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Preface

Modern engineering often deals with customized design that requires easy, low-cost
and rapid fabrication. Rapid prototyping (RP) is a popular technology that enables
quick and easy fabrication of customized forms/objects directly from computer aided
design (CAD) model. The needs for quick product development, decreased time to
market, and highly customized and low quantity parts are driving the demand for RP
technology. Today, RP technology also known as solid freeform fabrication (SFF) or
desktop manufacturing (DM) or layer manufacturing (LM) is regarded as an efficient
tool to bring the product concept into the product realization rapidly. Though all the
RP technologies are additive they are still different from each other in the way of
building layers and/or nature of building materials. This book delivers up-to-date
information about RP technology focusing on the overview of the principles,
functional requirements, design constraints etc. of specific technology.
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Associate Professor
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Optimization of Additive Manufacturing
Processes Focused on 3D Printing

Razvan Udroiu and Anisor Nedelcu
“Transilvania” University of Brasov
Romania

1. Introduction

Under the umbrella of Rapid-X (Udroiu & Ivan, 2008) there are some specific terms such as:
Rapid Product Development (RPD), Rapid Technology, Rapid Nanotechnology, Rapid
Prototyping (RP), Rapid Tooling (RT) and Rapid Manufacturing (RM). Additive
manufacturing (AM) is an important component of the rapid product development process.
Additive manufacturing technologies (AMT) represents a group of technologies used for
building physical models, prototypes, tooling components and finished parts, all from three
dimensional (3D) computer aided design (CAD) data or data from 3D scanning system.
AMT involves automated fabrication of physically complex shapes directly from 3D CAD,
using a layer-by-layer deposition principle. Based on AM principles, RP produces parts with
limited functionality (prototypes and test parts)) RM built end products and RT
manufacture tools, jigs or moulds. Today's additive technologies offer advantages in many
applications compared to classical subtractive fabrication methods like as milling, turning
etc. Thus, parts can be formed with any geometric complexity or intricacy without the need
for elaborate machine setup or final assembly. Also, AMT can lower manufacturing time of
new products with 8-10 times in comparison with the conventional technologies and it
reduces the costs of the products.

There are a lot of additive manufacturing technologies in the world. The most popular AM
technologies used worldwide are stereolithography (SL), selective laser sintering (SLS),
Three dimensional printing (3DP), laminated object manufacturing (LOM), fused deposition
modelling (FDM), polymer jetting (Poly]et), selective laser melting (SLM), direct metal laser
sintering (DMLS), direct metal deposition (DMD), electron beam melting (EBM) and laser
engineered net shaping (LENS).

This chapter is focused on 3DP technologies that represent 44.3% of all additive systems
installed worldwide at the end of 2005 (Wohler, 2006). The 3DP technologies (inkjet
printing) can be classifying in the following main categories (Dimitrov et al., 2004):
continuous printing (fused deposition modelling), drop on drop printing (polymer jetting)
and drop on powder printing (3D Printing by ZCorp).

The research was done under the umbrella of interdisciplinary platform PLADETINO
(Platform for Innovative Technological Development), (Ivan, 2009). PLADETINO was
aiming at create an interdisciplinary development and research centre regarding the
innovation and the integration of the technologies of designing and manufacturing the
products considering the new concepts (Rapid Manufacturing/ Prototyping, Reverse
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Engineering, Concurrent Engineering, Virtual Engineering, Knowledge Engineering,
Quality Engineering), and also the technologic management by on-line and long distance
processing of data. PLADETINO is integrated in a research and multidisciplinary training
unitary structure of Transilvania University of Brasov (Romania) and it is the main support
of the research department D05 named Advanced Manufacturing Technologies and
Systems. This research platform has developed new laboratories that allow professional
education development and scientific research activities. Under the umbrella of Integrated
Technologies was created a lot of laboratories, one of this being the Industrial Innovative
Technologies laboratory. This platform was capable of allowing the development of new
scientific research contracts with industrial companies. All of these contracts were
developed within the Industrial Innovative Technologies laboratory and all of these are
focused on the additive manufacturing technologies. In this chapter are presented some
results obtained within the PLADETINO interdisciplinary platform.

In the field of AM optimisation there are some major research directions (Berce et al., 2000;
Canellidis et al., 2006; Ancau & Caizar, 2010): slicing algorithms, process parameters, surface
quality, mechanical characteristics of the RP/ RM material, modelling and simulation, part
orientation, packing many parts, optimal selection of AM technology etc. Because post-
processing require additional time and cost, the optimisation of AM process is an important
factor.

This chapter is organised in the following main paragraphs: The software input data for 3D
Printing systems, 3D printing process chain, optimization of 3D printing performance
within the pre-processing stage, products built by Additive manufacturing at Transilvania
University of Brasov, surface quality of additive manufacturing products and conclusions.

2. The software input data for 3D printing systems. STL file optimization

The industry standard exchange format for additive manufacturing is the STL
(STereoLithography or Standard Triangulation Language) file. Basically, it is a file that
replaces the original surface of solid, surface or scanned model with a mesh of triangulated
surface segments. Almost all of today's CAD systems are capable of producing a STL file, as
selecting File, Save As and STL.
Faceting is controlled by the output settings of the CAD package being used. The most
common variables that control the STL file resolution are deviation or chord height, and
angle control or angle tolerance. The value of these variables can be set from most CAD
packages. Two examples of various STL faceting outputs determined by varying angle,
deviation and chord height are shown in the fig. 1: coarse faceting (poor) and good quality
faceting (best). Depending of RP system sometimes, increasing the resolution excessively
does not improve the quality of the produced part and cause delays in processing and
uploading of parts because of the larger size.
To save a CAD model (part or assembly) in STL file using Solid Works, it must press the
Option button from Save as dialog box and follow the steps shown in the fig.2.
Before saving a model in STL file, using CATIA V5, it is advisable to set some parameters
that determine the good accuracy of the model. These parameters (fig. 3) can be found in the
Options dialog box (from the Tools menu, select Options) selecting Performance tab. Under
the General category (on the left), select Display and focus on the 3D Accuracy settings:
e Fixed - a lower value allow creation of the finer STL file. A very small setting results in
a very large STL file.
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e Curves’ accuracy ratio -when dealing with complex geometries (small radii) a smaller
value is advisable to set.
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Fig. 3. Setting the STL file within CATIA V5 software

