieved. Figure 2 
shows some of the recommended processes in the literature. They all have the follow-
ing characteristics [20–26]:

Figure 1. 
(a) Current and (b) proposed teaching and learning MED approaches.
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• They start with a ‘needs’ identification, followed by problem formulation. This 
means: ‘needs’, and hence usage principles—but not analysis, drive the process.

• They involve many solutions to the same problem. This means: in different cir-
cumstances, any other solution could be appropriate—much unlike in the current 
class room analysis driven approach.

• They are highly iterative. This indicates incorporation of a trial and error meth-
odology, quite unfamiliar to, and unappreciated by engineering students.

• In the cyclic processes, there is no definite endpoint. The working product at step 8 is 
to be continuously improved upon, depending on emerging constraints and needs.

2.3 Engineering design methods

Nigel Cross [21] classifies engineering design methods used in the processes 
of Figure 2 into two major complementary groups: the creative, and the rational 
ones. The former are characterised by their ability to stimulate thought processes, 
removing mental blockages and widening areas of search for solutions to the design 
problem. The latter on the other hand, systematically examine different issues at 
each stage of the processes in Section 2.2, also eventually solving the same problem. 
It is reported that some creative people detest the latter approaches because of their 
apparent prescriptive nature. Many others however, find the rational approaches 
most helpful, even complementary to the creative ones. Tables 1 and 2 summarise 
methods in these two groups of approaches.

Figure 2. 
Four examples of formal MED processes in industry.
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Process Methods Comments

Identifying 
market needs

Market research 
and analysis

Build product objectives tree as ordered sets of targets to be 
achieved, in order to satisfy market needs in the prevailing 
circumstances.

Formulating 
product 
functions

Function analysis Looks at the objectives tree, then determines overall function 
of the product to meet the objectives. The function is further 
decomposed into sub functions and then, possible mechanical 
components are identified to do, and, to integrate these sub 
functions. Limits on what can be done are imposed in form of 
a system boundary.

Specifying 
product 
attributes

Performance 
specification

Determined from functions, independent of possible 
solutions—considering that different products, types and 
features could provide the same functions. Pahl and Beitz 
[27] checklist can be used to define attributes that should 
preferably be quantified in range form, to give a specification.

Synthesizing 
alternative 
concepts

Brain storming As in creative engineering methods.

Morphological 
charting

Components for each sub-function in function analysis are 
tabulated and then, different combinations of these tried, to 
give different products having the same overall functionality.

Evaluating 
alternative 
solutions

Weighted 
objectives

Each feasible concept is considered for its relative position on 
each objective. Then summation of weighted scores guides 
selection. The problem however, is that ordinal scaling can 
result. This must be changed to interval value scaling.

Pugh’s evaluation 
matrix [28]

A benchmark concept is chosen. The others are compared 
with it in turn for each objective on a −1, 0, +1 scale. Totals for 
each objective, are multiplied by a weighting factor, and then 
sums of scores for each concept, computed. The bench mark 
concept scores zero while the best one is that, scoring highest.

Detail design 
and construction

Drawings This step involves sketches of layouts for different concepts; 
assembly and detailed drawings of components of the selected 
concept.

Prototyping May exist in four forms [20]: Mock-ups, Models, Prototypes, 
and Virtual—CAD generated systems. Experimentation is 
done on the first three while simulations are done on virtual 
ones.

Improving 
the optimized 
solution

Value engineering Re-examines the selected concept with intent of either 
reducing delivery cost—without losing functionality, or 
increasing value and utility to the customer, or both.

Table 2. 
Summary of rational engineering design methods.

Method Comments

Brain storming Best in a group, where each individual can make as many suggestions as quickly come 
to mind, irrespective of their apparent merits/demerits.

Synectics Requires drawing parallels between quite unrelated events or things, preferably by 
people in a group discussion, to open up brain cells interconnection channels that can 
more easily lead to a solution.

Search space 
enlargement

Redefines the spectrum in which solution is sought. This can be assisted by: 
questioning the basis of the problem; random actions and making parallels of their 
effects to the problem on hand; dialectical reasoning, etc.

Spark of moment Needs individual to have been thinking about the problem for some time—as in 
solution of plastic-latex jointing in Section 3.1 below.

Table 1. 
Summary of creative engineering design methods.
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3. Case studies

We will now illustrate two cases of using some of the above approaches in an 
academic—rather than—an industrial environment. The first case is by the author 
himself. It exemplifies the creative design approach, and addresses an issue in solar 
energy engineering, of maximising useful energy yields from a flat-surfaced solar 
energy harnessing device. The second case shows a rational design approach, as 
taught to students in attempt to change MED from an analysis driven course, to a 
synthesis driven one. It builds on student knowledge gained from designing and 
constructing a multispeed fluid mixing vessel. The student designs a system for 
essential oils extraction from African herbs.

3.1 Case 1: invention of a new hydro mechanism for sun tracking

A new hydro-mechanism for interconverting linear and rotary motion was 
invented—and is described in a South African patent by the Cape Peninsula 
University of Technology (CPUT) [29]. The primary motive of the invention was 
to create a mechanism that would be deployed in a novel single axis sun tracking 
device that relied on mechanical energy to turn a domestic home solar energy 
collecting surface during the day, and return it to a morning position any time 
before daybreak. Figure 3 shows the mechanism being used in conjunction with a 
photovoltaic panel.

3.1.1 Design processes

The approach used was a slight modification of the Remo Reuben open 
process in Figure 2. There was branching at the stage of evaluating alternative 
concepts, which led to other, very different products altogether—discussed in 
Refs. [30, 31].

3.1.2 Identification of need and formulation of engineering problems

A need for a new single axis sun tracking device, suitable for sub-Saharan Africa 
conditions of bi-hemispherical location, low credit and disposable incomes, and an 
inadequate technical skill base had been established in Ref. [32].

Figure 3. 
The hydro mechanism driving a sun tracking PV panel (watch online video at: https://www.youtube.com/
watch?v=79CKBxt_h-I).
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3. Case studies
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Figure 3. 
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The product design problem and its sub problems were defined as: “Design a 
single axis sun tracking mechanism and its coupling means to a domestic home flat 
solar collector, so that the latter will be able to receive more energy from the sun, 
and therefore through the appropriate conversion process, yield more output than 
when in a fixed orientation.”

The sub problems, imposed by constraints discovered during identification of 
the ‘Need’ were:

• What would be the source(s) of energy in the mechanism?

• What motion transformations would the mechanism have to effect—and by 
which machine elements?

• How would the motion transformation be controlled, and how much energy would 
be required for both transformation and control?

• Which materials and manufacturing/assembly methods would be used to make 
and install the mechanism?

• What operational and maintenance tasks would be expected of the owner/
user?

3.1.3 Solutions: evolution of the gravity driven hydro-mechanical tracker

Many solutions were investigated. Some were tried up to manufacture stage, 
and then discarded. Here, only significant ones are described in chronological 
order up to the prototype milestone. The reasons for discarding or modifying them 
are given.

3.1.3.1  The initial concept: solar-thermal hydraulic (STH) system with mechanical 
clock control of valves

A STH powered, spring controlled system was envisaged as in Figure 4. A 
hydraulic head hmax was to be provided by a liquid in shaded tank ‘A’, connected 
to spring bank k through a one way valve V1 and a cylinder-piston assembly. The 
piston rod would be a cylindrical rack, which energises the compression spring 
at the other end. The rack would drive a gear train to which, the frame holding 
the solar collector would have been coupled. At the end of the cylinder, was to 
be a one way valve V2, leading to an un-shaded small tank ‘B’. In late evening, 
with V2 closed, and the piston at extreme western position, the panel would be 
facing west. V1 would be actuated to open by the closure of V2. Liquid would 
flow into the cylinder, and compress the spring bank to the maximum (at which 
point a head hmin would act on the piston) while reorienting the panel to face 
eastward for the next day. In the morning, valve V2 would be actuated by a clock 
signal to open. Valve V1 would simultaneously close. During the day, the V1-V2 
link would be automatically deactivated to enable independent operation of V2 
without opening V1. Then, a clock mechanism would intermittently open  
V2 allowing a precise liquid weight to flow into un-shaded tank ‘B’ and then 
close for a definite period. This would relieve the spring bank a distance x, and in 
turn rotate the solar collector a definite angle westward—hence tracking the sun 
in this direction.

In due course, the liquid in tank ‘B’ would vaporise and condense in shaded tank ‘A’ 
so that the hydraulic head in ‘A’ gradually rose during the day in preparation for a night 
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return action. The panel tracking axis could be rotated about the piston-cylinder axis 
for correct installation at different latitudes by graduated scales in a plane perpendicu-
lar to the figure.

This concept required use of a low boiling point, low enthalpy of evaporation 
but high density liquid. The low enthalpy would give sufficient daily solar assisted 
evaporation rates while the high density would enable storage of enough mechanical 
energy to compress the spring and turn a collector whose centre of gravity would 
most likely be offset from the axis of rotation. Such a liquid was actually identified 
among the refrigerants (R140a) but it was expensive in Cape Town. Being a chloro-
hydro-carbon (CH3-CCl3), it was banned in some African countries. Although there 
were other issues, this alone was sufficient to disqualify the concept. However, many 
of its elements were carried to the next concept.

3.1.3.2 Concept 2: solar-thermal hydraulics (STH): water replaces R140a

After discarding the concept of using a chloro-hydrocarbon, water was 
considered. The immediate problem however, was that it was less dense and 
had a much lower vapour pressure at the envisaged working temperatures. Most 
importantly, its enthalpy of evaporation was an order of magnitude higher than 
that of R140a. These limitations were to be overcome in a series of solutions—
still using STH principles (i.e., evaporate the liquid, raise it to some height and 
condense it there to provide a head that will reset the mechanism at the end of 
the day). A summary of the salient ‘solutions’ up to the time the STH system was 
discarded is given below.

• Evacuation of the system so that the boiling point could be lowered significantly 
to say, below 60°C. This was in attempt to raise the vapour pressure at a working 
temperature of between 30 and 40°C in the evaporator tank ‘B’ of Figure 4.

• A redesign of the evaporator ‘B’ to a flat plate solar collector, possibly able to 
evaporate at least 5 kg of water on a ‘typical’ Cape Town winter day. This was to 
be supplemented by provision of hybrid heating using say, biomass below the 
evaporator—in case the day was very cloudy.

• A redesign of the condenser tank ‘A’ and its condensation means to use 
evaporative cooling so that a smaller unit could be used. This was followed by 
elevating the tank to an appropriate height and by design of a vapour evacua-
tion and piping system from the evaporator.

Figure 4. 
Concept number 1: solar-thermal-hydraulic (STH) system.
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return action. The panel tracking axis could be rotated about the piston-cylinder axis 
for correct installation at different latitudes by graduated scales in a plane perpendicu-
lar to the figure.

This concept required use of a low boiling point, low enthalpy of evaporation 
but high density liquid. The low enthalpy would give sufficient daily solar assisted 
evaporation rates while the high density would enable storage of enough mechanical 
energy to compress the spring and turn a collector whose centre of gravity would 
most likely be offset from the axis of rotation. Such a liquid was actually identified 
among the refrigerants (R140a) but it was expensive in Cape Town. Being a chloro-
hydro-carbon (CH3-CCl3), it was banned in some African countries. Although there 
were other issues, this alone was sufficient to disqualify the concept. However, many 
of its elements were carried to the next concept.

3.1.3.2 Concept 2: solar-thermal hydraulics (STH): water replaces R140a

After discarding the concept of using a chloro-hydrocarbon, water was 
considered. The immediate problem however, was that it was less dense and 
had a much lower vapour pressure at the envisaged working temperatures. Most 
importantly, its enthalpy of evaporation was an order of magnitude higher than 
that of R140a. These limitations were to be overcome in a series of solutions—
still using STH principles (i.e., evaporate the liquid, raise it to some height and 
condense it there to provide a head that will reset the mechanism at the end of 
the day). A summary of the salient ‘solutions’ up to the time the STH system was 
discarded is given below.

• Evacuation of the system so that the boiling point could be lowered significantly 
to say, below 60°C. This was in attempt to raise the vapour pressure at a working 
temperature of between 30 and 40°C in the evaporator tank ‘B’ of Figure 4.

• A redesign of the evaporator ‘B’ to a flat plate solar collector, possibly able to 
evaporate at least 5 kg of water on a ‘typical’ Cape Town winter day. This was to 
be supplemented by provision of hybrid heating using say, biomass below the 
evaporator—in case the day was very cloudy.

• A redesign of the condenser tank ‘A’ and its condensation means to use 
evaporative cooling so that a smaller unit could be used. This was followed by 
elevating the tank to an appropriate height and by design of a vapour evacua-
tion and piping system from the evaporator.

Figure 4. 
Concept number 1: solar-thermal-hydraulic (STH) system.
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• A redesign of the mechanical linear to rotary motion inter-conversion system. 
A light weight semi cylindrical rack was to be in rectilinear motion, atop a rigid 
stem. The stem was to be attached to the spring loaded piston. The rack would 
then drive a fixed axis spur gear, mounted on the solar collector’s axis of rota-
tion (Figure 5). For locations say in the southern hemisphere, one side of the 
rack would be used. The other half would be used in the northern hemisphere, 
where the orientation of the axis and relative position of evaporator would have 
to be switched to still enable east to west day tracking. In this way, no internal 
readjustments would be necessary, if the device was moved across the equator.

Figure 5 illustrates the mechanism at this stage. The mechanical valves have also 
been replaced with solenoid valves by now.

STH systems had been attractive mainly because they looked novel and relied 
entirely on ‘free’ solar energy for their operation most of the time. They had a simple 
backup plan of burning biomass in case of cloudy days. The evaporator, the vapour 
evacuation system, the cylinder-piston-spring assembly were designed and con-
structed. A 200 mm × 200 mm × 100 mm aluminium block for manufacture of the 
semi cylindrical rack was also purchased. Meanwhile, a separate experiment to verify 
findings of a theoretical analysis on water evaporation rate yields in an evacuated 
collector gave ‘unwanted’ results. Whereas water seemed to evaporate fast enough at 
the low pressures, most of the vapour re-condensed on the collector glazing and in 
the evacuation piping before reaching the condenser. It was clear that a more elabo-
rate evacuation system would have to be used if STH were to progress further.

A second ‘unwanted’ result came from the workshop. Machining of the cylindri-
cal rack in the CNC workshop encountered problems when the purchased block was 
being resized for actual machining (it had not been exactly 200 mm × 200 mm ×  
100 mm). These problems forced a re-examination of the ‘needs’ of Section 3.1.2. 
It became apparent that the manufacturing problems being encountered, together 
with the possibility of vacuum leaks in the field would make the product not only 
‘too expensive’, but would also affect its reliability. Moreover, as seen in Figure 5, 
the mechanism would be bulky, and perhaps less marketable than substitutes which 
could come on the scene later. Thus, STH on this product was discarded. Use was 
however to be made of almost all components and learnings from it in this and other 
off shoot products.

Figure 5. 
The last of the STH concepts.
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3.1.3.3 Other concepts: genesis of the hydro-mechanism

Although STH was now out of the question, the idea of a hydraulic head pro-
vided by an oversized 100 L condenser in Figure 5 still remained attractive. The 
condenser had intentionally been oversized to provide sufficient heat transfer area, 
and also to hold reserve water in case of bad weather and inability to light a fire 
under the evaporator for whatever reason. The piston-cylinder assembly had been 
designed to discharge about 5 L a day—which would have easily been evaporated by 
energy incident on a 1.8 m × 1.2 m collection surface. It was therefore reasoned that 
with 100 L initially filled into the condenser tank (by whatever means), there could 
be a 20 day pumping head capacity to reset the mechanism at night. The 50 L tank 
of Figure 4 was also revisited to hold daily discharges from the mechanism. This 
would therefore hold slightly more than a week’s discharge (as it could not be filled 
to capacity). This, at last seemed to settle the hydraulics part—if only the cylindri-
cal rack could be made. It was not made.

3.1.3.4  The double rack replaces the cylindrical rack: a Hooke joint appears; the 
cylinder orientation changes

Because of manufacturing difficulties mentioned above, the aluminium rack 
design was reconsidered. Moreover, in absence of the evaporator, the stem sticking 
out of part of the cylinder looked neither a safe nor an aesthetically ‘correct’ design. 
Therefore, it was decided to use an ordinary straight rack-gear set completely 
housed within the cylinder. The rack would now be part of the piston rod, while 
the gear shaft axis would be fixed. The gear shaft would protrude slightly out of 
the cylinder to connect to the collector shaft. Minding about the ‘Needs’ in Section 
3.1.2 on deployment anywhere in sub-Saharan Africa and the now user-inaccessible 
gearing, the gear shaft was to be standardized as horizontal, normal to the cylinder 
axis. Variable slope collector shaft axes for different locations were to be joined to 
this horizontal shaft with a Hooke coupling. Bi-hemispherical installation was to be 
facilitated by a double rack-gear set such as shown in Figure 6.

This selection of elements would affect the geometry of the mechanism-collector 
connection of Figure 5. Either the collector would have to be lowered, or a horizon-
tally oriented spring-piston-cylinder assembly would need to be raised. The former 
was considered impractical because a collector-ground clearance must be maintained 

Figure 6. 
Reorientation of the hydro-mechanism.
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Figure 7. 
Example of failure during the project.

during all phases of rotation of the collector. The latter was considered aesthetically 
unsound and required more ground space to effect. Therefore, the orientation of the 
cylinder was now changed to vertical as in Figure 6.

3.1.3.5 A pump is introduced: the raised tank is temporarily ignored

At this stage, it was supposed that the 3.5+ m high tank could be installed either 
on a roof or on a stand provided with properly constructed ladders for filling and 
inspections. In rural Africa, once about 20 days, the owner or her/his agent would 
have to climb up and refill it. At the university however, experimentation in the 
project required a safer and smarter way of filling the tank. The ‘Needs’ constraints 
of Section 3.1.2 specified a ‘negligible’ energy consumption by operation of the 
mechanism. Since tank filling would be occasional, a small 12 V DC 4 m peak head 
pump was acquired. Then for experiments, only one tank (‘B’ of Figure 6) would be 
necessary. The pump would be used to transfer water from this tank to the mecha-
nism. In addition to being safe, this would conserve water since it could be recycled 
on daily basis.

3.1.3.6 The piston-cylinder part fails: bellows appear: and also fail

The mechanism was now ready for prototyping. The machine elements and 
components were assembled. First attempts to run it were made in March 2015. 
Water leaked past the piston. To properly seal the leakage, it would be necessary to 
reduce clearances. A new piston with an elastomer O-ring was made. Sealing was 
achieved but friction was excessive. A lot of pump energy went into overcoming this 
friction. Then in one re assembly, a forceful push onto the piston burst the cylinder. 
Figure 7 shows the broken piece. It was now evident that the engineering necessary 
to produce an efficient and reliable piston-cylinder assembly would easily ‘violate’ 
the ‘cost effectiveness’ constraint in Section 3.1.2, and probably consume more than 
‘negligible’ energy in operation. The assembly had to be redesigned.

Friction between the cylinder and the piston was the main problem in the 
assembly. It was therefore decided to eliminate direct contact between the piston 
and the cylinder. Bellows were introduced. One end of the bellow was fixed to the 
lower base of the cylinder while the other was fixed to a smaller diameter piston. 
It was supposed that water would progressively fill the bellow segments starting 
with the lowest, and in so doing, gradually lift the piston-spring ensemble without 
any significant friction with the cylinder. The first bellow tried was made from 
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a 150 mm diameter heli-steel PVC hose. It was readily available and ‘reasonably’ 
priced at just below the equivalent of US$ 5.00 a meter length. It however, failed on 
trial. When water filled the first segments, they expanded radially before attempt-
ing to lift the piston. Even after lift-off, the expansion continued until the steel was 
beginning to tear out. Attempts were made on using a thicker and stronger rubber 
bellow made by a local rubber products moulder. It also failed. It was clear that for 
the bellows to be of use in this project, they would have to be restrained radially—
which in the circumstances, was not feasible. They were abandoned, but lessons on 
need for radial restraint were to serve a breakthrough purpose soon.