3. 3D printing process chain

In this paragraph we present a comparative study of 3D printers, Z 310 Plus versus Objet 350.

3.1 3D printing techniques

The 3D printing technologies can be divided in the following: inkjet printing, fused
deposition modelling, and polymer jetting (polyjet). First of all, the polyjet and inkjet
technologies briefly are described.

Jetting Head / X axis
e ,tgf Y axis
UV Light

Fullcure M
(Model Material)

Fullcure S
(Support Material)

B |
1
7 axis

Fig. 4. “Polymer jetting” printing (photo courtesy of Objet) (Objet Geometries Ltd., 2010)

Build Tray
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Objet Geometries machines build parts layer by layer combining inkjet technology with
photo-polymerisation (UV curing) process, fig. 4. The Objet 3D printers can build 3D models
from single material or many materials. Thus, the EDEN printers create 3D models using a
single model material. Connex printers are able to fabricate multi-materials part by
simultaneously jetting more than one model materials to create new composite materials.
ZCorp 3D Printers create 3D model, layer by layer, by spreading layers of powder and then
inkjet printing a binder in each from these layers, fig. 5.

Powder | l * Inkjet head
deposition vollex

T L ] :
d Fowder bed ./ Binder

y .

Build platform r. Part

Fig. 5. “Inkjet” printing

3.2 3D printing process
ZCorp 3D printer (fig. 6) work just like a desktop inkjet printer, but instead of printing ink
on paper the ZCorp printer prints water-based glue onto a layer of powder.

Fig. 6. Z 310 Plus printer and its depowdering station (compressed air system and vacuum
suction system) - Transilvania University of Brasov
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Generally, the 3D printing process consists in the following main steps: pre-processing,
processing and post-processing. The ZPrint flow chart is shown in fig. 7.

In the pre-processing stage a 3D file is imported into the ZPrint software (STL, PLY or
VRML file), scale it (if necessary), orientate the part and simulate the manufacturing process
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layer by layer. Before starting the processing stage it is necessary to prepare the printer bed
powder by spreading powder from the feed bed onto the build bed to create a smooth first
layer.

Processing (3D printing process) stage consists in warming up to 38° of the work
environment and then, prints the part, layer by layer from the bottom of the design to the
top. The printer first spreads a layer of powder in the same thickness as the cross section to
be printed. Then, the HP print head applies a binder solution to the powder, causing the
powder particles to bind to one another and to the printed cross-section one level below.
The feed piston comes up and the build piston drops one layer of the thickness. The printer
then spreads a new layer of powder and repeats the process.

When the printing process is completed wait approximately one hour to consolidate the 3D
model. The resulting model is porous.

Post-processing process consist in removing of the part from the powder bed, followed by
part depowdering using compressed air place within a recycling station. Finally, the part is
infiltrated with resin, in order to add strength, durability and to ensure vibrant colours.

3.3 PolyJet process
EDEN 350 (fig. 8) is a 3D printer that works just like a desktop inkjet printer using polymer
jetting technology.

Fig. 8. EDEN 350 printer and its water jet recycle station - Transilvania University of Brasov

In the Objet pre-processing stage a STL file is imported into the Objet Studio software. Objet
Studio software allows simulating the manufacturing process, scaling of the virtual 3D
model (if it is necessary) and optimising the orientation of the 3D part onto the built tray.

A server, typically next to the 3-D printer, acts as a job manager that sends production jobs
to the printer for production (fig. 9). The Job Manager software installed on the client
computer displays the queue and status for jobs sent to the 3-D printer server from that
computer, and allows the user to edit only these jobs.

The EDEN 350 software enables to monitor the progress of printing jobs.
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Fig. 9. EDEN 350 flow chart
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In the processing (3D printing process) stage the head printer moves back and forth along
the X-axis, depositing super-thin layers (16 micron) of photopolymer onto the build tray (fig.
4 and fig. 9). Immediately, UV bulbs alongside the jetting bridge emit UV light curing and
hardening each layer. The building tray moves down and the jet heads continue building,
layer by layer, until the model is complete. Two different photopolymer materials are used
for building: one for the model, and another gel-like material for support. When the printing
process is complete wait to consolidate of the part.

Post-processing stage consists in the removing of the support material using water jet,
within the recycling station.

In the following paragraph we present a comparative study regarding pre-processing
methodology for optimizing 3D printing performance. First of all we describe a pre-
processing methodology based on rules that allow finding the best manufacturing
orientation of the parts on build tray. Secondly, we propose rules regarding the problem of
optimal orientation and packing of many parts on the build tray.

4. Optimization of 3D printing performance within the pre-processing stage

In this paragraph, we present some comparative case studies regarding the additive
manufacturing optimization focused on 3D printers like Z 310 Plus and Objet 350.

4.1 Case study 1. Additive manufacturing optimization of a model

In the first case study, a NACA airfoil was taken into consideration. The NACA airfoil was
designed, by the main author, within Solid Works software. A particularity of this 3D model
(fig. 10) is a series of small holes (0.8 mm) on a high deep (100 mm) useful to measure the air
pressure on different locations of the wing during the wind tunnel testing.

Fig. 10. NACA airfoil virtual model

Finding an optimal orientation of the airfoil on a build tray (Udroiu & Dogaru, 2009)is
important for several reasons. First, properties of rapid prototypes can vary from one
direction to another, like along X, Y and Z. Also, the model orientation on a build tray,
determines the build time. Placing the shortest model dimension on the Z direction reduces
the number of layers, thereby shortening the building time. In this case study, the
optimization of the 3D model orientation on the build tray, according to the minimization of
the building time and the material consumption was done.

First of all, we consider the additive manufacturing of NACA airfoil using polyjet
technology. Thus, we took into consideration three different orientations of the model on the
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build tray (fig. 11, fig. 12 and fig. 13). Placing the biggest model dimension along the X, Y
and Z axis, material consumption and build time were calculated. The minimum build time
of NACA model was found in the third case (biggest model dimension orientated along X
axis). The new rule regarding part orientation on the XY plane (polyjet technology) is called
“XY-00rule”. Also, it is important to align the model to the machine’s axis, especially if the
model has straight line walls.

The quality of the surface can be chosen from two options: matte and glossy finish.
Choosing the glossy option, the upper surface of the model is printed in glossy mode and
the lower surface in mate mode. The minimum material consumption was obtained in the
fourth case (fig. 14), “XY-00 rule in glossy mode".
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Fig. 11. The orientation of the 3D model on the EDEN350 build tray: the blggest dimension
along Z
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Fig. 12. The orientation of the 3D model on the EDEN350 build tray: 90° (the biggest
dimension along Y)
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Results regarding this case study are presented in the table 1.

Model‘ Supporjc Building time
consumption consumption
Case Al (fig. 11) 162 grams 37 grams 10 h 54 min
Case Bl (fig. 12) 162 grams 95 grams 3h14 min
Case C1 (fig. 13) 157 grams 91 grams 1 h 38 min
Case D1 (fig. 14) 155 grams 75 grams 1 h 34 min

Table 1. Estimated parameters of AM by polyjet technology
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In the case of manufacturing of the NACA model using inkjet technology, three positions on
the build tray was chosen into consideration (fig. 15, fig. 16 and fig. 17). The layer thickness
of the ZP 131 powder used is set to 0.0875 mm.

Placing of the model in the same way like in the previous case, material consumption and
building time was calculated. The minimum building time of NACA model was taken in the
third case (fig. 17). Also, in this case the minimum binder consumption was estimated.

The new rule regarding part orientation on the XY plane (inkjet technology) is called “XY-
900 rule” (Udroiu & Ivan, 2010).

Some intermediate conclusions are presented in the table 2.
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Fig. 15. The orientation of the 3D model on the Z310 Plus build tray: the biggest dimension
along Z

Fig. 16. The orientation of the 3D model on the Z310 Plus build tray: 0° (the biggest dimension
along X); setting the powder type and the layer thickness for the Z310 Plus printer
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Fig. 17. The orientation of the 3D model on the Z310 Plus build tray: 900
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Powde1: Bmder. Building time
consumption consumption
Case A2 (fig. 15) 85,85 cm3 151,1 ml 5h 50 min
Case B2 (fig. 16) 85,85 cm3 13,1 ml 34 min
Case C2 (fig. 17) 85,85 cm? 12,7 ml 23 min

Table 2. Estimated parameters of AM by inkjet technology

4.2 Case study 2. Additive manufacturing by 3D printing for fit testing
In this case study, we consider an assembly composed from two parts (lower part and upper
part) that must be fitted together. The assembly (fig. 18) was designed in Solid Works

software.

e

Fig. 18. CAD models of fitted parts
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The conclusions for preview paragraph were taken into consideration. We consider that the
best way positioning of the parts, within polyjet technology, is with their fitted surfaces
facing upwards (Fig. 19). The parts were oriented to satisfy minimum support structure,
minimum building time and good quality surface for the fitted test. Using glossy printing
mode, the external surfaces are normally smooth and post-processing is easy to perform.
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In the case of manufacturing on Z 310 printer, polyjet rules can’t be applied because the part
is supported by powder. The best way to position the parts is with their fitted surfaces
facing downwards. This assures an easy powder removal.

The conclusions regarding this case study (fig. 19, fig. 20, fig. 21, fig. 22 and fig.23) are
shown in the table 3.
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ZPrint software (inkjet technology)

Powder Binder g
. . Building time
consumption consumption
Case A4 (along X) - fig. 21 11,11 cm? 11.2 ml 34 min
Case B4 (along Y) - fig. 22 11,11 cm? 11.2 ml 26 min
Case C4 -fig. 23 11,11 cm3 11.2 ml 29 min
Objet studio software (polyjet technology)
Model‘ Suppor’F Building time
consumption consumption
Case A3 - fig. 19 28 grams 37 grams 1h
Case B3 -fig. 20 30 grams 39 grams 1 h 54 min

Table 3. Estimated parameters of 3D printing for fit testing

4.3 Case study 3. Optimization of simultaneous additive manufacturing by 3D printing

of many parts

In this case study, problem of simultaneous manufacturing of many parts on the build tray
was taken into consideration.

In the case of 3D printing of complex products, big assemblies or many parts is necessary to
minimize the manufacturing process cost. Taking this into account, some printing
parameters must be optimised, such as 3D printing time, post-processing time and material
consumption. A main step is to separate the CAD model into optimal parts or subassemblies
and then finding the best manufacturing orientation of the components.