3.1.3.7 The bladder is born: the spring works but it is retired; gravity takes over

Bellows failed because they were not restrained radially. Even if they had not 
failed, it was difficult to tell what would happen to the joints at the base in rural 
Africa over a prolonged period of intermittent pressurization. It was therefore 
decided to contain the mechanism water in a flexible liquid sac or bladder that 
would be completely restrained and protected by a much stiffer, though flexible 
covering. The active part of the bladder would be an inverted cone frustum grown 
on a lower normal frustum which in turn, would have grown on a cylindrical 
portion matching the internal surface and base of the mechanism cylinder. The 
cylindrical and lower cone frustum would always be with water. Pumping would 
only affect the upper frustum which would be closed by a permanently joined and 
sealed piston. The piston would carry a small bleed pipe as shown in Figure 8. The 
primary purpose of this pipe would be to help expel air from the system on first fill.

The bladder and its protective covers were constructed and assembled in the mech-
anism. The system was then test run. At long last, it was able to reach its design peak 
compression on 2nd July 2015. But the time to reach maximum displacement was in 
excess of 2 min. Also, towards that endpoint, the 10.8 W pump was drawing maximum 
current. The top mechanism end cap was removed so that the mechanism could be 
filled with water against the spring and piston weights only. It took about 20 s to reach 
the top dead centre position. On opening valve V2 of Figure 4 to simulate a day time 
operation (i.e., rotate the collector East to West), the collector turned the full 180°, 
but there was difficulty in traversing the mid position. This meant the spring weight 
(30.2 N) was barely enough to drive the mechanism. However, it had been established 
that spring force (kx) was not necessary to run the mechanism—and therefore the 
spring could be discarded to give way to gravity weights. A gravity driven, bladder-
flow regulated hydro mechanism for sun tracking had just been invented.

3.2 Case 2: design of a herbal oil extractor for small scale industries

This case study is about a project which started off as one of the many 
group projects in normal class time, intended to overcome the familiar 

Figure 8. 
The prototype bladder: (a) un-protected and (b) when protected.
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‘analysis-synthesis’ barrier in undergraduate MED. A group of six students had 
initially been tasked and guided to design and construct a variable temperature 
and viscosity fluids mixer for a home-cottage cosmetics factory within a period of 
6 weeks. The mixer is shown in Figure 9. After the project, one of the students was 
involved in a serious road accident which disabled him, and prevented him from 
doing the normal pre graduation industrial attachment. To enable him graduate 
however, he was assigned a new individual design project under supervision of the 
author at the university. He was to use his experience in the class project, to design 
(not construct) a herbal oil extractor, again for a home cottage factory. Below is a 
summary of his design approach.

3.2.1 Identification of needs and formulation of engineering problem(s)

A machine needed to be designed for use in extraction of essential oils 
from African herbs. A full design with drawings (mechanical, electrical and 
hydraulic) was to be completed so that students could manufacture and test the 
machine.

3.2.1.1 Requirements and constraints

• Handles 200 L with 30% spare capacity.

• Filtered liquid product must be extracted separately from the spent herbs.

• The extraction temperature must be between 70 and 80°C.

• Operates on domestic single phase 220–240 V AC power supply.

• Feed herbs are received cut into pieces smaller than 10 mm in length.

• Professional and pleasing appearance

• Students must be able to manufacture all custom designed parts in the CPUT 
mechanical engineering workshop.

Figure 9. 
A home cottage industry ‘Two speed’ fluids mixer—as designed by MED students left—the assembled unit. 
Right—the counter-rotating slow speed mechanism (Watch online video at: https://www.youtube.com/watch? 
v=VymLqK9DDe0).
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3.2.2 Concepts development and selection

The student considered five concepts as shown in Figure 10. He settled for 
concept number 3 on account of ease of manufacture, minimal heating element 
corrosion risks, and maximum heat transfer area, thereby reducing heating time.

3.2.3 Detailed design and specifications

Having selected the mode of heating for the herbs, the student laid out the 
design as in Figure 11. Then he did a detailed analysis of the chosen concept in 
virtual form to give specifications in Table 3, followed by detailed engineering 
drawings of each machine element in the system.

Figure 10. 
Herbal oil extraction: different heating concepts [33].

Figure 11. 
System layout for a small scale herbal oil extractor.
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concept number 3 on account of ease of manufacture, minimal heating element 
corrosion risks, and maximum heat transfer area, thereby reducing heating time.

3.2.3 Detailed design and specifications

Having selected the mode of heating for the herbs, the student laid out the 
design as in Figure 11. Then he did a detailed analysis of the chosen concept in 
virtual form to give specifications in Table 3, followed by detailed engineering 
drawings of each machine element in the system.

Figure 10. 
Herbal oil extraction: different heating concepts [33].

Figure 11. 
System layout for a small scale herbal oil extractor.
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4. Summary and conclusion

In this chapter, we have described and illustrated MED from both a classroom 
perspective and from an industrial one. In undergraduate MED, emphasis is on ability to 
analyse existing systems. The student is taught MED on a machine element by element 
basis—and most contact hours are spent that way. There is little room and time to inte-
grate the elements in one worked example or problem. Moreover, those elements from 
other areas of mechanical engineering, such as in Thermo-Fluids, are normally assumed 
to be well covered in those subjects. They are rarely given consideration in normal MED 
class rooms. This is not to mention the even more critical considerations of non-science 
related issues which, in the first place, are often, the source of problems to be solved by 
engineering. It has been argued in this chapter that this treatment acclimatises the stu-
dent to always be expectant of readymade systems to analyse. Even then, understanding 
how the systems came into being, as answers to specific human needs, can be problem-
atic. This is a disservice to the student and to industry, because the main purpose of MED 
is supposed to be synthesis of mechanical systems, speaking to the needs of society.

Industry on the other hand, has no choice but to face the design challenge from a 
problem solution perspective. All areas of knowledge, be they from science, art, or even 
heuristic and intuition, are brought to bear on the problem. Market, economic, political, 
legal, social, aesthetic and ordinary engineering constraints are imposed on an inexistent 
system that is supposed to be created and made. Two largely complementary approaches 
of doing so were reviewed: the creative, and the rational. It was seen that the rational 
approach formalises the design process and tends to take care of more constraints a 
design may be encountering. It is thus advisable, even of creative designers to embrace it. 
In engineering classrooms, it is without a doubt, the recommended approach.

Two design examples were described in a university setting environment. One 
was primarily of creative nature, leading to an invention over a long period of time. 
However, whether consciously or otherwise, it was still tempered with some formality 
in form of a structured approach between different design stages. The main advantage 
of this approach seemed to be the generation of other offshoot products arising from 
apparent failures within the creative process. In essence, therefore, creativity can lead 
to many other originally unintended, but useful products. The second example was 
focused on the rational approach—as taught to the author’s students. A physically 
handicapped student was able to demonstrate that he had learned the methodology by 
designing a product quite related to what he had learnt—and participated in building 
in class, while still physically fit. Importantly, he demonstrated good understanding of 
the integrative nature of MED, calling on subject content from diverse areas like Fluid 
Mechanics, Heat transfer, Electrical Technology, Economics, etc. Moreover, the prob-
lem to be solved required him to appreciate compositions of some naturally occurring 
plants and means of getting useful extracts from them. Such extensive exposure is not 
normal in MED as commonly taught/learnt.

To conclude the chapter, it could be said that—although the traditional approach 
of handling MED is helpful in so far as it breaks up the subject matter into smaller, 
easier to learn, topics, it makes it more difficult for students, and possibly academics, 
to apply that knowledge to solve real life engineering design problems. This author 
recommends a mixed approach whereby, early on in the study of MED, the current 
topic-based system is used but a formalised needs-driven design approach is gradually 
introduced until it becomes the dominant approach by the time the student is finish-
ing her/his MED subjects. Table 4 summarises the salient differences in approach.

It is to be understood here, that we are not talking about the final year design proj-
ect, typical in many engineering schools and faculties. No—it is the timetabled MED 
we are referring to. The new approach not only works, but it produces tangible results 
as demonstrated in this chapter. It should therefore, as much as possible, be adopted.
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related issues which, in the first place, are often, the source of problems to be solved by 
engineering. It has been argued in this chapter that this treatment acclimatises the stu-
dent to always be expectant of readymade systems to analyse. Even then, understanding 
how the systems came into being, as answers to specific human needs, can be problem-
atic. This is a disservice to the student and to industry, because the main purpose of MED 
is supposed to be synthesis of mechanical systems, speaking to the needs of society.
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design may be encountering. It is thus advisable, even of creative designers to embrace it. 
In engineering classrooms, it is without a doubt, the recommended approach.

Two design examples were described in a university setting environment. One 
was primarily of creative nature, leading to an invention over a long period of time. 
However, whether consciously or otherwise, it was still tempered with some formality 
in form of a structured approach between different design stages. The main advantage 
of this approach seemed to be the generation of other offshoot products arising from 
apparent failures within the creative process. In essence, therefore, creativity can lead 
to many other originally unintended, but useful products. The second example was 
focused on the rational approach—as taught to the author’s students. A physically 
handicapped student was able to demonstrate that he had learned the methodology by 
designing a product quite related to what he had learnt—and participated in building 
in class, while still physically fit. Importantly, he demonstrated good understanding of 
the integrative nature of MED, calling on subject content from diverse areas like Fluid 
Mechanics, Heat transfer, Electrical Technology, Economics, etc. Moreover, the prob-
lem to be solved required him to appreciate compositions of some naturally occurring 
plants and means of getting useful extracts from them. Such extensive exposure is not 
normal in MED as commonly taught/learnt.

To conclude the chapter, it could be said that—although the traditional approach 
of handling MED is helpful in so far as it breaks up the subject matter into smaller, 
easier to learn, topics, it makes it more difficult for students, and possibly academics, 
to apply that knowledge to solve real life engineering design problems. This author 
recommends a mixed approach whereby, early on in the study of MED, the current 
topic-based system is used but a formalised needs-driven design approach is gradually 
introduced until it becomes the dominant approach by the time the student is finish-
ing her/his MED subjects. Table 4 summarises the salient differences in approach.

It is to be understood here, that we are not talking about the final year design proj-
ect, typical in many engineering schools and faculties. No—it is the timetabled MED 
we are referring to. The new approach not only works, but it produces tangible results 
as demonstrated in this chapter. It should therefore, as much as possible, be adopted.
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MED and even, regulate it

Modelling Simplified mathematical models 
and physical science phenomena

Mathematical and non-math models to deal with 
science and non-science constraints in design 
optimization

Learning Study of independent machine 
elements

Less time on independent elements, but more on 
their interdependence in an assembly

Design 
process

Element to assembly design 
approach (down-up)

Assembly to element design approach (top-down)

Emphasis Engineering and scientific 
novelty

Problem solution as simply, safely and economically 
as possible

Outputs Engineering drawings Working models and/or prototypes
*Good engineering practice principles

Table 4. 
Summary of differences between the current and proposed MED teaching approaches.

85

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Mechanical Engineering Design: Going over the Analysis-Synthesis Mountain to Seed Creativity
DOI: http://dx.doi.org/10.5772/intechopen.85174

Author details

Kant Kanyarusoke
Cape Peninsula University of Technology, Cape Town, South Africa

*Address all correspondence to: kanyarusokek@cput.ac.za



New Innovations in Engineering Education and Naval Engineering

84

Acknowledgements

The work in case No. 1 was funded by Cape Peninsula University of Technology 
Research Fund, through research account RK23.

Conflict of interest

The author’s interest in this, and other related work, is driven by an insatiable 
desire to make students realise that by their last year of undergraduate study, they 
can already have an inner ability to start contributing to make their societies live 
better now, and not wait for tomorrow.

Thanks

The author thanks his student, Riel Haupt, for his drive and courage even after 
the almost fatal accident. Special thanks go to Riel’s parents for supporting him.

Traditional Proposed

Content MED as extension of Engineering 
Science
Low involvement of issues in 
Humanities

MED as new body of knowledge, using GEPs*, 
Design codes, catalogues, standards, etc.
Elements from Humanities primarily drive most of 
MED and even, regulate it

Modelling Simplified mathematical models 
and physical science phenomena

Mathematical and non-math models to deal with 
science and non-science constraints in design 
optimization

Learning Study of independent machine 
elements

Less time on independent elements, but more on 
their interdependence in an assembly

Design 
process

Element to assembly design 
approach (down-up)

Assembly to element design approach (top-down)

Emphasis Engineering and scientific 
novelty

Problem solution as simply, safely and economically 
as possible

Outputs Engineering drawings Working models and/or prototypes
*Good engineering practice principles

Table 4. 
Summary of differences between the current and proposed MED teaching approaches.

85

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Mechanical Engineering Design: Going over the Analysis-Synthesis Mountain to Seed Creativity
DOI: http://dx.doi.org/10.5772/intechopen.85174

Author details

Kant Kanyarusoke
Cape Peninsula University of Technology, Cape Town, South Africa

*Address all correspondence to: kanyarusokek@cput.ac.za



86

New Innovations in Engineering Education and Naval Engineering

[1] Joyce T, Evans I, Pallan W, Hopkins C.  
A hands-on project-based mechanical 
engineering design module focusing on 
sustainability. Engineering Education. 
2013;8(1):65-80. DOI: 1011120/
ended.2013-00008

[2] Kanyarusoke KE. Spreadsheets 
in mechanical engineering design: 
Getting students to learn and to do 
the ‘real stuff ’. In: Proceedings of 4th 
Biennial SASEE Conference; Cape Town 
South Africa. 2017. pp. 399-402. ISBN: 
978-0-620-57123-4

[3] Wickert J, Lewis K. An Introduction 
to Mechanical Engineering. 4th ed. 
Stamford, CT: Cengage; 2017. 432 p. 
ISBN: 9781305635753

[4] Cohen K, Katz R. Teaching 
mechanical design practice in academia. 
Procedia CIRP. 2015;36:177-181

[5] Katz R. Integrating analysis and 
design in mechanical engineering 
education. Procedia CIRP. 2015;36:23-28

[6] University of Cape Town. Faculty of 
Engineering and the built environment 
(Undergraduate) [Internet]. 2017. 
Available from: www.students.uct.ac.za/
usr/apply/handbooks/2017/EBE_UG_2017.
pdf [Accessed: November 9, 2018]

[7] Juvinall RC, Marshek KM.  
Fundamentals of Machine Component 
Design. 6th ed. Hoboken, NJ: Wiley; 
2018. 720 p. ISBN: 1119382904, 
978119382904

[8] Budynas RG, Nisbett JK. Shigley’s 
Mechanical Engineering Design. 10th 
ed. New York, NY: McGraw Hill; 2015. 
1082 p. ISBN: 9789814595285

[9] Mott R, Varvek EM, Wang J. Machine 
Elements in Mechanical Design (What 
is New in Trades & Technology). 6th 
ed. New York, NY: Pearson; 2018. 880 p. 
ISBN: 100134441184; 139780134441184

[10] Madisen DA, Madisen DP.  
Engineering Drawing and Design. 
6th ed. Mason, OH, Cengage; 2016. 
1680 p. ISBN 10: 1305659724; ISBN 13: 
97881305659728

[11] Hibbeler RC. Engineering 
Mechanics Dynamics. 14th ed. 
Hoboken, NJ: Pearson; 2016. 791 
p. ISBN 10: 0133915387, ISBN 13: 
9780133915389

[12] Moran MJ, Shapiro HN, Boettner DD,  
Bailey MB. Fundamentals of 
Engineering Thermodynamics 
[Internet]. 8th ed. 2014. Available 
from: https://www.academia.
edu/21431299/FUNDAMENTALS_OF_
ENGINEERING_THERMODYNAMICS_
Eighth_Edition?auto=download 
[Accessed: November 9, 2018]

[13] Hughes E. Electrical and Electronic 
Technology. 12th ed. Harlow, England: 
Pearson; 2016. 1008 p. ISBN 10: 
1292093048; ISBN 13: 9781292093048

[14] Simbo C. Defining the term 
basic education in the South African 
constitution: An international 
law approach. Law Democracy & 
Development. 2012;16:162-184

[15] Mukwinja VM. Rethinking 
education in Botswana: A need to 
overhaul the Botswana education 
system. Journal of International 
Education Research. 2017;13(2):45-58

[16] Jwan JO. Republic of Kenya Basic 
Education Curriculum Framework. 
[Internet]. 2017. Available from: www.
kenyaexamcenter.com/pluginfile.
php/373/mod_resource/content/3/
Curriculum%2OFramework$202017.
pdf [Accessed: November 14, 2018]

[17] Mathew IA. Provision of secondary 
education in Nigeria: Challenges and 
way forward. Journal of African Studies 
and Development. 2013;5(1):1-9

References

87

Mechanical Engineering Design: Going over the Analysis-Synthesis Mountain to Seed Creativity
DOI: http://dx.doi.org/10.5772/intechopen.85174

[18] GOU (Government of Uganda). 
Education Sector Profile. [Internet] 2018. 
Available from: www.ugandainvest.
go.ug/uia/images/Download_Centre/
SECTOR_PROFILE/Education_Sector.
pdf [Accessed: November 18, 2018]

[19] Pindula—New Education 
Curriculum Zimbabwe [Internet]. 
2018. Available from: www.pindula.
zw/New_Education_Curriculum/_
Zimbabwe_Centre/SECTOR_PROFILE/
Education_Sector.pdf [Accessed: 
November 18, 2018]

[20] Haik Y, Shahin T. Engineering 
Design Process. Stamford, CT: Cengage; 
2011. 287 p. ISBN 10: 0495668168; ISBN 
13: 9780495668169

[21] Cross N. Engineering Design 
Methods Strategies for Product Design. 
Chichester, England: Wiley; 2008. 230 
p. ISBN 10: 9780470519264, ISBN 13: 
9780470519264

[22] Ullman DG. The Mechanical 
Design Process. 6th ed. New York, 
NY: McGraw Hill; 2017. 480 p. ISBN 
10: 97809999358804, ISBN 13: 
9780999357804

[23] Ertas A, Jones JC. The Engineering 
Design Process. 2nd ed. New York, 
NY: Wiley; 1996. 628 p. ISBN 10: 
0471136999, ISBN 13: 9780471136996

[24] Spartanteched. Engineering 
Design Process—Remember the 
Order [Internet]. 2012. Available 
from: http://spartanteched.wikispaces.
com/Engineering+Design+Process+-
+Remember+the+order [Accessed: 
August 4, 2016]

[25] NASA. Engineering Design Process 
[Internet]. 2015. Available from: http://
www.nasa.gov/audience/foreducators/
plantgrowth/reference/Eng_Design_5-12_
prt.html [Accessed: August 4, 2016]

[26] Reuben R. Remo Reuben’s 
Engineering Design Portfolio [Internet]. 