The proposed method is a two step procedure. First, we orient all the parts according to the
“XY-method” based on the following criterions: minimum build time, minimum support
structure and the best surface quality. Having oriented the parts, the next step will be
different for inkjet and polyjet technology.
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Fig. 24. Case A5. Orientation of many parts on the build tray (inkjet technology)

Fig. 25. Case B5. Best orientation of many parts on the build tray (inkjet technology)

Having all the 3D models oriented according to “XY-method”, their optimal packing on the
ZPrint tray, can be found by placing from left to the right of 3D models having the Z
dimension decrease. The resulting rule is “Highest part left” with “the biggest dimension
along Y axis”.
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The optimal packing on the Eden 350 tray is placing the tallest part to the left. The resulting
rule is “Highest part left” with “the biggest dimension along X axis”.

Fig. 26. Case A6. Orientation of many parts on the build tray (polyjet technology)

Fig. 27. Case B6. Best orientation of many parts on the build tray (polyjet technology)
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The results are presented in the table 4.

ZPrint software (inkjet technology)

Powder consumption | Binder consumption [Building time
Case A5 - fig. 24 269,11 cm3 112,2 ml 3 h4 min
Case B5 - fig. 25 269,11 cm3 112,2 ml 2h 45 min

Objet studio software (polyjet technology)

Model consumption [Support consumption|Building time
Case A6 - fig. 26 530 grams 353 grams 12 h 56 min
Case B6 - fig. 27 527 grams 350 grams 12 h 11 min

Table 4. Estimated parameters of 3D printing for many parts manufacturing

4.4 Products built by additive manufacturing at Transilvania university of Brasov,

Romania

Some products additive manufactured at the Industrial Innovative Technologies laboratory
within Transilvania University of Brasov (Udroiu & Ivan, 2010), are illustrated in fig. 28 and
fig. 29. Thus are presented complex parts, parts with small details, tools and assemblies
obtained from different materials.

Fig. 28. Products obtained by “inkjet” printing (2310 Plus), Transilvania University of

Brasov
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Products obtained by polyjet technology (fig. 29), are made from photopolymers like
FullCure 720, VeroWhite, VeroBlue, VeroBlack and Durus materials (Park, 2008).

The parts built by ZPrint technology (fig. 28), are made of ZP 131 powder, gluing by ZP 60
binder.

Fig. 29. Products obtained by “polyjet” printing (EDEN 350), Transilvania University of
Brasov

5. Surface quality of additive manufacturing products

5.1 Introduction

The surface roughness of products obtained by additive manufacturing is an important
parameter that can reduce post-processing time and cost.

Regarding quality of the surface in RP/RM we can mention that the roughness influences
the quality of final product. As example, the surface roughness is very important for
aerodynamic models tested in the wind tunnel (Adelnia et al., 2006).

A study regarding the surface roughness of the vertical wall for different rapid prototyping
processes was done in (Pal & Ravi, 2007) (fig. 30). The surface roughness was measured
using a Mahr Perthometer surface roughness tester.
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Fig. 30. Comparison of surface roughness on vertical wall (Pal & Ravi, 2007)

In this paragraph, an experimental investigation on surface roughness of rapid prototyping
products produced by polyjet technology, was done.

Using Solid Works software, a part for experimental investigation was designed. The digital
model of the part is then converted to STL format file and imported within Objet studio
software in order to be sending it to RP machine. Using Objet studio software (fig. 31) we
defined the building parameters in order to minimize the building time and the material
consumption.
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Fig. 31. Orientation of the test part within Objet studio software
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As we mention in the last paragraph, surface specification of parts obtained by polyjet
technology can be setting to: matte and glossy. The upper surface of test part is printed in
glossy mode and the lower surface in matte mode.

The materials used are Fullcure 720 resin for the model and Fullcure 705 for the support.

5.2 Experimental determination of surface roughness of parts obtained by PolyJet
technology
“Surtronic 25” surface roughness tester (Taylor Hobson), as per DIN EN ISO 4288/ ASME

B461 and manufacturer’s recommendations, was used to measure the surface roughness.

a) b)
Fig. 32. The parameters calculated by “Surtronic 25”

The “Surtronic 25” can be used either freestanding (on horizontal, vertical or even inverted

surfaces) or bench mounted with fixturing for batch measurement and laboratory

applications. This instrument calculates up to 10 parameters (fig. 32b) according to the

measurement application (Udroiu & Mihail, 2009):

e amplitude parameters (measures the vertical characteristics of the surface deviations):
Ra (Arithmetic Mean Deviation), Rsk (Skewness), Rz (Average peak to valley height), Rt
(Total height of profile), Rp (Max profile peak height), RzZlmax (Max peak to valley
height);

e spacing parameters (measures the horizontal characteristics of the surface deviations):
RPc (Peak count), RSm (Mean width of profile elements);

e hybrid parameters (combinations of spacing and amplitude parameters): Rmr (Material
Ratio), Rda - R Delta a (Arithmetic Mean Slope).

The experimental instrumentation connected to the laptop is shown in the fig. 32a.

The first step is the calibration of the “Surtronic 25” roughness checker.

The “Surtronic 25” stylus can traverse up to 25mm (or as little as 0.25mm) depending on the

component. The Gauss filtered measurements were done for an evaluation length of 4 mm

with a cut off value of 0.8 mm.

To determine the surface roughness of the test part we proposed two sketches where the

locations of measurement areas on the surface part, was indicated. The measurement
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strategy is resume in two sketch presented in fig. 33a and fig. 33b, first for glossy surface
(upper surface of the test part) and the second used for the matte surface (lower surface of
the test part).

Five measurements were taken on each surface and the average values of Ra and Rz on
horizontal surfaces (matte and glossy) were recorded (fig. 34 and fig. 35). Four of these
measurements (1, 2, 3 and 4) were taken in transversal direction of the material texture and
the last (5) in material texture direction.

The surfaces roughness of parts fabricated by polyjet technology, was calculated like an
average value of all measurements. Thus, for the mate surface results the following value:
Ra_m=1.04 microns and Rz_m=5.6 microns. The glossy surface roughness are Ra_m=0.84
microns and Rz_m=3.8 microns.

Finally, using an ETALON TCM 50 measuring microscope (30x magnification) the surface
texture was analyzed. The internal structure of the part surface obtained by polyjet
technology is shown in the fig. 36.

Material Texture

Measuxement
ion

Fig. 33. The measurement strategy of the surface roughness using the Surtronic 25
instrument
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Fig. 34. The surface roughness values measurement on the matte surface
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Fig. 35. The surface roughness values measurement on the glossy surface
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Fig. 36. ETALON TCM 50 measuring microscope and the texture of the polyjet RP surface

6. Conclusions

In this chapter, some methods of optimisation of additive manufacturing process and
experimental surface roughness investigation are presented. The main author has chosen
two different 3D printing technologies, inkjet printing and polymer jetting. First technology
use a powder that is gluing by a binder and the second technology combine polymer inkjet
with photo-polymerisation process.

The researches have started and have developed by the main author, within Industrial
Innovative Technologies laboratory from Advanced Manufacturing Technologies and
Systems department, Transilvania University of Brasov, Romania.

The proposed optimisation approach is focused on three additive manufacturing
applications. First, the orientation of one part on a build tray taking into accord minimum
build time criterion, minimum support structure and best quality surface.

Second application is focused on fitted testing of parts obtained by 3D printing. Taking into
accord the rules for the first two applications, it was proposed rules for packing many parts
on the build tray.

In the last part of this chapter an experimental investigation on surface roughness of rapid
prototyping products produced by polyjet technology, were done. The experimental
investigations was done using “Surtronic 25” roughness checker from Taylor Hobson. It is
important to mention that in the polyjet process we can choose between two parameters that
affect the surface quality: mate or glossy. The average value for the mate surface are
Ra_m=1.04 microns, Rz_m=5.6 microns and for the glossy surface are Ra_m=0.84 microns,
Rz_m=3.8 microns. The surface texture was analyzed using an ETALON TCM 50 measuring
microscope.

The quality of part surface obtained by polyjet technology is very good and is not necessary
a post processing of the RP part. The part produced on the ZPrinter seems to have the
lowest precision and it is the most fragile (needs post-processing), but it was produced
much faster and cheaper.
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The final conclusions, regarding Z310 versus EDEN350 studies are shown in the table 5.
The future work will be focused on implemented the new rules into an innovative software.

RP machine type Z 310 EDEN 350
Materials g;lv%iz}fn?itgéfg photopolymers
Layer thickness [mm] 0.0875 0.016
3D printing optimisation of an individual part
Pos 00 Pos 900 Pos 0° Pos 900
Best position of the part
on the build platform
(minimum building time X X
and cost) - “XY rule"

“the smallest dimension
along Z axis”

“the smallest dimension
along Z axis”

“XY -900 rule” or
“the biggest dimension
along Y axis”

“XY -00 rule” or
“the biggest dimension
along X axis”

“Align the model with
machines axis”

“Align the model with
machines axis”

3D

rinting optimisation of fitted

part

“Concave surface
downwards”

“Glossy fitted surface
upwards”

Optimization of simultaneous additive manufacturing of many parts

“Highest part left” with “the
biggest dimension along Y

“Highest part left” with
“the biggest dimension

axis” along X axis”
Conclusions
Input files STL, PLY, VRML, 3DS STL, SLC
Printing speed faster good
Surface finish and lower / 0.5 mm best / 0.1mm
accuracy
Need to build support | No (only for delicate and big Yes
structure? parts)

Need post-processing

Yes (infiltration with resins
and sand blasting)

No (only removing of
the support by water jet)

Table 6. Conclusions of Z310 versus EDEN350 study
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Selection of Additive Manufacturing
Technologies Using Decision Methods

Anderson Vicente Borille and Jefferson de Oliveira Gomes
Technological Institute of Aeronautics - ITA
Brazil

1. Introduction

The use of Rapid Prototyping technologies is becoming increasingly popular due to the
reduction of machinery prices. Consequently, more and more industries now have the
opportunity to apply such processes to improve their product development cycles.

The term Rapid Prototyping was commercially introduced to highlight the first application,
the quickly production of prototypes into the product development process. Improvements
were done in the quality of the equipments and the variety of materials. Furthermore, new
processes were introduced into the market, which enlarged the application’s range of Rapid
Prototyping technologies. As a consequence, new terms were also used to describe the final
application of such technologies as Rapid Manufacturing (RM); Rapid Tooling (RT), which
indicates the use of such technologies to produce moulds and tooling, etc.

However, as important as to identify the technical limits of the each technology, it is needed
to balance the characteristics of each process in order to decide which one fulfills the
product requirements the best way. And this should be done systematically using a decision
method. The decision method, in turn, should be able to evaluate the relative weights of
product requirements related to the process capabilities. It is not just a matter of
manufacturing process substitution. It is possible - and desirable in case of RM - to modify
designing and product development processes too.

This chapter is divided into two sections. The first part considers prototyping applications,
where the requirements of the part to be produced are not too severe. In this case, available
process capabilities should be used to satisfy costumer’s needs, usually at the lowest
manufacturing cost and delivery time possible. The second section is intended to those who
are concerned in Rapid Manufacturing Applications. Rapid Manufacturing means that the
parts will be produced as end product, thus, the product requirements are more rigorous
then prototyping applications.