2013. Available from: HTTPS://
REMOENGG.FILES.WORDPRESS.
COM/2013/04/PROCESS.PNG 
[Accessed: August 4, 2016]

[27] Pahl G, Beitz W, Feldhusen J, Grote 
K-H. Engineering Design: A Systematic 
Approach. 3rd ed (Translated by 
Wallace K, Blessing L.). London, 
England: Springer; 2007. 617 p. ISBN 10: 
1846283183

[28] Burge S. The Systems Engineering 
Tool Box. [Internet]. 2012. Available from: 
https://www.burgehugheswalsh.co.uk/
uploaded/1/documents/pugh-matrix-
v1.1.pdf [Accessed: November 8, 2018]

[29] Kanyarusoke KE, Gryzagoridis J. A 
hydraulic drive mechanism, South African 
provisional patent No.P72557ZP00 for 
Cape Peninsula University of Technology. 
South Africa Patent Journal. 2016;49(1):12 
(part II of II)

[30] Kanyarusoke K. Solar water purifiers 
for small rural African homesteads: 
Evaluation of alternative designs. In: 
IOP Conference Series: Earth and 
Environmental Science. 188 012004. 2018

[31] Runganga T, Kanyarusoke 
KE. Design, construction and 
performance testing of solar crop 
dryers for rural areas. In: Proceedings 
of 26th ICUE Conference; Cape Town 
South Africa. 2018. pp. 42-49. ISBN: 
9780994675958

[32] Kanyarusoke KE, Gryzagoridis J, 
Oliver G. Are solar tracking technologies 
feasible for domestic applications in 
rural tropical Africa? Journal of Energy 
in Southern Africa. 2015;26(1):86-95. 
ISSN: 1021-447X

[33] Haupt R. Design of a Herbal Oil 
Extractor [ND project report]. Cape 
Town, South Africa, Cape Peninsula 
University of Technology; 2018



86

New Innovations in Engineering Education and Naval Engineering

[1] Joyce T, Evans I, Pallan W, Hopkins C.  
A hands-on project-based mechanical 
engineering design module focusing on 
sustainability. Engineering Education. 
2013;8(1):65-80. DOI: 1011120/
ended.2013-00008

[2] Kanyarusoke KE. Spreadsheets 
in mechanical engineering design: 
Getting students to learn and to do 
the ‘real stuff ’. In: Proceedings of 4th 
Biennial SASEE Conference; Cape Town 
South Africa. 2017. pp. 399-402. ISBN: 
978-0-620-57123-4

[3] Wickert J, Lewis K. An Introduction 
to Mechanical Engineering. 4th ed. 
Stamford, CT: Cengage; 2017. 432 p. 
ISBN: 9781305635753

[4] Cohen K, Katz R. Teaching 
mechanical design practice in academia. 
Procedia CIRP. 2015;36:177-181

[5] Katz R. Integrating analysis and 
design in mechanical engineering 
education. Procedia CIRP. 2015;36:23-28

[6] University of Cape Town. Faculty of 
Engineering and the built environment 
(Undergraduate) [Internet]. 2017. 
Available from: www.students.uct.ac.za/
usr/apply/handbooks/2017/EBE_UG_2017.
pdf [Accessed: November 9, 2018]

[7] Juvinall RC, Marshek KM.  
Fundamentals of Machine Component 
Design. 6th ed. Hoboken, NJ: Wiley; 
2018. 720 p. ISBN: 1119382904, 
978119382904

[8] Budynas RG, Nisbett JK. Shigley’s 
Mechanical Engineering Design. 10th 
ed. New York, NY: McGraw Hill; 2015. 
1082 p. ISBN: 9789814595285

[9] Mott R, Varvek EM, Wang J. Machine 
Elements in Mechanical Design (What 
is New in Trades & Technology). 6th 
ed. New York, NY: Pearson; 2018. 880 p. 
ISBN: 100134441184; 139780134441184

[10] Madisen DA, Madisen DP.  
Engineering Drawing and Design. 
6th ed. Mason, OH, Cengage; 2016. 
1680 p. ISBN 10: 1305659724; ISBN 13: 
97881305659728

[11] Hibbeler RC. Engineering 
Mechanics Dynamics. 14th ed. 
Hoboken, NJ: Pearson; 2016. 791 
p. ISBN 10: 0133915387, ISBN 13: 
9780133915389

[12] Moran MJ, Shapiro HN, Boettner DD,  
Bailey MB. Fundamentals of 
Engineering Thermodynamics 
[Internet]. 8th ed. 2014. Available 
from: https://www.academia.
edu/21431299/FUNDAMENTALS_OF_
ENGINEERING_THERMODYNAMICS_
Eighth_Edition?auto=download 
[Accessed: November 9, 2018]

[13] Hughes E. Electrical and Electronic 
Technology. 12th ed. Harlow, England: 
Pearson; 2016. 1008 p. ISBN 10: 
1292093048; ISBN 13: 9781292093048

[14] Simbo C. Defining the term 
basic education in the South African 
constitution: An international 
law approach. Law Democracy & 
Development. 2012;16:162-184

[15] Mukwinja VM. Rethinking 
education in Botswana: A need to 
overhaul the Botswana education 
system. Journal of International 
Education Research. 2017;13(2):45-58

[16] Jwan JO. Republic of Kenya Basic 
Education Curriculum Framework. 
[Internet]. 2017. Available from: www.
kenyaexamcenter.com/pluginfile.
php/373/mod_resource/content/3/
Curriculum%2OFramework$202017.
pdf [Accessed: November 14, 2018]

[17] Mathew IA. Provision of secondary 
education in Nigeria: Challenges and 
way forward. Journal of African Studies 
and Development. 2013;5(1):1-9

References

87

Mechanical Engineering Design: Going over the Analysis-Synthesis Mountain to Seed Creativity
DOI: http://dx.doi.org/10.5772/intechopen.85174

[18] GOU (Government of Uganda). 
Education Sector Profile. [Internet] 2018. 
Available from: www.ugandainvest.
go.ug/uia/images/Download_Centre/
SECTOR_PROFILE/Education_Sector.
pdf [Accessed: November 18, 2018]

[19] Pindula—New Education 
Curriculum Zimbabwe [Internet]. 
2018. Available from: www.pindula.
zw/New_Education_Curriculum/_
Zimbabwe_Centre/SECTOR_PROFILE/
Education_Sector.pdf [Accessed: 
November 18, 2018]

[20] Haik Y, Shahin T. Engineering 
Design Process. Stamford, CT: Cengage; 
2011. 287 p. ISBN 10: 0495668168; ISBN 
13: 9780495668169

[21] Cross N. Engineering Design 
Methods Strategies for Product Design. 
Chichester, England: Wiley; 2008. 230 
p. ISBN 10: 9780470519264, ISBN 13: 
9780470519264

[22] Ullman DG. The Mechanical 
Design Process. 6th ed. New York, 
NY: McGraw Hill; 2017. 480 p. ISBN 
10: 97809999358804, ISBN 13: 
9780999357804

[23] Ertas A, Jones JC. The Engineering 
Design Process. 2nd ed. New York, 
NY: Wiley; 1996. 628 p. ISBN 10: 
0471136999, ISBN 13: 9780471136996

[24] Spartanteched. Engineering 
Design Process—Remember the 
Order [Internet]. 2012. Available 
from: http://spartanteched.wikispaces.
com/Engineering+Design+Process+-
+Remember+the+order [Accessed: 
August 4, 2016]

[25] NASA. Engineering Design Process 
[Internet]. 2015. Available from: http://
www.nasa.gov/audience/foreducators/
plantgrowth/reference/Eng_Design_5-12_
prt.html [Accessed: August 4, 2016]

[26] Reuben R. Remo Reuben’s 
Engineering Design Portfolio [Internet]. 

2013. Available from: HTTPS://
REMOENGG.FILES.WORDPRESS.
COM/2013/04/PROCESS.PNG 
[Accessed: August 4, 2016]

[27] Pahl G, Beitz W, Feldhusen J, Grote 
K-H. Engineering Design: A Systematic 
Approach. 3rd ed (Translated by 
Wallace K, Blessing L.). London, 
England: Springer; 2007. 617 p. ISBN 10: 
1846283183

[28] Burge S. The Systems Engineering 
Tool Box. [Internet]. 2012. Available from: 
https://www.burgehugheswalsh.co.uk/
uploaded/1/documents/pugh-matrix-
v1.1.pdf [Accessed: November 8, 2018]

[29] Kanyarusoke KE, Gryzagoridis J. A 
hydraulic drive mechanism, South African 
provisional patent No.P72557ZP00 for 
Cape Peninsula University of Technology. 
South Africa Patent Journal. 2016;49(1):12 
(part II of II)

[30] Kanyarusoke K. Solar water purifiers 
for small rural African homesteads: 
Evaluation of alternative designs. In: 
IOP Conference Series: Earth and 
Environmental Science. 188 012004. 2018

[31] Runganga T, Kanyarusoke 
KE. Design, construction and 
performance testing of solar crop 
dryers for rural areas. In: Proceedings 
of 26th ICUE Conference; Cape Town 
South Africa. 2018. pp. 42-49. ISBN: 
9780994675958

[32] Kanyarusoke KE, Gryzagoridis J, 
Oliver G. Are solar tracking technologies 
feasible for domestic applications in 
rural tropical Africa? Journal of Energy 
in Southern Africa. 2015;26(1):86-95. 
ISSN: 1021-447X

[33] Haupt R. Design of a Herbal Oil 
Extractor [ND project report]. Cape 
Town, South Africa, Cape Peninsula 
University of Technology; 2018



89

Section 2

Innovation Methods in 
Naval Engineering



89

Section 2

Innovation Methods in 
Naval Engineering



91

Chapter 6

Prologue: Exploring the Potential 
of the Sea
Sérgio Lousada and Rafael Camacho

1. Naval engineering

Naval engineering is the branch of engineering that has as main activity the 
exploration of the potential of the sea. Although specialized, naval engineering is 
quite eclectic since it addresses the main aspects of other engineering modalities, 
directly or indirectly. With the development of oil exploration and production in 
the ocean, the naval engineer’s work extended to ocean engineering.

The naval engineer is engaged in all stages of life of vehicles and platforms for 
maritime transport, the exploitation of marine resources and recreational activi-
ties, from the concept and design phase, to the construction phase and its quality 
control, through inspection, maintenance and repair. Also included are maritime 
and port operations planning and management tasks. The professional must have 
the systemic and comprehensive vision necessary for the design of large engineer-
ing systems.

Appealing to the wide-ranging aspect of naval engineering, the engineer also 
deals with the design, construction, repair and logistics of inland waterways used 
for inland transportation.

2. Fields of intervention

The fields of intervention of the Naval Engineer are quite broad, concerning 
design, construction, modification, repair, maintenance and dismantling of ships, 
vessels, other maritime vehicles and floating structures [1].

In the project phase, the Naval Engineer has overall technical responsibility, 
including safety and pollution prevention, as well as aspects related to the nauti-
cal and operational qualities of the ship, as well as the ergonomic and automation 
aspects. In these areas, the Naval Engineer performs calculations in the various 
technical areas of his specialty, acts as systems integrator on the ship and as coordi-
nator of multidisciplinary teams made up of engineers and other professionals who 
deal with the numerous sectoral aspects [1].

In the industrial activity of construction, modification, repair and dismantling 
of ships, the Naval Engineer acts either as a production or project manager or as 
a specialist in the planning of production and in the definition of constructive 
strategies and operational solutions. In this context, it also carries out docking and 
launching calculations, defines and directs the stability test, performs its calcula-
tions and defines and directs the tests to the pier and sea [1].
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Other fields of intervention of the Naval Engineer include the following [1]:

• Technical, commercial and maintenance management;

• Management and planning of maritime operations and the maritime-port 
interface;

• Development and application (approval, survey and inspection) of rules and 
regulations;

• Consulting and technical advice, as well as expert activity;

• Marketing and technical support of marine systems and equipment;

• Teaching and research.

3. Technical areas

The technical areas of Naval Engineering are the different interdependent areas 
that allow to carry out the development of the ship project in its entirety, being the 
following [1]:

• Naval Architecture;

• Statics and Stability;

• Resistance and Propulsion;

• Structural Strength;

• Behaviour at Sea;

• Maneuverability;

• Vibration and Noise.

The Naval Architecture comprises the design of the ship, the development of the 
general arrangement and a first approximation of the geometric plane, consider-
ing both the design requirements and the classification rules and legal regulation 
applicable. The interior spaces of the ship are allocated to the various functions, 
contemplating functional requirements, fire and flood protection, escape routes, 
life-saving appliances, multiple ship systems, navigation and communications 
equipment and the signaling systems which must be integrated into a functional 
and coherent general arrangement [1].

In the Static and Stability area, the buoyancy and stability of the ship (intact and 
damaged) shall be assessed in accordance with the applicable classification rules 
and legal regulations in order to ensure a safety margin against tipping actions that 
the ship may encounter in its life: waves, wind, cargo or others [1].

The Strength and Propulsion area consists of the dimensioning of the propulsion 
system (main machines, reducers, shafts, propellers or other propulsion means) to 
achieve the design speed, considering the geometric plane, with the highest energy 
efficiency and minimizing emissions [1].
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The Structural Strength area considers the dimensioning of the structure of 
the ship in all its details, including type of materials and scantlings, considering 
its general arrangement, in order to ensure the necessary resistance to stress due to 
waves, cargo or others, considering also the requirements of the applicable classifi-
cation rules [1].

The Sea Behaviour area consists of studying the movements of the ship under 
the action of waves, regarding movement amplitudes, accelerations, propeller 
emersion, bow emersion, water boarding on the deck, in order to assess the opera-
tionality of the ship in sea [1].

The area of Maneuverability consists of the study of maneuverability and 
directional stability of the ship, mainly for maneuverability in confined waters, also 
considering applicable legal requirements [1].

The area of Vibration and Noise studies the vibration and noise levels in the 
various on-board spaces, as well as the radiated noise to air or water, determining 
the measures necessary for their minimization and maintenance within the limits 
imposed by classification rules or legal regulations [1].

4. Cultural inheritance

The Naval Engineers in Portugal are heirs of a long tradition in shipbuilding, 
which allowed the Maritime Expansion in the fifteenth and sixteenth centuries. 
The legacy of some of the men who studied and built ships in Portugal at that time 
have reached our days: Fernando de Oliveira, João Baptista Lavanha and Manuel 
Fernandes. The Portuguese Age of Discovery and later maintenance of the regular 
transport of passengers and goods and maritime safety between the multiple 
components of the “Portuguese Space” up to the twentieth century are very much in 
keeping with Portuguese Naval Engineering [1].

The Portuguese Economy of the Sea has shown, over time, great economic and 
social resilience, being able to grow above the average of the national economy dur-
ing a period of great economic instability. If investment in the marine industries is 
strengthened, particularly in terms of external investment, the economy of the sea 
will be able to progress to higher levels of growth and economic development [2].

Compared with its terrestrial dimension, the maritime geographic dimension of 
Portugal is enormous. Its location in the North Atlantic, in the west of the European 
continent, as maritime neighbors of the American and the African continents, and 
with a history closely linked to the oceanic routes, particularly with the Asian conti-
nent, indicates that its geographical position has relevant strategic significance [2].

The recent “rediscovery” of the Economy of the Sea as a source of wealth and 
resources, mainly with the development of marine renewable energies and with the 
expansion of the continental shelf, which could potentially contain oil, natural gas 
and minerals, will certainly pose great challenges and offer new opportunities to 
Portuguese Naval Engineering in the twenty-first century [1].
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Abstract

Marine riser is a key equipment connecting a floating platform and a seabed 
wellhead. Vortex-induced vibration (VIV) is the main cause of the fatigue damage 
of the riser. The prediction of marine riser VIV is very difficult because of its strong 
non-linearity, instability and uncertainty. In recent years, many numerical models 
of VIV of marine riser have been developed to explore the mechanism of marine 
riser VIV, providing scientific theoretical basis and practical engineering methods 
for vibration control and engineering design of marine riser. Combined with the 
authors’ own recent research, this chapter discusses the research progress on marine 
riser VIV in the ocean engineering, including phenomenon mechanism analysis and 
different numerical research methods.

Keywords: fluid-structure interaction, marine riser, numerical simulation,  
structural dynamics, vortex-induced vibration

1. Introduction

As a key part of the deep-sea oil and gas exploitation system, the marine riser 
known as the “life line of offshore oil” is an important transport component con-
necting the undersea oil field with the ocean platform, as shown in Figure 1. In the 
process of operation, the marine riser bears the impact, erosion and other damage 
of seawater, and it needs to be repaired or renewed frequently. Its service life is only 
2–3 years. Marine riser related technology has become one of the main obstacles to 
human being’s deep-sea development. As the key structure connecting floating plat-
form and underwater production system, marine riser generally bears the axial ten-
sion. The lower end connects with the seabed wellhead through the universal joint, 
and the upper end is coordinated with the slip joint on the platform or the bottom 
of the ship to carry out drilling, liquid guiding, mud guiding and other work. It is a 
necessary equipment for the deep-sea oil and gas development and transportation. In 
deep-sea environments, currents passing through the riser may induce the rear edge 
of the riser releasing the vortex alternately, known as “Karman vortex street”. The 
presence of “Karmen vortex street” causes the riser structure vibrating simultane-
ously in the cross-flow (CF) and the in-line (IL) directions, and the vibration of the 
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riser will in turn change the vortex characteristics of the flow field. This phenomenon 
of fluid structure interaction is called “VIV”. When the frequency of vortex release 
is close to the natural frequency of the riser structure, the phenomenon of “Lock-in” 
occurs. With the significant increase of the vibration amplitude of the riser, fatigue 
damage and even failure of the riser structure are often caused. In 2011, the “Gannet 
Alpha” drilling platform of shell oil company on the North Sea area of the United 
Kingdom suffered a sudden accident, resulting in the fatigue fracture of the oil 
pipeline connected with the platform. As a result, about 21.6 billion tons of crude oil 
leaked into the sea, causing serious pollution to the surrounding environment and 
causing major economic losses. However, the strong non-linearity, non-stationarity 
and uncertainty of the VIV of marine riser make it extremely difficult to predict the 
VIV of marine riser. How to accurately predict the VIV of marine riser and provide a 
more comprehensive theoretical basis for the design and daily maintenance of marine 
riser has been an ideal goal pursued by engineers and scientists.

For the study of VIV of marine riser, early scholars started from the simplest 
riser section, and now they have carried out a very rich experimental and numerical 
simulation study on two-dimensional (2D) rigid cylinder, including the study of 
flow around fixed cylinder, forced vibration and self-excited vibration of cylinder. 
The study of a rigid cylinder VIV (2D VIV) establishes many basic concepts of VIV, 
explores the law of rigid cylinder VIV, and lays a foundation for the construction 
of three-dimensional (3D) riser VIV algorithm model. However, the vibration of 
marine riser shows the characteristics of high order vibration and the vortex released 
by the rear edge of the riser has obvious 3D characteristics. Therefore, the research 
results based on the 2D VIV fail to provide complete technical support for the 3D 
marine riser. This prompted the researchers to study the VIV of 3D marine riser 
based on the research results of a rigid cylinder VIV. Due to the different emphases 
of the study on the VIV of a rigid cylinder and slender flexible riser, there are also 
many differences in the research methods and research hotspots. So far, there have 
been abundant researches on VIV, and many reviews have summarized the results 
of studies on the VIV of a rigid cylinder or a riser. For example, Williamson [1], 
Williamson and Govardhan [2, 3], Sarpkaya [4], Gabbai and Benaroya [5], Bearman 
[6], Wu et al. [7] have summarized the research results of a cylindrical structure or a 

Figure 1. 
Schematic diagram of marine riser operation.
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riser VIV in recent decades. In this chapter, the numerical simulation study of marine 
riser VIV in recent decades are summarized, and the development process, advan-
tages and disadvantages of different numerical research methods are analyzed and 
summarized. Finally, the research progress of current basic research and hot issues 
in engineering practice is discussed. The numerical analysis methods of marine riser 
are mainly divided into two categories: one is the empirical model method based on 
experimental data, the other is the numerical simulation method based on computa-
tional fluid dynamics (CFD) and computational structure dynamics (CSD).