2. Part I: Rapid prototyping applications

This chapter aims to present different decision making approaches to choose an adequate
RP process. Here, four decision approaches were applied to compare six processes
regarding six criteria, using the input data from previous works. As result, three decision
methods were compared, additionally to the references. Two different scenarios were
constructed, where different important attributes were considered, simulating two different
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prototype applications. It was demonstrated that not all methods result to the same RP
ranking, however most of them provide the same first option for a given scenario. The
characteristics of the methods could be related to their influence on the evaluation, which
serve as guidelines for the decision makers in order to reflect their exact opinion or
requirements. Although the fundamentals of the decision methods are presented here, one
should be careful while comparing the RP process, because their attributes may vary
enormously depending on the parameter process to build a part. Despite all the
considerations and precautions to be observed, the selection of the RP process can be done
in a simple way, dispensing complex calculations.

2.1 Example of application

The decision process requires the evaluation of alternative characteristics (attributes)
regarding the desired requirements (criteria) to reach an objective. Byun and Lee (2005),
based on questionnaires answered by users, concluded that the following six attributes are
the most important regarding the use of RP processes: accuracy (A), surface roughness (R),
tensile strength (E), elongation (S), cost of the part (C) and build time (B). Further, they
gathered these attributes from six different RP processes, and proposed a method to
evaluate these attributes simulating two different scenarios: Scenario 1) where the cost of the
part (C) and build time (B) were considered most important factors, followed by S and E,
and A and R, and Scenario 2) where accuracy (A) and surface roughness (S) where
considered most important followed by S and E, and C and B. Later, Padmanabhan (2007)
used the same RP processes attributes to evaluate similar conditions, but using Graph
Theory & Matrix Approach (GT&MA) instead of Topsis. The attributes of the Alternatives
presented in Table 1 were used by both previous works.

Process A R S E C B
Processl 120 6,5 65 5 Very high Medium
Process?2 150 12,5 40 8,5 Very high Medium
Process3 125 21 30 10 High Very high
Process4 185 20 25 10 Slightly high Slightly low
Process5 95 3,5 30 6 Very high Slightly low
Process6 600 15,5 5 1 Very very low Very low

Table 1. Alternatives attributes table (Byun and Lee, 2005; Rao and Padmanabhan, 2007)

Based on the information from the processes and from the requirements, a decision maker
should be able to evaluate the alternatives and propose a recommendation. The issues to
manage consist that most product requirements are contradictory. For example, in the
Table 1 the process which has the lowest cost produces the weakest part. The decision
maker should be able to answer - in a systematically form - how much more important is
the cost in relation to tensile strength? Such questions are well complicated to be
translated into numbers directly, but using established procedures the answer can be very
consistent.

Decision Making processes are usually elaborated to be useful to a large range of
applications, consequently, they have to be lapidated to be applied to each specific use. An
important point of this work, is that for each decision approach, some kind of consideration
had to be done in order to represent an approximated scenario to different decision
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methods. They were most related to the conversion of scales and weighting procedures.
Even with these considerations, most decision methods provided the same process as the
first option. Thus, the decision maker may feel free to use the most familiar way, just
considering some rough characteristics.

2.1.1 Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) is a multi-criteria decision-making approach and
was introduced by Thomas L. Saaty (Saaty, 1977; Saaty 1990). The AHP has attracted the
interest of many researchers mainly due to the mathematical properties of the method and
the fact that the required input data is rather easy to obtain (Triantaphyllou, 1995,
Guglielmetti et. al. 2003).

a) Method

The method is based on a pairwise comparison of alternatives and criteria of a hierarchical
structure (Fig. 1). In order to evaluate the approach, a comparison matrix for the criteria

must be described, as the Fig. 2.
Main
Objective

Criterion 2

Criterion ...

Sub-criterion 1 2]

Sub-criterion 2.1| | Sub-criterion 2.2 Sub-criterion ...

Sub-criterion 1 1]

Alternative ...

G G Cy
Ci (w /wy w/wy .. w/w,
G |wy/wy wy/wy .. wy/w,
Cn Wy, /wl wy /w2 - Wy /wn

Fig. 2. Comparison matrix fort the criteria (Saaty, 1977)

Each element w;/wj have to represent how much the i criteria is more important than the j,
following the fundamental scale from Saaty (Table 2).
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¥nten51ty of Definition Explanation
importance
. T tiviti tribut lly to th
1 Fqual importance wo activities contribute equally to the
objective
3 Moderate importance Experience and judgment slightly favour one
of one over another activity over another
5 Essential or strong Experience and judgment strongly favour one
importance activity over another
7 Very strong An activity is strongly favoured and its
importance dominance demonstrated in practice
The evidence favouring one activity over
9 Extreme importance another is of the highest possible order of
affirmation
Intermediate values
2,4,6,8 between the two When compromise is needed
adjacent judgments
. If activity 7 has one of the above numbers assigned to it when compared
Reciprocals . . . o
to j, then j has the reciprocal value when compared with i.
Rationals Ratios arising from the  If consistency were to be forced by obtaining n

scale numerical values to span the matrix

Table 2. The fundamental scale (Saaty, 1977)

In order to evaluate the criteria matrix using the AHP method, the principal eigenvector
must be calculated. Saaty (2003) justified that the eigenvector has two meanings: first, is a
numerical ranking of the alternatives, and second, the ordering should also reflect intensity
as indicated by the ratios of the numerical values. The explanation of why the eigenvector
should be used (Saaty, 2003; Saaty, 1977) as well how to calculate it (Saaty 2000) can be
found in the respective literature.

The criteria matrix should be then evaluated related to consistency, because, despite their
best efforts, people’s feelings and preferences remain inconsistent and intransitive (Saaty,
1977). Although the AHP approach permits some inconsistency, Saaty accept the judgments
w if the consistency ratio (CR) is less than 10%, where:

cr=<L (1)
RI

C1 = a1 )
n-1

Where n is the order of the considered matrix, and RI (random index) given by Saaty (2000)
(Table 3).

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RI 0 0 052 089 1,11 1,25 1,35 140 145 149 151 154 1,56 157 1,58

Table 3. Random index (Saaty, 2000)
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After evaluating the criteria matrix, the alternatives must be analysed, through the use of
matrixes and calculations of the principal eigenvector, which, in turn, is a Column Matrix.
For each criterion, a matrix similar to Fig. 1 must be built, but comparing all the alternatives,
following the same weight considerations presented in Table 2. Consequently, n+1 matrices
should be created, where n is the number of criteria - one criteria matrix and one matrix of
the alternatives for each criterion. So, n eigenvectors are obtained from n alternative
matrices (Column Matrix), which are combined into a new nxn matrix. This last matrix is
then multiplied by the eigenvector of the criteria matrix. The final ranking of the alternatives
results from this multiplication.

b) Application

Using the initial data of the attributes of RP processes presented in Table 1 and the relative
importance of criteria in Scenario 1 and Scenario 2 described above, a decision maker is able
to execute a process selection using AHP. The first step is to convert the qualitative and
quantitative inputs from Table 1 into the fundamental scale of Saaty. Second, the criteria
data (weights) must be also converted in the AHP matrix-format to calculate the local
eigenvector.

In order to convert the qualitative analysis of cost (C) and build time (B) into numerical
values, the results of the machines were compared pairwise to each other in a criteria
matrix, and the eigenvector calculated to define local priorities. For this, initially, the 9
linguistic terms - very very low, very low, .medium... very high, very very high - from
Byun and Lee (2005) were converted into the numbers 1 through 9. So, a matrix of
combinations could be built as the Table 4. Then, for each criteria (C and B), a matrix was
built comparing the attributes of each one of the six processes to each other to convert into
numbers. The linguistic relations obtained were then compared to Table 4 to extract the
respective numerical weight. The matrix created for the cost criterion (C) is presented as
example (Table 3). This procedure intends to be closer to the original AHP approach due the
pairwise comparison, instead of converting the linguistic terms directly into a scale to
normalize them.

1 2 3 4 5 6 7 8 9
Very . . very
very \lfsvr\?, Low Shlikvtly Medium Sl;l‘?gl?y High Ele;%i very
Slow high

1 Very very slow 1 2 3 4 5 6 7 8 9
2 verylow 2 1 11/2 2 2% 3 31/2 4 41/2

3 low 1/3 2/3 1 11/3 12/3 2 21/3 22/3 3
4 slightly low Ya 1/2  3/4 1 1% 11/2 13/4 2 21/4
5  Medium 1/5 2/5 3/5 4/5 1 11/5 12/5 13/5 1 4/5
6 slightly high 1/6 /3  1/2 2/3 5/6 1 11/6 11/3 11/2
7 high 1/7 2/7  3/7 4/7 5/7 6/7 1 11/7 12/7
8  wvery high 1/8 1/4 3/8 1/2 5/8 3/4 7/8 1 11/8

9 very very high  1/9 2/9 1/3 4/9 5/9 2/3 7/9 8/9 1

Table 4. Pairwise relation between the linguistic terms

The eigenvector obtained from the cost (C) and build time (B) matrixes were employed to
build the respective columns to the converted attributes matrix. The numerical values of
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accuracy (A) and surface roughness (R) were inverted before they were normalized because
they are not beneficial values, i. e., lower values are desirable. The values of tensile strength
(S) and elongation (E), where higher values are desirable, are simply normalized. Finally,
the attributes matrix is built (Table 6).

Processl Process2 Process3 Process4 Processb Process6  Eigenvector

Process1 ~ 1,0000 1,0000 0,8750 0,7500 1,0000 0,1250 0,0742
Process2  1,0000 1,0000 0,8750 0,7500 1,0000 0,1250 0,0742
Process3 11,1429 1,1429 1,0000 0,8571 1,1429 0,1429 0,0848
Process4 11,3333 1,3333 1,1667 1,0000 1,3333 0,1667 0,0989
Process5  1,0000 1,0000 0,8750 0,7500 1,0000 0,1250 0,0742
Process6  8,0000 8,0000 7,0000 6,0000 8,0000 1,0000 0,5936

Amax = 6,0000; CI= 0,0000; CR=0,0000

Table 5. Cost criterion matrix

A R S E C B
Process1 0,2053 0,2257 0,3333 0,1235 0,0742 0,1311
Process2 0,1642 0,1174 0,2051 0,2099 0,0742 0,1311
Process3 0,1971 0,0699 0,1538 0,2469 0,0848 0,0820
Process4 0,1331 0,0733 0,1282 0,2469 0,0989 0,1639
Processb 0,2593 04191 0,1538 0,1481 0,0742 0,1639
Process6 0,0411 0,0946 0,0256 0,0247 0,5936 0,3279

Table 6. Attributes matrix to AHP approach

After evaluating the attributes matrix, the information about criteria (Scenario 1 and
Scenario 2) and their weights have to be converted into AHP form. It is therefore necessary,
for each scenario, to produce the criteria matrix and to calculate the eigenvector. As an
example, a decision maker would define the weights and calculate the eigenvector as
presented in Table 7. One should note that the judgments applied to scenario 2 matrix are
not consistent, however, the inconsistency is at a low level (CR<0,1) and therefore the matrix
may be used.