2. Empirical model

The numerical prediction method based on empirical model is suitable for 
solving practical engineering problems, because the physical model is clear, and the 
calculation is simple. Empirical models mainly include wake oscillator model, modal 
superposition model, statistical model, etc. Among them, wake oscillator model and 
its improvement model are most widely used. Bishop and Hassan [8] and Hartlen 
and Currie [9] proposed the wake oscillator model and described the hydrodynamic 
force with the nonlinear Van de Pol equation. In the model, the hydrodynamic 
equation is coupled with the vibration equation which describes the transverse 
VIV of the structure. This model can simulate many phenomena in the experiment 
qualitatively. Iwan and Blevins [10] and Iwan [77] deduced the coupling equation of 
wake oscillator and structural motion based on momentum conservation principle. 
The model has clear physical meaning and well reflects the hydrodynamic charac-
teristics of VIV. The empirical parameters in the equation are determined by the test 
results of forced vibration. Therefore, the wake oscillator model is highly dependent 
on the empirical coefficient, and the empirical parameters selected by different 
wake oscillator models are greatly different. Therefore, even for the same research 
object, the prediction results of different wake oscillators are also significantly 
different. As demonstrated by Chaplin et al. [11], the amplitude response predicted 
by fourteen empirical models for the prediction of VIV in the same physical experi-
ment is smaller than the experimental value, and the prediction results of each 
empirical model are also significantly different. The wake oscillator model has been 
widely accepted as a mainstream semi-empirical and semi-theoretical algorithm for 
a long time. However, the inherent deficiency of the algorithm lies in that the hydro-
dynamic frequency of the algorithm is obtained mainly through the calculation of 
the St number (St) obtained by the experiments of fixed circular cylinder. However, 
the frequency of hydrodynamic force of circular VIV of cylinder differs greatly 
from the frequency corresponding to the St number in the flow around the fixed 
cylinder. Therefore, in most cases, this algorithm can only obtain qualitative results, 
and its accuracy is greatly different from the experimental results. Facchinetti et al. 
[12] improved the dynamic characteristics of the wake oscillator model and, respec-
tively, considered the coupling effect of displacement, velocity and acceleration 
on the wake oscillator. By comparing the prediction results of different coupling 
modes with the experimental results, it is found that the coupling of acceleration 
and lift induced by vortices can reflect the VIV characteristics of rigid cylinders 
quantitatively. Facchinetti et al. [13] further extended the model and applied it to 
VIV response of slender flexible cables. Mathelin and Langre [14] extend the work 
of Facchinetti et al. [13] to predict VIV response in shear flow. Furnes and Sørensen 
[15], Ge et al. [16] and Li et al. [17] proposed the simulation of dual-coupling 
oscillator model to simulate flow direction and transverse pulse dynamics, but the 
wake oscillator processed separately in both directions could not accurately predict 
the phase difference between flow direction and transverse response. Srinil [18] 
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and Srinil and Zanganeh [19] used a double duffing-van der Pol oscillator to predict 
VIV responses to flow and lateral coupling. The model can predict the amplitude 
response of flow direction and transverse VIV more successfully. In general, the 
empirical model approach does not consider the specific flow field structure, but 
directly considers the flow field and structure as a whole system. A set of equations 
is used to describe the characteristics of the whole system, which has the advantages 
of simple model, wide application range, and low requirement for computing power 
and storage capacity of the computer. However, this set of equations has many 
parameters, and the selection of these parameters is determined by experience or 
experiment. The choice of these parameters is crucial to the result, and the choice 
of parameters of different empirical models varies greatly. How to apply forced and 
self-excited vibration test data under specific conditions has not been completely 
solved, which constitutes a major shortcoming of the empirical model method. In 
addition, the empirical model is mainly applied to the prediction of VIV response 
of riser, which is not suitable for the study of VIV mechanism, wake vortex law and 
fluid-solid coupling characteristics of riser.

3. Numerical model based on CFD method

3.1 Numerical simulation of 2D VIV

Numerical simulation of 2D VIV can be divided into two aspects. On the one 
hand, how to simulate the numerical results and phenomena which match the 
physical experiments; on the other hand, the intrinsic mechanism of VIV is studied 
by numerical simulation. In the study of a cylinder VIV, there are two topics that 
attract most attention: one is the super upper branch, and another is phase jump.

3.1.1 Super upper branch

Jauvtis and Williamson [20, 21] studied the VIV characteristics of a cylindrical 
structure at low mass and damping with 2 DOF and found that when the mass ratio 
m* dropped to 2.6, the 2 DOF system got a super upper branch of transverse response 
amplitude, the largest response amplitude reaching 1.5 D, which all previous experi-
ments had failed to get, and the “2T” vortex mode corresponding to the maximum 
transverse amplitude is observed.

Blevins and Coughran [22] adopted the physical experiment method to study 
comprehensively the VIV of cylindrical structure for 1 DOF and 2 DOF with 
variable mass ratio, damping, and found that the measured maximum amplitude 
was 1.75 D for a smooth 2 DOF cylinder at Reynolds number of 139,000. Based on 
experimental study, many scholars have carried out numerical study of VIV. Most 
scholars have used 2D numerical simulation to study the VIV of a cylindrical 
structure with low mass-damping [23–26]. For Re = 100–200, numerical simula-
tions [23–26], including our previous research [27–29], gave similar amplitude 
results (Ay/D = 0.6) which were lower than the expected values. Subsequently, 
some scholars simulated the VIV of a cylindrical structure with Re = 1000, with 
the amplitude of transverse vibration reaching a value of Ay/D = 0.7. All these 
numerical simulations were carried out at low Reynolds numbers, well below the 
Reynolds numbers used in the classic experiment [21]. For this reason, numerical 
simulation seemed to capture only the initial and lower branches, whereas the 
upper and super upper branches were absent. Recently, some scholars began to 
use numerical simulation methods to study the VIV of a cylindrical structure at 
Reynolds numbers matched with the classic experimental values. Guilmineau and 
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Queutey [30] used the incompressible two-dimensional Reynolds-Averaged Navier-
Stokes (RANS) scheme to simulate the VIV of an elastically mounted rigid cylinder 
with low mass-damping, constrained to oscillate transversely to a free stream and 
compared their results with compared with the 1996 experimental results of Khalak 
and Williamson [31]. According the initial condition used, the simulations predict 
correctly the maximum amplitude. On the other hand, the numerical results do not 
match the upper branch found experimentally. However, these results are encourag-
ing, because no simulations have yet predicted such a high amplitude of vibration. 
Wanderley et al. [32] used the Roe-Sweby scheme to solve the compressible RANS 
equations to simulate the VIV of an elastically mounted rigid cylinder for 1 DOF 
with the mass ratio m* = 1.8. The numerical results obtained in the present work 
agree remarkably well with experimental data obtained from the literature (Khalak 
and Williamson [31]) which the mass ratio was equal to 2.4 and captured the cor-
responding response branch and vortex patterns. Pan et al. [33] also adopted the 
incompressible two-dimensional RANS scheme to simulate the VIV of an elastically 
mounted rigid cylinder for 1 DOF with the mass ratio m* = 2.4, and the result was 
compared with the experimental data reported by Khalak and Williamson [31]. The 
absence of the upper branch in RANS simulations is explained in depth because 
of discrepancies, which exist between experiments and RANS simulations. Srinil 
et al. [34] presents an experimental and numerical investigation of an elastically 
mounted rigid cylinder for 2 DOF with variable nature frequency ratios fx/fy and 
reported that when fx/fy =1.0 and mass ratio m* = 3.5, the transverse amplitude of 
the numerical simulation was much smaller than that of the experimental value. 
Gsell et al. [35] investigated the VIVs of an elastically mounted circular cylinder 
using a direct numerical simulation method. In the upper branch, the maximum 
amplitude predicted by the simulation at U* = 6.5 (about 1.2D) is lower than the 
amplitude measured experimentally [21] at the same reduced velocity. The author 
thinks that some deviations are expected due to the difference in the value of Re. 
Zhao and Cheng [36, 37] used the incompressible two-dimensional Reynolds-
Averaged Navier-Stokes scheme to obtain the super upper branch and 2T vortex 
shedding pattern with initial conditions of velocity increasing constantly, which 
was in a good agreement with the experimental results [21]. Li et al. [38] adopted 
two typical turbulent models to simulate the VIV of a cylindrical structure for 

Figure 2. 
Response amplitudes of the transverse directions under different reduced velocities [40].
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experimental study, many scholars have carried out numerical study of VIV. Most 
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results (Ay/D = 0.6) which were lower than the expected values. Subsequently, 
some scholars simulated the VIV of a cylindrical structure with Re = 1000, with 
the amplitude of transverse vibration reaching a value of Ay/D = 0.7. All these 
numerical simulations were carried out at low Reynolds numbers, well below the 
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Response amplitudes of the transverse directions under different reduced velocities [40].
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1 DOF, and the predicted maximum amplitude was lower than that obtained by 
Khalak and Williamson [31]. Kang et al. [39] applied a modified SST model based 
on OpenFOAM to simulate experimental results [21] and it captured the maximum 
amplitude reaching values of 1.4 D when the entrance velocity was made to increase 
constantly in the process of numerical simulation. In previous studies [36, 37, 39], 
the initialization of numerical simulation started from the entrance, the inflow 
velocity is increased gradually from 0 or one low velocity value to the target value 
at a constant acceleration value and then is kept constant. The results show that the 
maximum transverse amplitude can be captured more accurately with appropri-
ate inflow acceleration value. The value of this acceleration is usually very small, 
it takes a long time to accelerate to the target value, and how to determine the 
appropriate value of acceleration needs to be tested. Using this method to simulate 
the upper branch, the workload and computation time of is very large. Han et al. 
[40] successfully capture the initial branch, the lower branch, and the super upper 
branch with more accurate results, as shown in Figure 2. The units of each coor-
dinate axis in the figure are dimensionless. The corresponding reduced velocity 
range of each branch is consistent with the classical experimental results [21]. The 
maximum value of the super upper branch is 1.46 D.

The vortex pattern at different reduced velocities is simulated successfully, as 
shown in Figure 3. The VIV of the streamwise direction is in a resonance state at a 
low reduced velocity and the vortex pattern in the wake is a symmetric pair in vor-
tex modes. With the increase in reduced velocity, the transverse amplitude increases 
continuously, the cylindrical structure response enters the super upper branch, 
and the vortex pattern switches from 2S to 2T. When the reduced velocity increases 
further, the cylindrical structure’s response enters the lower branch and the vortex 
pattern becomes 2P. With further increase in the reduced velocity, the transverse 
amplitude decreases continuously, and the vortex pattern becomes 2S.

3.1.2 Phase jump

Previous work has also shown phase differences between lift and CF displace-
ments. In 1964, Bishop and Hassan [8] experimented on the lateral forced oscillation 
of a cylinder in a uniform flow, identifying the important phenomenon that when 
a cylinder oscillation frequency is near a natural vortex shedding frequency, the 
phase difference of the cylinder lift and the CF response undergoes a “sudden” jump 
from an “out-of-phase” mode to an “in-phase” mode. Then, Sarpkayab [41, 42], 
Bearman and Currie [43], Gopalkrishnan [44], and Carberry et al. [45] conducted 
similar experiments and reported the same phenomenon. The experimental study of 
Carberry et al. showed that in the process of a cylinder oscillating from a low fre-
quency area (lower than the natural vortex shedding frequency) to a high frequency 
area (higher than the natural vortex shedding frequency), there is a transition zone. 
In the transition zone the mode of the vortex wake changes and at the same time the 
phase difference of the lift and CF responses undergoes a “sudden” jump. Sarpkaya 
[41] concluded that the phase difference between the lift and CF responses was 
closely related to an energy transfer between the cylinder and fluid. Zdravkovich 
[46] used visual means to analyze the previously studied flow field and found that a 
phase difference between the lift and CF responses was related to the vortex shed-
ding time. Ongoren and Rockwell [47] used visualization analysis and reached a 
similar conclusion. Gu et al. [48] pointed out that with an increase in the frequency 
ratio, at a certain critical frequency, compared with the initial time, the cylindrical 
vortex shedding jumped from one side to another. Previous research has also shown 
that a phase difference between the cylinder lift and displacement, which determines 

103

Vortex-Induced Vibration of a Marine Riser: Numerical Simulation and Mechanism…
DOI: http://dx.doi.org/10.5772/intechopen.82516

the amplitude of a cylinder vibration, is related to the energy transfer between the 
cylinder and fluid. Govardhan and Williamson [49] used the particle image velo-
cimetry method to study transverse VIVs and highlighted that the phase remained 
slightly above throughout the initial and upper branch regimes and jumps of almost 
occurred throughout the upper and lower branch. Guilmineau and Queutey [30] 
used the RANS method to simulate a cylindrical CF forced oscillation and also found 
that the phase difference jumped about 180°. Li et al. [50] studied the nonlinear 
characteristics of VIV at and successfully captured phase-switch, lock-in, and beat 
phenomena. Wang et al. [51] has demonstrated the importance higher harmonic 
flow forces and phase mechanisms related to relative velocity and has study the 

Figure 3. 
Vorticity contours under different reduced velocity [40].
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effects of the relative velocity of the cylinder’s oscillation with respect to the follow. 
Vortex formation modes been studied by 2D and 3D simulations before [6, 52–56]. 
The abovementioned research [6, 46–50, 52–56] highlighted typical behaviors in 
the relation between CF responses and lift and vortex shedding modes of the both 
elastically mounted cylinders and forced VIVs but did not clarify the science behind 
the law of the relationship between vortex shedding and phase difference, or how the 
vortex affects the phase difference. Despite numerous studies of typical behaviors of 
the VIV of an elastic cylinder, the underlying mechanisms governing typical behav-
iors such as phase difference remain to be elucidated. Han et al. [28] investigates the 
VIV of an elastically mounted cylinder at various frequency ratios. According to 
differences in the vortex shedding location, the vortex wake can be characterized 
by two kinds of mode, that is, the “first mode” and the “second mode”. The mecha-
nisms behind the phases of the first mode and the second mode vortex wakes are 
investigated and it is found that the flow speed induced by a cylindrical transverse 
vibration and the position of a vortex release are the root causes of the phase differ-
ence between the lift coefficient and transverse displacement. The speeds caused by 
a cylinder vibration and a cylinder shed vortex are the reasons that the lift amplitude 
of an oscillatory cylinder is different from that of a fixed cylinder. For a CF VIV, when 
a cylinder sheds the vortex, in addition to producing a flow similar to that of a fixed 
cylinder with a velocity of  Δ  v  0   , it also produces flow caused by the cylinder vibrat-
ing with a velocity of  Δ  v  1   . Figure 4 shows the schematic diagram of the flow field 
around a fixed cylinder. As shown in the figure, when the vortex is released from 
the upper surface of the cylinder, flow velocity v is generated around the cylinder, 
making the upper surface velocity change to  U − Δ  v  0    and the lower surface velocity 
change to  U + Δ  v  0   . At this point, the pressure on the upper surface is greater than the 
pressure on the lower surface due to the small upper surface velocity and the large 
small surface velocity, resulting in a downward lift. Figure 5 shows the schematic 
diagram of the “first mode” flow field around a cylinder moving to the maximum 
displacement for the CF VIV. The “first mode” means when a cylinder moves to the 
maximum displacement, the cylindrical upper surface begins to shed vortex. At this 
time,  Δ  v  1    and  Δ  v  0    were in the opposite direction. The direction of the lift depended 
on the positive or negative condition of  Δ  v  0   − Δ  v  1   . When  Δ  v  0   − Δ  v  1   > 0 , the cylinder 
formed a downward lift and when  Δ  v  0   − Δ  v  1   < 0 , the cylinder formed an upward 
lift. Figure 6 shows the schematic diagram of the “second mode” flow field around 
a cylinder moving to the maximum displacement for CF VIV. The “second mode” 
means when a cylinder moves to the maximal displacement and the cylindrical lower 
surface begins to shed vortex. At this time,  Δ  v  1    and  Δ  v  0    are in the same direction and 
the upper surface velocity is higher than the lower surface velocity, causing lowering 
of the cylinder’s upper surface pressure compared to that of the lower surface pres-
sure, thereby producing an upward lift [28].

Figure 4. 
Schematic diagram of the flow field around a fixed cylinder [28].
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3.2 Numerical simulation of 2.5D VIV

The basic idea of the multi-strip method is to take a certain number of 2D slices 
of the riser in the axial direction to simulate the flow field and extract the load act-
ing on the riser. Then, the load is applied to the riser to obtain the motion response 
of the riser, and the load is applied to the riser to obtain the movement response of 
the riser, which is carried out repeatedly, and finally to predict the VIV of the riser. 
This multi-strip method can effectively reduce the calculation time, and many 
scholars [57–61] compare the prediction data obtained by the multi-strip method 
with the experimental data, and the results are relatively consistent. Willden and 
Graham [59] used the multi-strip method to construct the quasi-three-dimensional 
riser model to simulate the VIV of riser in the transverse direction under shear 
flow and found that the fluid controlled the vibration frequency of the structure 
by influencing additional mass. Yamamoto et al. [57] established a quasi-three-
dimensional CFD model, solved the hydrodynamic force of each section with the 
discrete vortex method, and calculated the vibration response of marine riser based 
on the Euler Bernoulli beam theory. The vibration response of the riser at different 
reduction velocities was calculated and compared with the test results. It was found 
that there was a vortex in the form of “2P” in the larger amplitude and a vortex in 
the form of “2S” in the smaller amplitude. Based on the theory of slicing method 
and the radial basis function dynamic mesh technology. Professor Wan [62–66] 
led the team to use OpenFOAM to solve the fluid field at each section and used the 
structural finite element method to simulate the motion response of the riser. The 
effects of various parameters (such as mass ratio, tip pretension, flow velocity and 
flow profile) on VIV of a riser were investigated. However, the VIV of a marine riser 
is a 3D problem in nature, and it is impossible to consider the influence of the flow 
along the axial direction by using the multi-strip method, and the description of the 
vibration mechanism of multi-modal coexistence is relatively vague. In addition, for 

Figure 5. 
Schematic diagram of the “first mode” flow field around a cylinder for CF VIV [28].

Figure 6. 
Schematic diagram of the “second mode” flow field around a cylinder for CF VIV [28].
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the slicing method, it needs some interpolation algorithms to deal with the relation-
ship between the slices, but this interpolation algorithm does not have a uniform 
standard [67, 68]. Hovor et al. [69] studied the three-dimensional effect of the wake 
of oscillating cylinder and the correlation of the flow force along the axial direction 
and proposed that the three-dimensional flow field characteristics of the vertical 
tube VIV are closely related to its structure amplitude, and the three-dimensional 
effect of the wake limited the further increase of the structure response amplitude.

3.3 Numerical simulation of 3D VIV

In recent years, due to the improvement of computer hardware, several fully 
3D numerical simulations of a marine riser VIV are generated. Constantinides 
et al. [67] used a finite element Navier-Stokes (NS) solver to study a high L/D riser 
model. This method overcame the shortcomings of the Q3D method and correctly 
estimated the 3D effect. The response amplitude of the numerical simulation was 
compared with experiment to verify the rationality of the algorithm and vortex 
shedding modes were briefly analyzed. Holmes et al. [68] used fully 3D CFD meth-
ods to simulate a straked riser VIV. The resulting solutions were compared with 
available experiment data on a 38 m long riser model based on RMS displacements. 
Xie et al. [70] used a finite-volume method to study the multi-mode VIV of a flex-
ible circular cylinder. Huang et al. [71, 72] used a RANS method and an overlapping 
mesh technique to simulate the VIV of a riser with the length to diameter ratio of 
482 in uniform flow and shear flow environments and compared numerical calcula-
tion results with the experiment to verify the accuracy of the calculation procedure. 
Bourguet et al. [73–76] used direct numerical simulation of the 3D incompressible 
NS equations and a beam model to simulate the VIV of a cylindrical tensioned beam 
with the aspect ratio of 200 in linear and exponential shear flows at a Reynolds 
number equal to 330. Phasing mechanisms between the IL and CF, mono- and 
multi-frequency, and lock-in of VIV were explained.

In recent studies, many researches have investigated the VIV of marine risers 
but most of their research has been limited to 2D or rigid cylinder VIV. For the 3D 
flexible riser VIV, researchers have mostly adopted the 2.5D method. Only a few 
studies have adopted a bidirectional fluid-structure interaction method to simulate 
the VIV of the riser. In such studies, the displacement of the riser was solved using a 
mode superposition method or the Euler-Bernoulli bending beam equations. Most 
of these studies have concentrated on quantification of the vibration response. 
Nevertheless, the frequency characteristics of the vibration response and the 
universal rule of vortex shedding modes and trajectories in the spanwise direction 
have been less addressed, so further research is needed. Meanwhile, some studies 
have focused only on the VIV of a riser in linear and exponential shear flows at low 
Reynolds numbers, and further study is needed for the VIV of a riser in uniform 
flows at higher Reynolds numbers.

4. Research focus and prospect

4.1 Study on the nonlinear mechanism of VIV

Studies on VIV in recent decades are often accompanied by the discovery of 
new phenomena and locked-in, jump, lower branch, upper branch, super upper 
branch, lower branch, and various wake vortex forms (such as 2P, 2T, P + S) are 
found in cylindrical VIV; in the study of 3D marine riser VIV, the phenomenon 
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of traveling-standing wave interaction propagation, multi-modal vibration and 
high-order modal vibration was found. Scholars have been continuously exploring 
the conditions and internal mechanism of these new phenomena, but it is difficult 
to give a conclusion at present. The goal is to further understand the phenomenon 
of VIV and extract the internal logic relations of major factors affecting VIV, to 
establish a more reasonable prediction model to serve ocean engineering practice.

4.2 Improve the prediction model of marine riser VIV

The prediction model of marine riser VIV still needs to be improved. Different 
from the numerical simulation based on CFD and FEM, these prediction models 
applied to practical engineering should be of high computational efficiency and 
can be easily applied to the structural design of marine riser. Perfect forecast 
model mainly from the following two aspects, that is, one is using simple param-
eters reflect the basic characteristics of VIV problem and special phenomenon of 
VIV (jumping, the response of each branch, etc.), and the selection of its value 
cannot rely too much on user’s personal experience, avoid parameters selection 
process cumbersome and lose operability. Another is building empirical models 
that can be validated on a broader scale. At present, although there are various 
models, and each of them can be verified well under certain conditions, there 
will be great differences in the calculation of back-to-back verification. No model 
has absolute advantage, and it is difficult for one model to match the results of 
multiple experiments.

4.3 Fluid-structure interaction model based on CFD and CSD

With the continuous improvement of computer operation speed, numerical 
methods have been developed rapidly, and now have become one of the main 
research methods in parallel with theoretical analysis and tank test. The fluid-
solid coupling numerical methods based on CFD and CSD are playing more and 
more important roles in the field of ocean engineering, especially in the design 
of offshore platforms and structural safety reliability analysis. The development 
of efficient large-scale parallel numerical analysis system will be an important 
direction to enhance the competitiveness in the field of ocean engineering in 
the future.

The 3D numerical simulation of the VIV of marine riser requires a hydro-
dynamic computational program and a structural mechanical computational 
program. In the coupling interface, fluid dynamic data and structural displacement 
data are exchanged, which involves grid data mapping, interpolation and fluid mesh 
reconstruction of fluid and solid media, resulting in the reduction of precision. In 
addition, the computing technology also involves some key technical problems, 
such as efficient interactive use between different solvers, economic and practical 
parallel algorithm and parallel programming, etc., and exploring more effective 
algorithms to further improve precision and efficiency is still one of the focuses of 
recent research. With the increase of the length-diameter ratio of marine riser and 
the increase of Reynolds number (the actual Reynolds number of marine engineer-
ing is mostly within the range of 105–106), the above problems become more dif-
ficult to solve. Research on circular VIV within the range of high Reynolds number 
is still rare, so it is necessary to conduct research on VIV under the condition of 
high Reynolds number, further enrich the research results, explore new fluid-solid 
coupling phenomena and theories, and lay a theoretical foundation for the concep-
tual design of marine engineering riser.
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5. Conclusions

This chapter summarizes the research status of various numerical calculation 
methods, including empirical model and CFD numerical calculation. In the aspect 
of experience model, this chapter briefs the development process of experience 
model and the deficiency of current experience model is proposed. In the aspect 
of 2D numerical simulation, the progress of 2D numerical simulation of VIV is 
summarized combining the author’s own research work on the two hot phenomena 
of super upper branch and phase jump. The development process of the multi-strip 
method for 3D marine riser VIV simulation is introduced in the aspect of 2.5D 
numerical simulation. In the aspect of 3D numerical simulation, numerical simula-
tion of 3D marine riser VIV is analyzed with the limitations of current 3D marine 
riser research. At the end of the chapter, the future research direction is proposed, 
including the nonlinear mechanism of VIV, prediction models, and CFD and CSD 
fluid-solid interaction models.
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Appendices and nomenclature

  A  y     the amplitude of the transverse vibration
 D   the cylinder diameter
 U   the inlet velocity
  m   ∗  = m /  m  d     ratio of oscillating mass over displaced mass
  m  a   = 𝜌𝜌𝜌𝜌  D   2  / 4   added mass in still water
 St =  f  0   D / U   Strouhal number in still water
 Re= UD / ν   Reynolds number
 ν   kinematic viscosity coefficient
  U   ∗  = U /  ( f  n   D)    reduced velocity in water
  f  n   =   1 ___ 2π    √ 

______
   k _____ m +  m  a         natural frequency of elastic cylinder in still water

  f  nx     natural frequency of elastic cylinder of x direction in still   
 water

  f  ny     natural frequency of elastic cylinder of y direction in still   
 water
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Abstract

This chapter investigates buckle propagation of subsea single-walled pipeline
and pipe-in-pipe (PIP) systems under hydrostatic pressure, using 2D analytical
solutions, hyperbaric chamber tests and 3D FE analyses. Experimental results are
presented using hyperbaric chamber tests, and are compared with a modified
analytical solution and with numerical results using finite element analysis for
single-walled pipelines and PIPs. The experimental investigation is conducted using
commercial aluminum tubes with diameter-to-thickness (D/t) ratio in the range
20–48. The comparison indicates that the modified analytical expression presented
in this work provides a more accurate lower bound estimate of the propagation
buckling pressure of PIPs compared to the existing equations, especially for higher
Do/to ratios. A 3D FE model is developed and is validated against the experimental
results of the propagation bucking. A parametric FE study is carried out and
empirical expressions are provided for buckle propagation pressures of PIPs with
(Do/to) ratio in the range 15–25. Moreover, empirical expressions are proposed
for the collapse pressure of the inner pipe (Pci), the proposed empirical equation
for Pci, is shown to agree well with the experimental results of the tested PIPs.

Keywords: collapse pressure, external pressure, offshore pipelines, pipe-in-pipe,
propagation buckling

1. Propagation buckling of single pipe

1.1 Introduction

Deep and ultra-deep water pipelines are vulnerable to propagation buckling due
to the high external pressures. The pipeline may collapse due to the local dents,
imperfections and ovalizations in the pipe-wall. This collapse will change the
cross-section of the pipeline from a circular shape into a dog-bone or even flat
shape. The buckle may then propagate along the pipeline and cause the pipeline to
be shut down. A typical propagation buckle scenario is shown in Figure 1, which is
triggered by impact on the pipeline from an anchor dropped from a passing vessel.

Different stages of the buckle are shown in Figure 1 in terms of the external
pressure versus change in volume of the pipe. The dent caused by the impact can
initiate the buckle due to high external pressure. The elastic buckling is followed by
a plastic collapse and change in the cross-section of the tube from circular to oval
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Abstract

This chapter investigates buckle propagation of subsea single-walled pipeline
and pipe-in-pipe (PIP) systems under hydrostatic pressure, using 2D analytical
solutions, hyperbaric chamber tests and 3D FE analyses. Experimental results are
presented using hyperbaric chamber tests, and are compared with a modified
analytical solution and with numerical results using finite element analysis for
single-walled pipelines and PIPs. The experimental investigation is conducted using
commercial aluminum tubes with diameter-to-thickness (D/t) ratio in the range
20–48. The comparison indicates that the modified analytical expression presented
in this work provides a more accurate lower bound estimate of the propagation
buckling pressure of PIPs compared to the existing equations, especially for higher
Do/to ratios. A 3D FE model is developed and is validated against the experimental
results of the propagation bucking. A parametric FE study is carried out and
empirical expressions are provided for buckle propagation pressures of PIPs with
(Do/to) ratio in the range 15–25. Moreover, empirical expressions are proposed
for the collapse pressure of the inner pipe (Pci), the proposed empirical equation
for Pci, is shown to agree well with the experimental results of the tested PIPs.
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1. Propagation buckling of single pipe

1.1 Introduction

Deep and ultra-deep water pipelines are vulnerable to propagation buckling due
to the high external pressures. The pipeline may collapse due to the local dents,
imperfections and ovalizations in the pipe-wall. This collapse will change the
cross-section of the pipeline from a circular shape into a dog-bone or even flat
shape. The buckle may then propagate along the pipeline and cause the pipeline to
be shut down. A typical propagation buckle scenario is shown in Figure 1, which is
triggered by impact on the pipeline from an anchor dropped from a passing vessel.

Different stages of the buckle are shown in Figure 1 in terms of the external
pressure versus change in volume of the pipe. The dent caused by the impact can
initiate the buckle due to high external pressure. The elastic buckling is followed by
a plastic collapse and change in the cross-section of the tube from circular to oval
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and finally a dog-bone shape. If the pressure is maintained, the buckle will propa-
gate quickly along the length of the pipe. Offshore pipelines normally experience
high service external pressure; therefore the buckle will propagate through the

Figure 1.
Buckle propagation scenario [1].
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length, forcing the flow line to be shut. The lowest pressure that maintains propa-
gation is known as the propagation pressure, and is much smaller than the collapse
pressure. To account for the difference between the collapse and the propagation
pressures in design, a thick-walled pipeline is required [1, 2].

As shown in Figure 1, the propagation pressure is much less than initiation
pressure (peak pressure in Figure 1). The initiation pressure is significantly affected
by the size of the local dent. Local dents may also occur during the installation
period. The most common types of offshore pipeline installation are S-lay method,
J-lay method, Reel-lay method and Towing method. A combination of bending
and external pressure happens in the sag bend length of the pipe. Normally high
tension is applied to the pipe to maintain its stiffness during installation. If for any
reason this tension is released, high bending in the sag bend region may cause local
buckling which may be followed by propagation buckling. Apart from the foretold
loading sources, manufacturing imperfections in pipe such as non-uniform
thickness, varying elastic modulus, local ovalization, and also erosion and corrosion
may cause local buckling in pipelines.

Many researchers have investigated various aspects of this problem since it was
first presented by Mesloh et al. [3] and Palmer and Martin [4]. Most notably is the
extensive work of Kyriakides [5, 6], Kamalarasa [7] and Albermani et al. [2]. Recent
books by Kyriakides [1] and Palmer and King [8] provide comprehensive review
of this problem and the associated literature. The work done by Xue et al. [9]
investigates the effect of corrosion in the propagation buckling of subsea pipelines.
Buckle arrestors [1, 18], pipe-in-pipe system [10–14], sandwich pipe system [15]
and ring-stiffened pipelines [16], are used to confine the propagation buckling in
subsea pipelines.

As stated before, a local dent or ovalization in the pipe wall can cause a local
collapse as in the pipe-wall. It is well-known that the collapse pressure of a 2D
arch (similar to a single pipeline (Pcr)), under lateral pressure can be
approximated by [17]:

Pcr ¼ E
4 1� ν2ð Þ

t
r

� �3
(1)

where E is the modulus of elasticity, ν is the Poisson’s ratio, t is the pipe wall
thickness and r is the mean radius of pipe. As shown in Figure 1 prior to the collapse
pressure no significant change in cross section of pipe is observed. Note that for
sake of clarity the slope of line ending to collapse pressure in Figure 1 is
exaggerated. During the propagation buckling the pipe endures substantial change
in its shape.

1.2 Analytical solution of propagation pressure of single pipe

A typical buckle propagation response is characterized by the pressure at
which the snap-through takes place (the initiation pressure PI) and the pressure
that maintains propagation (the propagation pressure Pp) which is a small
fraction of PI.

Palmer and Martin [4] suggested a 2D approximation for propagation buckling
of subsea pipelines Eq. (2). Their solution is based on a 2D ring collapse (plane
strain) mechanism, and accounts for the circumferential bending effect of the pipe
wall (see Figure 2). The Palmer and Martin (PM) solution underestimates the
propagation pressure when compared to experimental results. This difference
increases as D/t decreases. The propagation pressure from the PM solution, PPM,
is given by:

117

Propagation Buckling of Subsea Pipelines and Pipe-in-Pipe Systems
DOI: http://dx.doi.org/10.5772/intechopen.85786



and finally a dog-bone shape. If the pressure is maintained, the buckle will propa-
gate quickly along the length of the pipe. Offshore pipelines normally experience
high service external pressure; therefore the buckle will propagate through the

Figure 1.
Buckle propagation scenario [1].

116

New Innovations in Engineering Education and Naval Engineering

length, forcing the flow line to be shut. The lowest pressure that maintains propa-
gation is known as the propagation pressure, and is much smaller than the collapse
pressure. To account for the difference between the collapse and the propagation
pressures in design, a thick-walled pipeline is required [1, 2].

As shown in Figure 1, the propagation pressure is much less than initiation
pressure (peak pressure in Figure 1). The initiation pressure is significantly affected
by the size of the local dent. Local dents may also occur during the installation
period. The most common types of offshore pipeline installation are S-lay method,
J-lay method, Reel-lay method and Towing method. A combination of bending
and external pressure happens in the sag bend length of the pipe. Normally high
tension is applied to the pipe to maintain its stiffness during installation. If for any
reason this tension is released, high bending in the sag bend region may cause local
buckling which may be followed by propagation buckling. Apart from the foretold
loading sources, manufacturing imperfections in pipe such as non-uniform
thickness, varying elastic modulus, local ovalization, and also erosion and corrosion
may cause local buckling in pipelines.

Many researchers have investigated various aspects of this problem since it was
first presented by Mesloh et al. [3] and Palmer and Martin [4]. Most notably is the
extensive work of Kyriakides [5, 6], Kamalarasa [7] and Albermani et al. [2]. Recent
books by Kyriakides [1] and Palmer and King [8] provide comprehensive review
of this problem and the associated literature. The work done by Xue et al. [9]
investigates the effect of corrosion in the propagation buckling of subsea pipelines.
Buckle arrestors [1, 18], pipe-in-pipe system [10–14], sandwich pipe system [15]
and ring-stiffened pipelines [16], are used to confine the propagation buckling in
subsea pipelines.

As stated before, a local dent or ovalization in the pipe wall can cause a local
collapse as in the pipe-wall. It is well-known that the collapse pressure of a 2D
arch (similar to a single pipeline (Pcr)), under lateral pressure can be
approximated by [17]:

Pcr ¼ E
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where E is the modulus of elasticity, ν is the Poisson’s ratio, t is the pipe wall
thickness and r is the mean radius of pipe. As shown in Figure 1 prior to the collapse
pressure no significant change in cross section of pipe is observed. Note that for
sake of clarity the slope of line ending to collapse pressure in Figure 1 is
exaggerated. During the propagation buckling the pipe endures substantial change
in its shape.

1.2 Analytical solution of propagation pressure of single pipe

A typical buckle propagation response is characterized by the pressure at
which the snap-through takes place (the initiation pressure PI) and the pressure
that maintains propagation (the propagation pressure Pp) which is a small
fraction of PI.

Palmer and Martin [4] suggested a 2D approximation for propagation buckling
of subsea pipelines Eq. (2). Their solution is based on a 2D ring collapse (plane
strain) mechanism, and accounts for the circumferential bending effect of the pipe
wall (see Figure 2). The Palmer and Martin (PM) solution underestimates the
propagation pressure when compared to experimental results. This difference
increases as D/t decreases. The propagation pressure from the PM solution, PPM,
is given by:
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PPM ¼ π

4
σy

t
r

� �2
(2)

for a pipe with radius, r, wall thickness, t, and material yield stress, σy. Based on
experimental observations from hyperbaric chamber tests, the top and bottom
hinges in Figure 2a move towards each other while the left and right hinges move
laterally away from each other. This deformation continues until touchdown
(Figure 2b), the lateral movement seizes and flattening of the resulting four arch
segments commence (Figure 2c).

Accordingly, a modification to the lower bound PM solution is proposed [2], by
accounting for the circumferential membrane as well as flexural effects in the pipe
wall

Wex ¼ Winð Þf þ Winð Þm (3)

where Wex is the external work done by the net hydrostatic pressure and Win is
the internal work due to circumferential flexure, f, and membrane, m, effects. The
initially circular cross section of the pipe (Figure 2a) will deform into a dog-bone
(Figure 2b) and eventually into a nearly flat segment. Accordingly, (Eq. (3)) can be
written as:

p ΔAð Þ ¼ 3πmp þ prð Þ Δlð Þ (4)

where ΔA is the change in the cross section area, Δl is the change in the circum-
ferential length and mpis the plastic moment, these are given by:

ΔA ¼ πr2 (5)

Figure 2.
A schematic of 2D deformation stages in propagation buckling of single pipe; (a) the initial circular cross section
of the single pipe; (b) dog-bone deformed shape; (c) flat segment of the pipe.
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Δl ¼ 0:626r (6)

mp ¼ σy
t2

4
(7)

Substituting Eqs. (5)–(7) into (4), the propagation pressure, ep, is obtained as:

~p ¼ 3
2:515

π

4
σy

t
r

� �2� �
¼ 1:193pPM (8)

Experimental observations confirm that the propagation pressure predicted by
(Eq. (8)) is 19% higher than the PM prediction Eq. (2), regardless of t/r ratio.
However, it should be noted, that by adopting plane strain conditions, the tensile
coupon yield stress can be augmented by a factor of (2/√3) in (Eq. (8)) which
results in an additional 15% increase in ep.

1.3 Experiments on propagation buckling of single-walled pipelines

A stiff 4 m long hyperbaric chamber rated for 20 MPa (2000 m water depth)
internal pressure was used for testing (Figure 3a). Three meter long aluminum
pipes were used in the hyperbaric chamber tests [2]. Ovalization measurements
along the pipe samples before testing were carried out that gave an average
ovalization ratio Ω (Eq. (9)) around 0.46–0.67%

Figure 3.
The experimental set-up: (a) the hyperbaric chamber, high-pressure pump, scales, pressure gauge and vents,
(b) pipes and fittings, (c) failed pipes tested in the hyperbaric chamber.
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4
σy

t
r

� �2
(2)

for a pipe with radius, r, wall thickness, t, and material yield stress, σy. Based on
experimental observations from hyperbaric chamber tests, the top and bottom
hinges in Figure 2a move towards each other while the left and right hinges move
laterally away from each other. This deformation continues until touchdown
(Figure 2b), the lateral movement seizes and flattening of the resulting four arch
segments commence (Figure 2c).

Accordingly, a modification to the lower bound PM solution is proposed [2], by
accounting for the circumferential membrane as well as flexural effects in the pipe
wall

Wex ¼ Winð Þf þ Winð Þm (3)

where Wex is the external work done by the net hydrostatic pressure and Win is
the internal work due to circumferential flexure, f, and membrane, m, effects. The
initially circular cross section of the pipe (Figure 2a) will deform into a dog-bone
(Figure 2b) and eventually into a nearly flat segment. Accordingly, (Eq. (3)) can be
written as:

p ΔAð Þ ¼ 3πmp þ prð Þ Δlð Þ (4)

where ΔA is the change in the cross section area, Δl is the change in the circum-
ferential length and mpis the plastic moment, these are given by:

ΔA ¼ πr2 (5)

Figure 2.
A schematic of 2D deformation stages in propagation buckling of single pipe; (a) the initial circular cross section
of the single pipe; (b) dog-bone deformed shape; (c) flat segment of the pipe.
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Δl ¼ 0:626r (6)

mp ¼ σy
t2

4
(7)

Substituting Eqs. (5)–(7) into (4), the propagation pressure, ep, is obtained as:

~p ¼ 3
2:515

π

4
σy

t
r

� �2� �
¼ 1:193pPM (8)

Experimental observations confirm that the propagation pressure predicted by
(Eq. (8)) is 19% higher than the PM prediction Eq. (2), regardless of t/r ratio.
However, it should be noted, that by adopting plane strain conditions, the tensile
coupon yield stress can be augmented by a factor of (2/√3) in (Eq. (8)) which
results in an additional 15% increase in ep.

1.3 Experiments on propagation buckling of single-walled pipelines

A stiff 4 m long hyperbaric chamber rated for 20 MPa (2000 m water depth)
internal pressure was used for testing (Figure 3a). Three meter long aluminum
pipes were used in the hyperbaric chamber tests [2]. Ovalization measurements
along the pipe samples before testing were carried out that gave an average
ovalization ratio Ω (Eq. (9)) around 0.46–0.67%

Figure 3.
The experimental set-up: (a) the hyperbaric chamber, high-pressure pump, scales, pressure gauge and vents,
(b) pipes and fittings, (c) failed pipes tested in the hyperbaric chamber.
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Ω0 ¼ Dmax �Dmin

Dmax þDmin
(9)

where Dmax and Dmin are the maximum and minimum measured outer diame-
ters along the pipe length.

The hyperbaric chamber test procedure is as follows. Thick discs are welded at
both ends of 3 m pipeline. The pipeline is then filled with water and inserted inside
the chamber (Figure 3b). The bolts at the chamber lid are tightened using a pneu-
matic torque wrench and the chamber is sealed. Using a control-volume analogy,
the water inside the chamber is pressurized at a slow rate, using a hand pump.
When the pressure reaches the initiation pressure PI of the pipeline, a section along
the pipe sample collapses. This leads to a substantial drop in chamber pressure and
is followed by water flowing from within the pipe sample through vent. Then, the
chamber pressure is stabilized at the propagation pressure, Pp, with the buckle
longitudinally propagating along the pipe sample accompanied by uniform water
flow from the vent. The failed samples are sown in Figure 3c.

The average pressures of the 19 pipes tested in the hyperbaric chamber are
represented in Table 1. A typical pressure-volume change response obtained from
the hyperbaric chamber tests is shown in Figure 4. In Figure 4, the pressure inside
the chamber is normalized by the propagation pressure, PPM, and the change in the
pipe volume ΔV is normalized by the initial volume of the pipe, V. As stated before,
the buckle initiation pressure, PI, is sensitive to imperfections (such as a dent in the
pipe wall). However, the buckle propagation pressure, Pp, is not affected by the
imperfection.

The analytical, experimental and numerical pressures are compared in Table 2.
The ratio of propagation pressure from the hyperbaric chamber tests PP to the

Sample/material D/t Coupon tests Analytical (MPa) Hyperbaric chamber (MPa)

ID Al-6060 σY (MPa) E=σY E0=E(%) PPM

Eq. (2)
eP
Eq. (8)

Experiment Finite element

PI PP PIFE PPFE

D50 T591 25 122 440 1.5 0.778 0.93 6.42 1.6 5.12 1.1

D60 T4 20 81 716 1.9 1.011 1.21 8.24 2.3 8.15 1.6

D76 T5 47.5 156 367 0.4 0.205 0.245 1.32 0.35 1.07 0.3

Table 1.
Summary of experimental, analytical and numerical results.

Figure 4.
Normalized pressure-volume response (experimental and numerical results) for D50.
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modified analytical solution ~p (Eq. (8)) vary from 1.428 to 1.9 depending on D/t
ratio. Mesloh et al. [19] suggested similar relations. The ratio of PI/PP from the
hyperbaric chamber tests is also shown in Table 2 and varies from 3.5 to 4.0. The
results represented in Table 2 highlight the susceptibility of deep and ultra-deep
subsea pipelines to propagation buckling. To confine the buckle propagation,
external ring stiffeners are exploited intermittently on the pipeline. These buckle
arrestors can only confine the pressure between two stiffeners.

1.4 Finite element study on propagation buckling of single-walled pipelines

FE models were created in ANSYS [20] to investigate the response of the pipe to
propagation buckling. Thin 4-noded shell elements (181) were used to model the
pipe. SHELL181 is suitable for analyzing thin to moderately-thick shell structures. It
is a four-noded element with six degrees of freedom at each node: translations in the
x, y, and z directions, and rotations about the x, y, and z axes. Hydrostatic pressure
can be applied as surface loads on corresponding surface. Pipe wall thickness is
defined using section data command. A convergence study was performed and five
integration points was found to be adequate for propagation buckling of cylindrical
pipes. Frictionless contact and target elements (ANSYS elements 174 and 170) are
used to define the contact between the inner surfaces of the pipe wall. These
elements are created on the surface of the existing shell elements using ESURF
command. The 3D contact surface elements CONTA174 are associated with the 3D
target segment elements TARGE170 via a shared real constant set. Contact stiffness
can be controlled by normal penalty stiffness factors and tangent penalty stiffness
factor. Normal penalty stiffness factor of 0.1 was selected based on a convergence
study performed that ensures both real contact behavior and reasonable computa-
tional time. Tangent stiffness factor appeared not to affect the results significantly.

A von-Mises elastoplastic material definition with isotropic hardening was
adopted based on material properties shown in Table 1. Total of 40 shell-181
elements in circumference were utilized for modeling the pipe. Local ovalizations
were introduced to FE model by applying external pressures symmetrically on 8
elements on top of the pipe along a length equal to diameter of the pipe. Geometry
is then updated using UPGEOM command and nonlinear geometric and material
analysis is carried out. The FE model is 3 m long and is restrained against translation
at all nodes at both ends.

The initiation and propagation pressures obtained from FE analysis (PIFE and
PPFE respectively) are summarized in Table 1 and are in reasonable agreement with
the experimental results from the hyperbaric chamber. Unlike buckle initiation
pressure (PI), buckle propagation pressure (PP) is independent of curvature or
ovalization of pipe. Palmer and Martin prediction PPM estimates a lower bound for
propagation pressure. The FE predictions of initiation and propagation pressures on

Sample D/t Hyperbaric chamber Finite element

PP=eP PI=PP PI=PIFE PP=PPFE

D50 25 1.720 4.01 1.253 1.453

D60 20 1.900 3.58 1.011 1.437

D76 47.5 1.428 3.77 1.234 1.167

Table 2.
Comparison of experimental, analytical and numerical results.
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modified analytical solution ~p (Eq. (8)) vary from 1.428 to 1.9 depending on D/t
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hyperbaric chamber tests is also shown in Table 2 and varies from 3.5 to 4.0. The
results represented in Table 2 highlight the susceptibility of deep and ultra-deep
subsea pipelines to propagation buckling. To confine the buckle propagation,
external ring stiffeners are exploited intermittently on the pipeline. These buckle
arrestors can only confine the pressure between two stiffeners.

1.4 Finite element study on propagation buckling of single-walled pipelines

FE models were created in ANSYS [20] to investigate the response of the pipe to
propagation buckling. Thin 4-noded shell elements (181) were used to model the
pipe. SHELL181 is suitable for analyzing thin to moderately-thick shell structures. It
is a four-noded element with six degrees of freedom at each node: translations in the
x, y, and z directions, and rotations about the x, y, and z axes. Hydrostatic pressure
can be applied as surface loads on corresponding surface. Pipe wall thickness is
defined using section data command. A convergence study was performed and five
integration points was found to be adequate for propagation buckling of cylindrical
pipes. Frictionless contact and target elements (ANSYS elements 174 and 170) are
used to define the contact between the inner surfaces of the pipe wall. These
elements are created on the surface of the existing shell elements using ESURF
command. The 3D contact surface elements CONTA174 are associated with the 3D
target segment elements TARGE170 via a shared real constant set. Contact stiffness
can be controlled by normal penalty stiffness factors and tangent penalty stiffness
factor. Normal penalty stiffness factor of 0.1 was selected based on a convergence
study performed that ensures both real contact behavior and reasonable computa-
tional time. Tangent stiffness factor appeared not to affect the results significantly.

A von-Mises elastoplastic material definition with isotropic hardening was
adopted based on material properties shown in Table 1. Total of 40 shell-181
elements in circumference were utilized for modeling the pipe. Local ovalizations
were introduced to FE model by applying external pressures symmetrically on 8
elements on top of the pipe along a length equal to diameter of the pipe. Geometry
is then updated using UPGEOM command and nonlinear geometric and material
analysis is carried out. The FE model is 3 m long and is restrained against translation
at all nodes at both ends.

The initiation and propagation pressures obtained from FE analysis (PIFE and
PPFE respectively) are summarized in Table 1 and are in reasonable agreement with
the experimental results from the hyperbaric chamber. Unlike buckle initiation
pressure (PI), buckle propagation pressure (PP) is independent of curvature or
ovalization of pipe. Palmer and Martin prediction PPM estimates a lower bound for
propagation pressure. The FE predictions of initiation and propagation pressures on

Sample D/t Hyperbaric chamber Finite element
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D50 25 1.720 4.01 1.253 1.453
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average represent 87 and 74%, respectively, of the experimental results. A typical
FE result for D50 pipe is shown in Figures 4 and 5.

2. Propagation buckling of pipe-in-pipe systems

2.1 Introduction

Pipe-in Pipe (PIP) systems are extensively being used in the design of high
pressure and high temperature (HP/HT) flowlines due to their outstanding thermal
insulation. A typical PIP system consists of concentric inner and outer pipes, bulk
heads and centralizers. The inner pipe (flowline) conveys the production fluids and
the outer pipe (carrier pipe) protects the system from external pressure and
mechanical damage. The two pipes are isolated by centralizers at joints and
connected through bulkheads at the ends of the pipeline. The annulus (space
between the tubes) is either empty or filled with non-structural insulation material
such as foam or water [21].

PIP systems are normally divided into two categories, namely, compliant and
non-compliant systems. In a compliant system, the inner pipe and the carrier pipe
are attached at close intervals; whereas both inner and carrier pipes are only
connected through bulkheads at discrete locations in a non-compliant system. The
relative movement between the inner and outer pipes is arrested in a compliant
system while the two pipes can move relative to each other in a non-compliant
system. PIPs are exploited in subsea developments, where the carrier pipe is
designed to resist high hydrostatic pressures (water depths up to 3000 m) and the
inner pipe is designed to transmit hydrocarbons at temperatures as high as 180°C
[22]. The HP/HT flow can cause global upheaval [23] or lateral buckling [24] in the
system. Furthermore, the high hydrostatic pressure may trigger a local collapse,
such as propagation buckling or buckle interaction [13–14, 25–29, 33], in the carrier
(outer) pipe. Structural integrity of the PIP system under external pressure is an
issue of concern, because the collapse of the carrier pipe may result in collapse of
the inner pipe.

Despite the extensive investigations performed on integrity of single pipelines,
to date, instabilities of PIPs have only been marginally addressed. Kyriakides [10]
conducted a thorough experimental study on propagation buckling of steel PIPs
with two-inch diameter carrier tubes with Do/to values of 24.1, 21.1 and 16.7 and
inner pipes of various Di/ti ratios ranging between 15 and 37. Kyriakides [10]
observed two dominant modes of buckling. In the first mode the local collapse of
the outer pipe led to simultaneous collapse of the inner pipe, whereas in the second
mode the carrier pipe collapsed without affecting the inner pipe. Based on the
experimental study and 3D finite element analyses, Kyriakides and Vogler [11]
suggested an empirical formula for buckle propagation pressure of PIP, Pp2. Gong

Figure 5.
FE model of 3 m long D50 showing the onset of propagation buckling.
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and Li [12] carried out a finite element study of propagation buckling of PIPs with
carrier pipes having Do/to values of 25, 20 and 15 and inner tubes having Di/ti of 15
and 20. Although both studies [11, 12] covered similar Do/to range of the carrier
pipe, two different empirical expressions were suggested.

2.2 Analytical solution of propagation pressure of pipe-in-pipe systems

Numerous analytical solutions have been suggested to estimate the propagation
pressure of a single pipe. Unlike propagation pressure, the initiation pressure is
very sensitive to initial imperfection such as local dents or ovalizations. The propa-
gation pressure is related to plastic properties of the pipe and is only a fraction of
the buckle initiation pressure. Both buckle initiation pressure and buckle propaga-
tion pressure are related to the diameter to wall-thickness ratio of the pipe, however
previous studies suggest that there is no evident relationship between the two [2, 3].
The simplest propagation pressure model was established by Palmer and Martin
[4], which only considered the initial and final configurations of the cross-section of
the pipe. Figure 6 shows the four plastic hinges developed in the pipe at different
stages of propagation buckling on subsea pipelines and pipe-in-pipe systems.

By adopting plane strain analogy, Kyriakides and Vogler [11] proposed the
following expression for the propagation pressure of the PIP system. Their formu-
lation accounts for development of four plastic hinges in each of the carrier and the
inner pipes (Figure 6d-f).

P̂p2 ¼ 2πffiffiffi
3

p σYo
to
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where subscripts o and i denote the outer pipe and inner pipe, respectively.
The analytical lower bound solution to propagation buckling of a single pipe

given by (Eq. (8)), can be extended to the pipe-in-pipe systems by accounting for
the membrane and flexural effects of the outer and the inner pipes:

Wex ¼ Win fð Þ þWin mð Þ (11)

Figure 6.
A schematic of deformation stages in propagation buckling of a single pipe (stages a–c) and a pipe-in-pipe
system (stages d–f).
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and Li [12] carried out a finite element study of propagation buckling of PIPs with
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and 20. Although both studies [11, 12] covered similar Do/to range of the carrier
pipe, two different empirical expressions were suggested.

2.2 Analytical solution of propagation pressure of pipe-in-pipe systems

Numerous analytical solutions have been suggested to estimate the propagation
pressure of a single pipe. Unlike propagation pressure, the initiation pressure is
very sensitive to initial imperfection such as local dents or ovalizations. The propa-
gation pressure is related to plastic properties of the pipe and is only a fraction of
the buckle initiation pressure. Both buckle initiation pressure and buckle propaga-
tion pressure are related to the diameter to wall-thickness ratio of the pipe, however
previous studies suggest that there is no evident relationship between the two [2, 3].
The simplest propagation pressure model was established by Palmer and Martin
[4], which only considered the initial and final configurations of the cross-section of
the pipe. Figure 6 shows the four plastic hinges developed in the pipe at different
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lation accounts for development of four plastic hinges in each of the carrier and the
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where Wex is the external work done by the hydrostatic pressure and Win is the
internal work due to the circumferential flexure, f and membrane effects, m.
Based on the experimental observations from the hyperbaric chamber, the initially
circular cross-section of the outer pipe (Figure 6d) has found to deform into the
shape shown in (Figure 6e). Further increase in the external pressure causes the
pipe-in-pipe system to eventually deform into the dog-bone shape (Figure 6f).
Thus (Eq. (11)) can be written as:

Pp2 ΔAð Þ ¼ 3π mpo þmpi
� �þ Pp2 ro:Δlo þ ri:Δlið Þ (12)

where ΔA is the change in the cross-section area, Δl is the change in the circum-
ferential length and mp is the plastic moment. These are given by:

ΔA ¼ πr2o (13)

Δlo ¼ 2π � 4
ffiffiffi
2

p� �
r0; Δli ¼ 2π � 4
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where the subscript “o” denotes the outer pipe, and “i” represents the inner pipe.
Substituting Eqs. (13)–(15) into (12), the propagation pressure, Pp2, of the PIP
system is obtained as:
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When Di = ti = 0, Eq. (16) yields the propagation pressure of a single pipe given
by Eq. (8). Unlike Eq. (10), Eq. (16) accounts for the effect of Di/Do as well as that
of ti/to and σYi/σYo.

2.3 Experiments on propagation buckling of pipe-in-pipe system

The experimental protocol is comprised of end-sealing concentric PIP systems
with parameters shown in Table 3 and a length of 1.6 m (L/D > 20), being pressur-
ized inside the hyperbaric chamber depicted in Figure 3a. The chamber has an
inner-diameter of 173 mm and a length of 4 m and is rated for working pressure of
20 MPa (2000 m water depth). The intact PIP was sealed at both ends by gluing on
thick aluminum discs ensuring that the inner was completely sealed from the outer
pipe. Two valves were connected to each end of the PIP, one on the carrier pipe and

ID Carrier pipe Inner pipe Do/to Di/ti Di/Do ti/to E (MPa) E0
E %ð Þ σYo (MPa) σYi

σYo

PIP-1 OD = 80,
t = 2

OD = 40,
t = 1.6

40.0 25.0 0.50 0.80 69,000 1.01 169 0.93

PIP-2 OD = 60,
t = 2

OD = 40,
t = 1.6

30.0 25.0 0.75 0.80 69,000 0.97 139 1.12

PIP-3 OD = 80,
t = 3

OD = 40,
t = 1.6

26.7 25.0 0.50 0.53 69,000 1.02 209 0.75

Note: All dimensions are in millimeters; OD = outer diameter; t = thickness.

Table 3.
Properties of PIPs.
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the other on the inner pipe. One valve was used for bleeding the pipe while filling it
with water. The second valve was utilized to vent the carrier and inner pipes, as well
as to collect water from the inner pipe and the cavity between the inner and outer
pipes during the buckle propagation (through the red and black hoses shown in
Figure 7). A volume-controlled pressurization with a high pressure pump (shown
in Figure 3a) was used and the pressure was increased until collapse of the system
due to external pressure occurred under quasi-static steady-state conditions. By
maintaining a low rate of pumping, the chamber pressure was stabilized at propa-
gation pressure Pp2, with buckle longitudinally propagating along the PIP sample
accompanied by water flow from the vents. The change in volume of the system
(ΔV) during the test was calculated by measuring the weight of water being
discharged from the inner pipe and the cavity between the pipes separately using
digital weighing scales shown in Figure 3a. Control tests using a single pipe (outer
pipe) were conducted first.

Figures 8–10 present the experimental results of the buckle propagation
response of PIPs. The pressure inside the chamber is plotted against the normalized
change in volume of the carrier pipe (60 � 2 mm) of PIP-2 in Figure 8a. The
chamber is gradually pressurized until the initiation pressure PI is reached at which
a section of the pipe collapses resulting in a drastic drop in the chamber’s pressure.
The pressure is then maintained at the propagation pressure Pp with the dog-bone
buckle shape longitudinally propagating along the length of the pipe. The buckle
propagation response of the PIP-2 system is shown in Figure 8b. The change in
pressure of the system is plotted against the normalized change in volume of the
inner pipe (40 � 1.6 mm) and the outer pipe (60 � 2 mm) (the space between the
two pipes). Buckle is initiated first (PI2) on the outer pipe, then the energy is
released through ovalization of the outer pipe, until the outer pipe touches the inner
pipe. Buckle initiation pressures PI and PI2 have been shown to be closely related to
geometric imperfections in shapes of dents or ovality of the outer pipe [25, 30].
Since the main focus of the present study is only on the buckle propagation pres-
sures, the parameters affecting the buckle initiation pressure are not discussed
herein. Following the contact between the carrier pipe and the inner pipes of PIP-2,
the inner pipe collapses and the buckle propagates longitudinally as long as the
pressure is maintained at Pp2. When the stiff end-caps fall within the vicinity of
the buckle transition zone, a higher pressure is required to perpetuate the buckle
which corresponds to the stiffening part of PIP-2 response shown in Figure 8b.

Figure 7.
The PIP sample inside the hyperbaric chamber and fittings.
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where Wex is the external work done by the hydrostatic pressure and Win is the
internal work due to the circumferential flexure, f and membrane effects, m.
Based on the experimental observations from the hyperbaric chamber, the initially
circular cross-section of the outer pipe (Figure 6d) has found to deform into the
shape shown in (Figure 6e). Further increase in the external pressure causes the
pipe-in-pipe system to eventually deform into the dog-bone shape (Figure 6f).
Thus (Eq. (11)) can be written as:

Pp2 ΔAð Þ ¼ 3π mpo þmpi
� �þ Pp2 ro:Δlo þ ri:Δlið Þ (12)

where ΔA is the change in the cross-section area, Δl is the change in the circum-
ferential length and mp is the plastic moment. These are given by:

ΔA ¼ πr2o (13)
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where the subscript “o” denotes the outer pipe, and “i” represents the inner pipe.
Substituting Eqs. (13)–(15) into (12), the propagation pressure, Pp2, of the PIP
system is obtained as:
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When Di = ti = 0, Eq. (16) yields the propagation pressure of a single pipe given
by Eq. (8). Unlike Eq. (10), Eq. (16) accounts for the effect of Di/Do as well as that
of ti/to and σYi/σYo.

2.3 Experiments on propagation buckling of pipe-in-pipe system

The experimental protocol is comprised of end-sealing concentric PIP systems
with parameters shown in Table 3 and a length of 1.6 m (L/D > 20), being pressur-
ized inside the hyperbaric chamber depicted in Figure 3a. The chamber has an
inner-diameter of 173 mm and a length of 4 m and is rated for working pressure of
20 MPa (2000 m water depth). The intact PIP was sealed at both ends by gluing on
thick aluminum discs ensuring that the inner was completely sealed from the outer
pipe. Two valves were connected to each end of the PIP, one on the carrier pipe and

ID Carrier pipe Inner pipe Do/to Di/ti Di/Do ti/to E (MPa) E0
E %ð Þ σYo (MPa) σYi

σYo

PIP-1 OD = 80,
t = 2

OD = 40,
t = 1.6

40.0 25.0 0.50 0.80 69,000 1.01 169 0.93

PIP-2 OD = 60,
t = 2

OD = 40,
t = 1.6

30.0 25.0 0.75 0.80 69,000 0.97 139 1.12

PIP-3 OD = 80,
t = 3

OD = 40,
t = 1.6

26.7 25.0 0.50 0.53 69,000 1.02 209 0.75

Note: All dimensions are in millimeters; OD = outer diameter; t = thickness.

Table 3.
Properties of PIPs.
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the other on the inner pipe. One valve was used for bleeding the pipe while filling it
with water. The second valve was utilized to vent the carrier and inner pipes, as well
as to collect water from the inner pipe and the cavity between the inner and outer
pipes during the buckle propagation (through the red and black hoses shown in
Figure 7). A volume-controlled pressurization with a high pressure pump (shown
in Figure 3a) was used and the pressure was increased until collapse of the system
due to external pressure occurred under quasi-static steady-state conditions. By
maintaining a low rate of pumping, the chamber pressure was stabilized at propa-
gation pressure Pp2, with buckle longitudinally propagating along the PIP sample
accompanied by water flow from the vents. The change in volume of the system
(ΔV) during the test was calculated by measuring the weight of water being
discharged from the inner pipe and the cavity between the pipes separately using
digital weighing scales shown in Figure 3a. Control tests using a single pipe (outer
pipe) were conducted first.

Figures 8–10 present the experimental results of the buckle propagation
response of PIPs. The pressure inside the chamber is plotted against the normalized
change in volume of the carrier pipe (60 � 2 mm) of PIP-2 in Figure 8a. The
chamber is gradually pressurized until the initiation pressure PI is reached at which
a section of the pipe collapses resulting in a drastic drop in the chamber’s pressure.
The pressure is then maintained at the propagation pressure Pp with the dog-bone
buckle shape longitudinally propagating along the length of the pipe. The buckle
propagation response of the PIP-2 system is shown in Figure 8b. The change in
pressure of the system is plotted against the normalized change in volume of the
inner pipe (40 � 1.6 mm) and the outer pipe (60 � 2 mm) (the space between the
two pipes). Buckle is initiated first (PI2) on the outer pipe, then the energy is
released through ovalization of the outer pipe, until the outer pipe touches the inner
pipe. Buckle initiation pressures PI and PI2 have been shown to be closely related to
geometric imperfections in shapes of dents or ovality of the outer pipe [25, 30].
Since the main focus of the present study is only on the buckle propagation pres-
sures, the parameters affecting the buckle initiation pressure are not discussed
herein. Following the contact between the carrier pipe and the inner pipes of PIP-2,
the inner pipe collapses and the buckle propagates longitudinally as long as the
pressure is maintained at Pp2. When the stiff end-caps fall within the vicinity of
the buckle transition zone, a higher pressure is required to perpetuate the buckle
which corresponds to the stiffening part of PIP-2 response shown in Figure 8b.

Figure 7.
The PIP sample inside the hyperbaric chamber and fittings.
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Figure 8.
Buckle propagation response inside the hyperbaric chamber: (a) pressure versus normalized change of volume of
the 60 � 2 mm carrier pipe, (b) pressure versus normalized change of volume of PIP-2 and (c) normalized
volume versus time of PIP-2.

126

New Innovations in Engineering Education and Naval Engineering

A dog-bone buckle shape similar to that observed in buckle propagation of the
carrier pipe (Figure 8a) was detected in the PIP-2 chamber test (Figure 8b).
Change in volume of the outer and inner pipes are plotted against the test time in
Figure 8c. The time-history shows a higher initial discharge from the outer pipe
than the inner pipe. However, after the outer pipe touches the inner pipe at ΔV/
Vo = 0.1 (shown in Figure 8b), discharge from the inner pipe is triggered and at ΔV/
Vo > 0.2 (shown in Figure 8c) the discharge rate of the inner pipe exceeds that of
the outer pipe. This ascertains that the collapse of the outer pipe is rapidly trans-
ferred to the inner pipe and is then followed by the longitudinal propagation of the
buckle in both carrier and inner pipes. The rate of discharge in the carrier pipe and
inner pipe gradually decays as time lapses, which is due to the introduction of the
end-caps in the buckle zone.

The hyperbaric chamber propagation buckling results of the 80 � 2 mm carrier
pipe and the PIP-1 system are shown in Figure 9. A small dent was imposed to the
carrier pipe in the single-pipe test, which explains the lower buckle initiation pres-
sure of the carrier pipe compared to that of PIP-2. As shown in Figure 9b, following
the collapse of the carrier pipe the pressure inside the chamber drops drastically

Figure 9.
Buckle propagation response inside the hyperbaric chamber: (a) pressure versus normalized change of volume of
the 80 � 2 mm carrier pipe, (b) pressure versus normalized change of volume of PIP-1.
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Figure 10.
Buckle propagation response inside the hyperbaric chamber: (a) buckle propagation response of the PIP-3
(80 � 3 mm-40 � 1.6 mm) with dog-bone buckle shape, (b) buckle propagation response of PIP-3 with
confined buckle shape and (c) buckle propagation response of PIP-3 showing interaction between dog-bone and
confined buckle shape.
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until the carrier pipe and inner pipe come into contact. Subsequently, a dog-bone
buckle shape propagates along the PIP while the pressure is maintained at Pp2.
Hyperbaric chamber tests of PIP-1 and PIP-2 were repeated twice each and no
significant disparities were observed in the results.

Results of the PIP-3 with Do/to = 26.7 from three hyperbaric chamber tests are
depicted in Figure 10. Unlike the responses of PIP-1 and PIP-2, three distinctive
modes of buckling were observed in PIP-3, namely: (1) the dog-bone buckle shape
(flat-mode) shown in Figure 10a, (2) the confined buckle shape (U-mode) shown
in Figure 10b and (3) a combination of dog-bone and U-shaped buckle shown in
Figure 10c. The dog-bone mode of buckling is similar to the responses observed in
PIPs with high Do/to values (PIP-1 and PIP-2). In this mode of failure, PIP-3 remains
straight after failure and a flat mode of buckling propagates through its length;
however the deformed shape of the inner pipe is not symmetric in the cross-section
(shown in Figure 10a). In the second hyperbaric chamber test of PIP-3 shown in
Figure 10b, a confined buckle shape is observed. The confined buckle mode is
propagated along the length of the PIP while the pressure in the chamber is esca-
lated followed by rapid discharge of water from the outer and inner pipes. It is
worth mentioning that this U-shape buckling mode was previously observed in
confined-buckling tests of steel and aluminum tubes reported by [31, 32]. Stephan
et al. [32] performed an experimental investigation on the collapse of 3 m long
aluminum pipes, inserted inside a 2 m long confining steel pipe. They observed a
flat mode (dog-bone buckle shape) in the unconfined section of the aluminum pipe
and a U-mode buckle shape within the confined section. Their experiments showed
that within the studied range (16 < D/t < 48), the confined buckle shape consis-
tently propagated at higher pressure compared to the dog-bone buckle shape.
However the comparison between Figure 10a and Figure 10b shows that in PIP-3,
the U-shape buckling propagation (Pp2 = 1820 kPa) is initiated at a slightly lower
pressure than the propagation pressure of the dog-bone buckle shape
(Pp2 = 2044 kPa). In the third test, PIP-3 showed a dog-bone failure mode that had
flipped into a U-mode shape. The average Pp2 results from all the hyperbaric
chamber tests are given in Table 4.

2.4 Finite element analysis on propagation buckling of pipe-in-pipe systems

Finite element simulation of 1.6 m long samples of PIPs used in the hyperbaric
chamber tests were conducted using ANSYS 16.1 [20]. Thin 4-node shell elements
(181) were used to model the carrier pipe and the inner pipe. The contact between
the inner and outer pipes, and in between the inner surfaces of the inner pipe were
modeled using non-linear frictionless contact and target elements (174 and 170).

Hyperbaric chamber Analytical FE

ID Pp (kPa) Pp2 (kPa) P̂ p2

Pp2

ePp2

Pp2

PFE
p2

Pp2

PIP-1 700 780 0.78 0.86 1.28

PIP-2 900 1620 0.59 0.69 0.86

PIP-3 1400 2020* 0.64 0.66 0.96
*Corresponds to dog-bone buckle shape shown in Figure 2.5a.

Table 4.
Comparison between hyperbaric chamber, analytical and FE results.
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until the carrier pipe and inner pipe come into contact. Subsequently, a dog-bone
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significant disparities were observed in the results.
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modes of buckling were observed in PIP-3, namely: (1) the dog-bone buckle shape
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PIPs with high Do/to values (PIP-1 and PIP-2). In this mode of failure, PIP-3 remains
straight after failure and a flat mode of buckling propagates through its length;
however the deformed shape of the inner pipe is not symmetric in the cross-section
(shown in Figure 10a). In the second hyperbaric chamber test of PIP-3 shown in
Figure 10b, a confined buckle shape is observed. The confined buckle mode is
propagated along the length of the PIP while the pressure in the chamber is esca-
lated followed by rapid discharge of water from the outer and inner pipes. It is
worth mentioning that this U-shape buckling mode was previously observed in
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aluminum pipes, inserted inside a 2 m long confining steel pipe. They observed a
flat mode (dog-bone buckle shape) in the unconfined section of the aluminum pipe
and a U-mode buckle shape within the confined section. Their experiments showed
that within the studied range (16 < D/t < 48), the confined buckle shape consis-
tently propagated at higher pressure compared to the dog-bone buckle shape.
However the comparison between Figure 10a and Figure 10b shows that in PIP-3,
the U-shape buckling propagation (Pp2 = 1820 kPa) is initiated at a slightly lower
pressure than the propagation pressure of the dog-bone buckle shape
(Pp2 = 2044 kPa). In the third test, PIP-3 showed a dog-bone failure mode that had
flipped into a U-mode shape. The average Pp2 results from all the hyperbaric
chamber tests are given in Table 4.

2.4 Finite element analysis on propagation buckling of pipe-in-pipe systems

Finite element simulation of 1.6 m long samples of PIPs used in the hyperbaric
chamber tests were conducted using ANSYS 16.1 [20]. Thin 4-node shell elements
(181) were used to model the carrier pipe and the inner pipe. The contact between
the inner and outer pipes, and in between the inner surfaces of the inner pipe were
modeled using non-linear frictionless contact and target elements (174 and 170).
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Symmetry is used and only one half of the pipeline is modeled. The mesh uses shell
elements with seven integration points along the wall-thickness. To better facilitate
the nonlinear analysis, a small ovalization ratio Ω (Eq. (9)) equal to 0.5% was
introduced at mid-length on the carrier pipe in the FE model.

The nodes at either end of the PIPs were restrained from translation in all
directions. A von Mises elastoplastic (bi-linear) material definition with isotropic
hardening was adopted. The modulus of elasticity (E) and tangent modulus (E/)
used in the FE models are also shown in Table 3 and are based on the stress-strain
curves obtained from the tensile longitudinal coupons taken from the pipe wall
shown in Figure 11a. The yield stresses used in the FE models based on the stress-
strain curves and are presented in Table 3 as σYo and σYi for the outer pipe and inner
pipe respectively. The FE predictions of the propagation pressure of PIP-2 and PIP-3
depicted in Table 4 represent 86 and 96%, respectively, of the experimental results.
However the propagation pressure obtained from the FE analysis overestimates the
experimental results for PIP-1.

The pressure response and the deformed shape of PIP-1 from the FE analyses are
shown in Figure 11b. The pressure is plotted against the normalized ovalization of
the carrier and inner pipes (ΔD/D). By increasing the hydrostatic pressure, the
carrier pipe of PIP-1 in Figure 11b gradually deforms from the intact shape (I) into
a deformed shape (II). At this stage the outer and inner pipes come into contact and
a small deformation is observed in the inner pipe. The local collapse in the inner
pipe is arrested which is followed by a slight increase in the pressure. The collapse is
then propagated in the outer pipe until detained by the end-caps as depicted in the
deformed shape (III). While the buckle approaches the endcaps, a higher pressure is
required to maintain the volume inside the hyperbaric chamber. This increase,
however, causes the inner pipe to collapse (IV). This mode of buckling in which the
collapse propagates over the inner pipe was reported in [10, 12] to occur in a PIP
system where the inner pipe is stiffer (has larger thickness and yield stress) than the
outer pipe. However we observed this buckling mode in PIP-1, in which the inner
pipe is softer than the outer pipe.

2.5 Empirical expressions for propagation buckling of PIPs with thin and
moderately thin carrier pipes

A comprehensive parametric study is conducted using the validated FE model to
find the buckle propagation pressures of PIP systems with various wall thickness
ti/to, diameter Di/Do, and the material yield stress σYi/σYo ratios. Prior to reviewing
results of the parametric dependency of propagation buckling of PIPs, it is worth
discussing the buckling modes observed in the FE simulations. The FE analyses
showed two dominant modes of failure under external pressure in the studied PIPs.
In a thin PIP (Do/to of 40) shown in Figure 12, and with a thick ness ratio of
ti/to = 0.6 and identical outer and inner pipes, mode A is observed. In mode A, by
increasing the external pressure, the carrier pipe collapses and gradually deforms
from the undeformed shape (I) into the deformed shape (II). Then, the outer and
inner pipes touch. The touchdown point corresponds to (II) in Figure 12. Then, the
pressure needs to get larger so that the collapse propagates along both outer and
inner pipes shown in stages (III) to (IV).

Figure 13 shows the pressure response and the deformed shape of a moderately
thin PIP with Do/to of 30 and ti/to of 0.8. The outer and inner pipes are identical.
Following the initiation of collapse in the outer pipe, the pressure in the system is
dropped and the buckle is propagated in the carrier pipe as shown in deformed
shapes of II and III in Figure 13. At (III) the collapse has reached the end caps,
therefore, a higher pressure is required to perpetuate the collapse in the outer pipe.
However the increase in pressure causes a collapse in the inner pipe at the pressure
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level (IV) and initiates a buckle which is propagated through the length (V). This
buckle propagation mode is referred to as mode B in this study.

The parametric study ascertained the dependency of the propagation pressure of
the PIP systems on geometric and material parameters of the outer and inner pipes.
Moreover, current FE results proved that the buckle propagation modes of PIPs
with large Do/to ratios are not essentially similar to mode A predicted in previous

Figure 11.
(a) Experimental and FE stress–strain curves; (b) FE results showing pressure against normalized ovality and
corresponding PIP-1 deformed shapes.
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level (IV) and initiates a buckle which is propagated through the length (V). This
buckle propagation mode is referred to as mode B in this study.

The parametric study ascertained the dependency of the propagation pressure of
the PIP systems on geometric and material parameters of the outer and inner pipes.
Moreover, current FE results proved that the buckle propagation modes of PIPs
with large Do/to ratios are not essentially similar to mode A predicted in previous
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studies [11, 12]. Since proposed equations in the previous studies [11, 12] are
incapable of predicting proper estimates of propagation pressure of PIPs that
exhibit buckle propagation mode B, it is sensible to propose expressions for buckle
propagation modes A and B separately. Based on a non-linear square fits of all the
FE data points, the following empirical expressions can be suggested for Modes A
and B.

Pp2

Pp
¼ 1þ 1:047

σyi
σyo

� �0:2 Di

Do

� �0:4 ti
to

� �2:4

(17)

Pp2

Pp
¼ 1þ 0:596

σyi
σyo

� �0:2 Di

Do

� ��0:8 ti
to

� �2:4

(18)

The coefficients in Eqs. (17) and (18) are determined using the Leven-berg-
Marquardt algorithm and correspond to correlation factors (R2) of 0.9827 and
0.9860 respectively. Comparison between the FE results and the proposed expres-
sions are shown in Figures 14a,b for buckle propagation modes A and B respec-
tively. The maximum differences between FE results and empirical expressions are
less than 6.0%.

2.6 Empirical expressions for propagation buckling of PIPs with thick and
moderately thick carrier pipes

In PIP systems with thin and moderately thin carrier pipes, expressions
(Eqs. (17) and (18)) derived in Section 2.5 can be used to predict the propagation

Figure 12.
Finite element results showing pressure against normalized ovality and corresponding deformed shapes of PIP
system exhibiting buckle propagation mode A.
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pressures. A total of 254 data points were collected from the raw data reported in
[11, 12], and the current FE results for PIPs with Do/to = 26.67. These data were used
to propose an expression to predict the propagation pressure of PIPs with thick and
moderately thick carrier pipes. Using the Levenberg-Marquardt algorithm of non-
linear least squares the following expression was derived for the propagation pres-
sure, Pp2, of PIPs with Do/to < 27.

Pp2

Pp
¼ 1þ 0:803

σyi
σyo

� �0:4 Di

Do

� �0:13 ti
to

� �1:8

(19)

with multiple correlation factor (R2) of the fit is 0.9781. Similar procedure is
used to derive (Eq. (19)). The expression accounts for the interaction between non-
dimensional variables. For sake of brevity, the procedure is not shown here. Finally,
the current FE results, the FE results of [12] and experimental results of [11] are
collated in Figure 15, and are plotted against the proposed expression (Eq. (19)).
The plot forms a nice linear band. The results in Figure 15 correspond to buckle
propagation mode A.

2.7 Empirical expression for collapse pressure Pci of PIPs

The hyperbaric chamber results disused in the previous section suggest that, the
collapse pressure of the inner pipe of the PIP system, (Pci), is a function of geomet-
ric and material parameters of both inner and outer pipes. A comprehensive para-
metric study carried out herein ascertained the dependency of the collapse pressure

Figure 13.
Finite element results showing pressure against normalized ovality and corresponding deformed shapes of PIP
system exhibiting buckle propagation mode B.
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and B.
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The coefficients in Eqs. (17) and (18) are determined using the Leven-berg-
Marquardt algorithm and correspond to correlation factors (R2) of 0.9827 and
0.9860 respectively. Comparison between the FE results and the proposed expres-
sions are shown in Figures 14a,b for buckle propagation modes A and B respec-
tively. The maximum differences between FE results and empirical expressions are
less than 6.0%.

2.6 Empirical expressions for propagation buckling of PIPs with thick and
moderately thick carrier pipes

In PIP systems with thin and moderately thin carrier pipes, expressions
(Eqs. (17) and (18)) derived in Section 2.5 can be used to predict the propagation

Figure 12.
Finite element results showing pressure against normalized ovality and corresponding deformed shapes of PIP
system exhibiting buckle propagation mode A.
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pressures. A total of 254 data points were collected from the raw data reported in
[11, 12], and the current FE results for PIPs with Do/to = 26.67. These data were used
to propose an expression to predict the propagation pressure of PIPs with thick and
moderately thick carrier pipes. Using the Levenberg-Marquardt algorithm of non-
linear least squares the following expression was derived for the propagation pres-
sure, Pp2, of PIPs with Do/to < 27.

Pp2
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� �0:13 ti
to

� �1:8

(19)

with multiple correlation factor (R2) of the fit is 0.9781. Similar procedure is
used to derive (Eq. (19)). The expression accounts for the interaction between non-
dimensional variables. For sake of brevity, the procedure is not shown here. Finally,
the current FE results, the FE results of [12] and experimental results of [11] are
collated in Figure 15, and are plotted against the proposed expression (Eq. (19)).
The plot forms a nice linear band. The results in Figure 15 correspond to buckle
propagation mode A.

2.7 Empirical expression for collapse pressure Pci of PIPs

The hyperbaric chamber results disused in the previous section suggest that, the
collapse pressure of the inner pipe of the PIP system, (Pci), is a function of geomet-
ric and material parameters of both inner and outer pipes. A comprehensive para-
metric study carried out herein ascertained the dependency of the collapse pressure

Figure 13.
Finite element results showing pressure against normalized ovality and corresponding deformed shapes of PIP
system exhibiting buckle propagation mode B.
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Pci of the PIP systems on geometric and material parameters of the outer and inner
pipes. Based on the results of the parametric study and using non-linear square fits
of sets of data taken from the FE results, the following normalized expression is
derived for the collapse pressure of the inner pipe of PIPs.

Pci

Pcr
¼ 0:05

Di

Do

� �3:2 ti
to
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The coefficient (0.05) in Eq. (20) is determined using the Levenberg-Marquardt
algorithm with a correlation factor (R2) of 0.9882. Comparison between the FE
results and the proposed expression (Eq. (20)) is depicted in Figure 16 for the

Figure 14.
Comparison between FE results and those predicted by Eqs. (17) and (18) of buckle propagation pressures of
PIP with buckle propagation (a) mode A; and (b) mode B.

Figure 15.
Comparison between buckle propagation pressures of thick to moderately thick PIP systems from previous
studies and current expression (all results correspond to the buckle propagation mode A).
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studied range of Di/ti. The maximum difference between FE results and empirical
expression (Eq. (20)) is less than 6.0%.

The normalized collapse pressures obtained from the proposed empirical
expression (Eq. (20)) and those acquired from the hyperbaric chamber for the
tested PIPs are represented in Table 5. The differences are less than 5%. As
represented in the last column of Table 5, the empirical expression predicts the
experimental results with good accuracy.

3. Conclusion

Buckling propagation mechanisms of subsea single-walled pipelines and pipe-in-
pipe (PIP) systems under external pressure in quasi-static steady-state conditions
were investigated using 2D analytical solutions, hyperbaric chamber and 3D FE
analyses considering non-linear material and geometric behavior. In general, rea-
sonable agreement is obtained between analytical, numerical and experimental
results. The modified analytical solution suggested in this chapter accounts for the
Di/Do ratio and provides more accurate predictions of the propagation buckling
pressure of PIPs compared to the previous analytical equations. Confined buckling
and flip-flop buckling modes were discovered in the hyperbaric chamber test of
PIP-3 9 (Table 3). Nonlinear finite element analyses were conducted and verified
against the hyperbaric chamber tests. The FE models provided valuable information
about the buckling modes and progress in the carrier and inner pipes.

Figure 16.
Comparison between FE results and those predicted by Eq. (20).

Pci/Pcr (Eq. (20)) Pci/Pcr (Exp.) Difference (%)

PIP-1 0.173 0.166 4.05

PIP-2 0.077 0.077 0.00

PIP-3 0.188 0.184 2.13

Table 5.
Comparison between empirical and experimental collapse pressures.
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studied range of Di/ti. The maximum difference between FE results and empirical
expression (Eq. (20)) is less than 6.0%.

The normalized collapse pressures obtained from the proposed empirical
expression (Eq. (20)) and those acquired from the hyperbaric chamber for the
tested PIPs are represented in Table 5. The differences are less than 5%. As
represented in the last column of Table 5, the empirical expression predicts the
experimental results with good accuracy.

3. Conclusion
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were investigated using 2D analytical solutions, hyperbaric chamber and 3D FE
analyses considering non-linear material and geometric behavior. In general, rea-
sonable agreement is obtained between analytical, numerical and experimental
results. The modified analytical solution suggested in this chapter accounts for the
Di/Do ratio and provides more accurate predictions of the propagation buckling
pressure of PIPs compared to the previous analytical equations. Confined buckling
and flip-flop buckling modes were discovered in the hyperbaric chamber test of
PIP-3 9 (Table 3). Nonlinear finite element analyses were conducted and verified
against the hyperbaric chamber tests. The FE models provided valuable information
about the buckling modes and progress in the carrier and inner pipes.
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The comprehensive FE study suggested the existence of two major buckle modes
in PIPs with thin and moderately thin carrier pipes. In mode A the buckle propa-
gated simultaneously in the outer and inner tubes and in mode B the buckle propa-
gated in the outer pipe and the collapse in the inner pipe was delayed. For each
buckling mode, a separate expression was proposed, (Eqs. (17) and (18)). Based on
the combined data from previous studies and current FE results, a more accurate
empirical expression (Eq. (19)) was proposed to predict the propagation pressure
Pp2 of PIPs with thick and moderately thick carrier pipes. Moreover, the collapse
pressure of the inner pipe of the PIP (Pci) system was formulized. The proposed
expression was shown to be in good agreement with hyperbaric chamber test
results.
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Chapter 9

The Influence of Water Quality 
on the Structural Development 
of Vessels: Smart Dimensioning 
Process
Sérgio António Neves Lousada, João Pedro Gouveia  
and Rui Alexandre Castanho

Abstract

In fact, it is pivotal the development, use, and management of the best and 
most suitable coatings to be supplied to vessels—especially those designed for 
long journeys; not only to increase their stability and safety but also to minimize 
their maintenance cost. In this regard, it should be also considering the function, 
the vessel typology and its routes, as well as the quality of the waters by which it 
will navigate. Topics that are critical to promote a better dimensioning process of 
vessels. Thus, the present chapter, via an extensive literature review articulated 
with practical approaches, aims to define relevant directions for vessels structural 
development processes regarding the water quality (sea or river waters), where 
they will outline their routes. Therefore, the study looks for a relationship between 
the vessels structural coating design process and the quality of the water where 
they navigate. Moreover, such a process not only will optimize/minimize the costs 
with the periodic maintenance of the vessels linings, but also to relate it with its 
routes—contributing to the revitalization of their structural dimensioning.

Keywords: dimensioning, vessels, water quality, management of maritime 
transportation navigation routes

1. Introduction

Nowadays more than ever has increased the need to preserve the environment, 
in that sense this chapter intends to make a slight contribution to this issue.

It is never too much to emphasize the importance of the sea, which occupies about 
71% of the Earth’s surface, has an enormous importance in life on Earth. Suffice it 
to say, that 70% of the oxygen produced on Earth is generated by the marine phyto-
plankton, being a crucial element for the existence of life. The sea has a fundamental 
and decisive importance in the climate that surrounds the Earth for example the cloud 
formation process, fundamentally based on seawater evaporation, then filtered, and 
transformed into freshwater. Data provided by USGS Water Science School [1].

Water is precious because life could not exist without it. Life was born has a 
result of water, from plants to animals to humans [2].
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Another colossal factor inherent to the sea are the winds, necessary to the 
pollination of the plants, originated from the variation in temperature between 
the land and the sea. Moreover, water transportation has a huge impact in socio-
economical life of humans, although in recent centuries has contributed less 
positively to the environment.

Furthermore, recently the sea and the oceans have a more important role energy 
wise, with a very promising future as an ecological renewable source. Additionally 
the sea hosts offshore wind farms and there’s an increasing trend from several 
countries to use floating solar plants.

Maritime transportation has played an important role in international goods 
transportation. Large ships have a massive load capacity and consume large 
amounts of fossil fuels to operate high-energy consumption entails high pollutant 
emissions that have adverse impacts on the marine and atmospheric environment 
and on public health.

In order to minimize potential impacts, enhance environmental opportunities and 
provide an environmentally sustainable waterway system, it is necessary to identify, 
quantify and predict vessel effects and their potential ecological impacts [3].

According to Andria et al. (2008), monitoring and modeling studies are useful 
and suitable tools for assessing the environmental pollution. In this regard many 
studies have been made, however in order to mitigate this problem, it will require the 
implementation of more eco-friendly coatings and more resistant to seawater erosion.

Globally, coastal water quality is deteriorating due to anthropogenic influences [4].
Unfortunately, despite everything previously mentioned, human activities still 

negatively influence water quality and aquatic ecosystem functions, resulting in a 
decline of water quality, biodiversity, loss of critical habitats and an overall decrease 
in the quality life of all species. Although this effect is more meaningful in some 
regions, it affects the populations around the globe.

The overall objectives of the casuistic approached is to determine the extent to 
which the vessels have unfavorably contributed to the increase in pollution and to 
provide some guidelines regarding the structural design processes in order to miti-
gate the harmful consequences of the non-preservation of our planet, particularly 
for navigable waters.

2. State of the art

2.1 Maritime transportation

Maritime transportation plays an important role in the world merchandise trade 
and economics development. Most of the large volume cargo between countries like 
crude oil, iron ore, grain, and lumber are carried by ocean vessels [5].

According to UNCTAD (United Nations Conference on Trade and Development) 
Review of Maritime Transport [6, 7], Maritime transport is the backbone of interna-
tional trade and a key engine driving globalization. Around 80% of global trade by 
volume and over 70% by value is carried by sea and is handled by ports worldwide. 
These shares are even higher in the case of most developing countries. Only to 
demonstrate the importance of maritime transport to humankind, specifically the 
sea born trade, here are some facts illustrated in Figures 1, 2 and 3.

2.2 Pollution caused by shipping activities

The main components of ship resistance consist of resistance due to wave 
resistance, pressure resistance, and frictional resistance. With the improvement of 
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hull form optimization techniques, the wave and the pressure components could be 
less than 20% of the total drag in most modern ships. Therefore, the advantage from 
the reduction of the remaining frictional drag would be enormous [8].

The CO2 emission from international marine bunkers in 2014 was estimated 
626.1 million tons. Considering the conversion ratio 3.17 between CO2 emission 
and fuel consumption [9], this amounts to 197.5 million tons of fuel consumption, 
which corresponds to approximately 60 billion US$/year. Thus, 10% reduction of 
frictional drag would lead to saving of 4.7 billion US$/year.

A large number of vessel worldwide still uses non-eco-friendly paints. In a sea 
environment, paint erosion is inevitable. Therefore, these type of paints must be 
replaced sooner rather than later, in order to reduce its negative footprint in marine 
ecosystems. In the specific case of Madeira Island, there are two main ports, an 
industrial one, the Port of Caniçal and a mainly touristic one, the Port of Funchal. 
Besides that, there is a significant amount of fishing, touristic and recreational 

Figure 1. 
Percentage variation through the years by category of international seaborne trade.

Figure 2. 
Percentage of seaborne trade by category from 1980 to 2017.

Figure 3. 
Amount of seaborne trade in million-tons by category from 1980 to 2017.
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shipping activities in Madeira, which proves, the need to ascertain the type of ink 
most used, the periodicity with which the maintenance is made, how degraded the 
coatings are.

The vessels that least care about the esthetics of the ships, are those of industrial 
character as well as those for fishing activities. This seems harmless, but has serious 
environmental implications, on the one hand polluting the sea, another of the impli-
cations is that the degradation of paints causes a significant decrease in the speed of 
navigation and consequently an increase in the fuel consumption, thus polluting the 
air and increasing the already uncontrolled use of fossil fuels. Although the scenario 
is already bad, its worse than it seems, since the vessels that consume more fuel are 
the ones previously mentioned, for example the cargo ships transporting astronomi-
cal loads, would benefit and much of a more restrictive and periodic maintenance. 
In this regard, it matters to apply higher quality (in an ecological point of view) 
coatings, with less friction. This type of measure will allow lowering the consump-
tion and increasing the efficiency. The above is explained is presented in Table 1.

According to consultant Det Norske Veritas, fuel costs constitute the largest 
expense of shipping companies and the drop in oil prices has brought some relief 
to the reduction in freight rates, caused by the excess of capacity and slowdown in 

Figure 4. 
Typical pollution sources from vessels.

NSTM rating Description Increase in power at 15 kn

0 Hydraulically smooth surface 0.00%

0 Typical as applied antifouling coating 2.00%

10–20 Deteriorated coating or light slime 11.00%

30 Heavy slime 21.00%

40–60 Small calcareous fouling or weed 35.00%

70–80 Medium calcareous fouling 54.00%

90–100 Heavy calcareous fouling 86.00%

Table 1. 
The effect of the roughness of the coatings on the power increment required for a speed of 15 knots.
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global growth. According to the same source, reducing the speed of a ship by 10% 
can lower fuel consumption by about 30%.

Figure 4 shows that although the fuels and paints are the most preponderant 
pollutants, there are many more originated by vessels.

Based on the foregoing it is of paramount importance to preserve and protect 
this source of life, the next chapter aims to offer a small contribute to improve and 
optimize the shipping industry, giving continuity to the advances already made.

3. New trends and directions for a smart dimensioning process

3.1 Smart design

Smart design - Smart design consist of a combination of techniques and tools 
which aid smart product design, including computational intelligence, SBD, design 
automation, e.g. In this case, by automating the simulation of product scenario 
using SBD and computational intelligence techniques, it can helps in the rapid 
testing and development of innovative design, which in turn translate to better 
products and revenue [10].

Some cruise ships companies are genuinely concerned with the negative impact 
caused by vessels, for this reason, it is beneficial that they have already managed 
to combat and reverse this trend. For instance Holland America ms Oosterdam 
Ship has done a very thorough job considering every aspect aboard their vessel and 
improvements for both energy efficiency and waste reduction. The implementa-
tion of Black water treatment system. In addition, they have reduced their 8 tons 
of waste generated each day by working with their supply chain, waste does not go 
overboard. Another significant measure was the incorporation of environmental 
officers on every cruise as well as staff eco-educated.

In an increasingly less utopian perspective, ships design should take into account 
the reduction of their own weight, as well as the use of materials that do not rust. 
Another key issue that has been addressed is the reduction of drag effect. It matters 
that coatings, fluctuation capacity and the aeronautical itself must be astronomi-
cally optimized. An additional key factor is the energy consumption of ships, the 
ship designer in this decade and in the future has the duty to select environmentally 
friendly engines and the ship itself has to be an autonomous power generation 
center. Robotics and current informatics will be the best means to increase pro-
ductivity, maintenance and construction of ships, but this collaboration between 
man–machine has to be regulated in order not to cause unemployment, but rather 
help reducing the workload of employees. Lastly, but not least important, water 
and waste treatments should exponentially reduce their effect, aiming for ships to 
operate equivalently to Smart Cities, thus equipped with latest generation WWTP 
(Wastewater Treatment Plant) as well as SWTP (Solid Waste Treatment Plant).

3.2 Lightweight materials launched for shipbuilding

Sustainable solutions such as lightweight construction techniques and advanced 
materials are in demand, e.g. as the RAMSSES Project (Realization and Demonstration 
of Advanced Material Solutions for Sustainable and Efficient Ships) has the strategic 
objective to obtain recognition and an established role for advanced materials in the 
European Maritime Industry. Image credit: Evonik number of container ships in 
operation is constantly growing in response to the global volume of commercial trad-
ing. Ships equipped with the new hulls will be less expensive to operate relative to steel 
construction due to lower fuel demands and increased cargo capacity.
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Fiber-reinforced composites do not rust, and their excellent resistance to sea-
water will translate into a reduced need to renew protective finishes and extended 
maintenance intervals.

Applying lightweight (primarily organic) material to high performance mono-
hull sailing hulls/decks has resulted in a proportional increase in beam. Fully loaded 
container ships have a very broad “sail” area, so some amount of broadening of hull 
beam may be expected. Due to this structural modification, the navigational routes, 
ports and channels, which will be used by these vessels, will have to adapt quickly 
and at last resort to carry out the necessary construction works.

3.3 Super hydrophobic coatings

One of the super hydrophobic coating known is AIRCOAT (Air Induced friction 
Reduction Coating), works similarly to Salvinia leaves by creating a thin air layer 
that acts as a physical barrier between the water and the outside of the ship. This 
particular coating helps to reduce fuel oil consumption and gas emissions, as less 
energy will be required to move the ship forward, making transport more sustain-
able. The air barrier created by AIRCOAT will also help reduce the attachment of 
bacteria and algae that cause fouling. The corrosion of metals can produce a pre-
mature failure of metallic components, resulting in financial losses, environmental 
contamination, as well as injury or death [11, 12]. There’s a much higher number of 
super hydrophobic coatings in the market, never the less the accession in the naval 
industry is still very distant from the desirable.

3.4 Energetically autonomous ships

Research on ship routing and scheduling has blossomed during the last decade. 
Comparing to the former decade its volume has more than doubled, and the same 
is true for the variety of research outlets. The research seems to be catching up with 
the increasing world fleet and trade. Problems of wider scope have been addressed, 
specifically liner network design, maritime inventory routing, and maritime supply 
chains [13].

Ship routing has a major role in fuel consumption and performance of vessels, 
nowadays, fortunately, autonomy and total energy efficiency are increasingly close, 
there are already several companies working in this direction.

One example that proves the course of this trend is Yara Birkeland, which will be 
the world’s first fully electric and autonomous container ship, with zero emissions. 
With this vessel, Yara will reduce diesel-powered truck haulage by 40,000 journeys 
a year. It scheduled to set sail in 2020 (Figure 5).

According to Secretary General Kitack Lim (2017), “The seven strategic direc-
tions point us now towards more effective rule-making and implementation 
processes by integrating new and advancing technology to respond to our chal-
lenges, among others, to increase ship safety, including addressing new emerging 
technologies such as autonomous vessels”.

This leads to new challenges and some controversy, but we need to move for-
ward so the use of hi-tech is the answer to achieve the excellence at the rate that 
environment needs.

3.5 Hi-tech in ship design

Building on the basis of cyber-physical production systems (CPPS) which 
merges the real and virtual space (“Industry 4.0: Challenges and solutions for the 
digital transformation and use of exponential technologies,” [14]).
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From the conception, to the construction and operational fazes we must use and 
enjoy the best that technological advances have to give, to achieve excellence results 
faster and more detailed.

One of the major evolutions in designing process was without doubt the use of 
CAD (Computer Assisted Drawing). CAutoD, commonly known as virtual rapid 
prototyping is an extension of traditional Computer-Aided Design (CAD) [15].

According to Ang et al. [10]. It makes use of biologically inspired machine learn-
ing techniques such as an evolutionary algorithm (EA) to intelligently search and 
evaluate the design space for innovative and optimal solutions. Coupled with pow-
erful evaluation tools, this forms a close loop to fully automate the design process.

Nowadays, designers can count on the work excellence and speed that BIM 
(Building Information Models) has come to bring. Building Information Modeling 
(BIM) is a process used by Architecture Engineering Construction (AEC) stakehold-
ers, which simulates a construction project in a multi-dimensional digital model 
and provides multitudes of project benefits from project inception to its occupancy 
[16]. This is without doubt the path to follow to achieve faster and better projects, 
much easier to build and to adapt in case of necessity. Other powerful tool is 3D Laser 
Scanning & Reverse Engineering. Notably, 3D laser scanning techniques can provide 
an accurate surface of the tested elements consisting of point clouds, which can 
reflect the actual spatial performance of the element. In addition, point clouds can be 
transformed into actual models and compared with design models through reverse 
modeling [17].

Figures 6–9 make a comparison between a project in the past century and these 
days (2018).

Figure 5. 
Typical pollution sources from vessels. Source: Yara International ASA.

Figure 6. 
Hand-made original blueprint of titanic provided by ultimate titanic.
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Figure 8. 
3D laser scan & point cloud & reverse engineering by summit 3D.

Figure 9. 
3D laser scan & reverse engineering by SEVERNPARTNERSHIP.

Figure 7. 
BIM based ship design in NX-12 software by CAMdivision.

147

The Influence of Water Quality on the Structural Development of Vessels: Smart Dimensioning…
DOI: http://dx.doi.org/10.5772/intechopen.84501

4. Conclusions

In light of the above, it is possible to understand the importance of vessels and 
to aware, all the stakeholders involved in navigation, transport and design of ships, 
to work around a common goal: boosting performance and efficiency, ensuring the 
preservation of the environment.

Investigations must be carefully accessed before developing and launching 
products on the market. Simultaneously, the speed demanded is increasing, because 
the novelty of today becomes obsolete in little time.

Of course, these innovations are costly for businesses, never the less there’s 
much to gain from them in a long term.

In addition, policy variables reflecting regulations at seaports affect port 
efficiency in a nonlinear way, its paramount to implement a global policy towards 
sustainability, regulating in very brief way the type of fuel used, CO2 emissions, 
oil spills, the coatings used, waste waters and cargo residues discharges. Shipping 
design has to become smarter and more eco-friendly in order to increase vessels 
efficiency and to reduce their environmental footprint.

However, it is not enough to create rules behind rules, despite the excellent 
commitment of some governments and organizations, the most important guide-
line is to continue to raise awareness of companies and people more connected to 
this industry reprograming their way of acting and thinking. With this, it becomes 
possible achieving a utopia, in which the ships have zero emissions, their inks do not 
pollute, their maintenance is done with the proper periodicity, thus ceasing (par-
tially) with the nefarious effect that our species has been provoking on the planet.

It should be noted that this type of measures will have to be implemented in the 
shipbuilding industry as well as in all industries.

As a final note, we will have to face the storms that lobbys enemies of the 
environment will cause and paddle against the tide of global pollution in order to 
achieve a better world.
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