One should notice that the process capabilities were intentionally not reproduced here.
The processes evaluation itself is a hard work, due to constant new development of
materials and machines. Best results of process selection are obtained with up-to-date
process analysis.

2.1.2 Multiplicative AHP (MAHP)

a) Method

The Multiplicative Analytic Hierarchy Process (MAHP) was developed by Prof. Freeek
Lootsma in 1990, and is based on AHP, but uses another scale as well as another algorithm
to define the priorities (Eguti ef al.,2007). In practice, MAHP has the characteristic to
moderate the valuation of “extreme” versus “balanced” alternatives and is less susceptible
to rank reversal when adding or removing alternatives (Stam and Silva, 2003).

The MAHP process has the same hierarchy as the AHP. In order to define the relative
weight between attributes and criteria, the MAHP uses another scale, as represented in
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Table 9. As done to AHP, the MAHP requires one matrix for the alternative attributes and n
matrixes for the n criteria.

Scenario 1 - cost of the part (C) and build
time (B) considered more important

Scenario 2 - accuracy (A) and surface
roughness (R) considered more important

eigenvect eigenvect

A|R|S|E|C]|B or A S|E|C|B or

11|33 |1/ |1/ 0,1113 Al1l11313|5]5 0,3253
A 515 R|1]1|3|3[5]5]| 03253

11133 |1/|1/| 01113 1/ 1/ 01113
R 515 s|3|3]1]1]|3]3

1/ 11/ 1|11/ |1/ | 00634 1/ 1/ 0,1113
S| 3|3 313 E|3|3]|1]1]3]3

1/11/ (1|1 (1/|1/| 00634 1/ 11711/ 11/ 0,0634
E| 3|3 313 cls5|5|3[3]1]1
Cl5 (5|33 [1]1] 03253 AEAEAEY, 0,0634
B| 5|5 |3 3|11 0,3253 B|5|5[3|3|1]1

hmax = 6,589; CI= 0,118; CR=0,09 hmax = 6,589; Cl=0,118; CR=0,09

Table 7. Criteria matrix to AHP approach (adapted from [Byun and Lee, 2005])

The multiplication of the attributes matrix (Table 6) by the eigenvector of each scenario
(Table 7) results in the final ranking.

scenario 1 scenario 2
Process Priority % Process Priority %
Process6 0,3181 31,81% Process5 0,2694 26,94%
Process5 0,1721 17,21% Processl 0,2041 20,41 %
Processl 0,1437 14,37 % Process2 0,1508 15,08 %
Process4 0,1322 13,22% Process3 0,1420 14,20%
Process2 0,1244 12,44 % Process4 0,1256 12,56 %
Process3 0,1094 10,94% Process6 0,1082 10,82%

Table 8. AHP final ranking

The evaluation of the matrixes is done as explained by Eguti et al.(2007). For each matrix, the
weights are transformed into new values, calculated by (4), where 6ij is an integer-valued
index designating the decision maker’s judgments (Table 9), and y is a scale parameter. A
plausible value for the scale parameter is given by In 2, which implies on a geometric scale
with progression factor 2 (Lootsma, 1996).

]

al“ = 6751]

)
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Judgements MAHP (6;) AHP (wy/w;)

Very strong preference for wjversus w; -8 1/9

Strong preference for w; versus wi -6 1/7

Definite preference for w; versus wj -4 1/5

Weak preference for w; versus w; -2 1/3
Indifference preference for w; versus w; 0 1
Weak preference for w; versus wj +2 3
Definite preference for w; versus w; +4 5
Strong preference for w; versus w; +6 7
Very strong preference for wi versus w; +8 9

Table 9. Comparison between relative weight scales from AHP to MAHP

n
¢; :12% i=1,2,..n ()
nis
Following, the weights of criteria and attributes matrixes must be calculated. These values
are the arithmetical mean, as shown by the equations (5) and (6), respectively.

m
A=+, i=1,2..m k=1,2..n ©)
mi

n Cj

p=T1(4;) i=12..m @)
j=1

Where m is the number of alternatives and n the number of criteria. The last step of the

MAHP is to obtain the decision vector, using (7).

b) Application

In order to apply the MAHP, the matrixes used for AHP were directly converted using the

scale conversion in Table 9 and following the calculations described before. The converted

matrixes as well as their respective priority vectors are presented in Table 10.

scenario 1 scenario 2

R|S|E|C|B | priority S | E | C | B | priority
A|lO0|O|2]|2|-4|-4| 00914 A|lO0O|O|2]|2|4]|4] 03824
R|O|O0O|2]|2]|-4]|-4| 00914 R|O|O0O|2]|2|4]|4]| 0384
S|2|-2(0|0]-2|-2| 00521 S|2|-210|0]2|2] 0093
E|-2|2|0]0|-=2]-2] 00521 E|2|2|0|0]|2]2]| 00943
Cl44|2]2]0]|0]| 035606 C|-4|-4|2|-2|0]0] 00233
B|4|4|2]2]0]0]| 03566 B|-4|-4|-2]-2]01]0]| 00233

Table 10. Input matrices for MAHP (Converted from AHP notation)

The calculations of the attributes matrix were carried out as for the AHP. The quantitative
attributes had their values inverted (only A and R) and normalized. Relating both
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qualitative attributes, one matrix was built to each criterion, in which each alternative was
compared to each other, as done for AHP. The conversion from linguistic terms to numerical
values was done with a table similar to Table 4, with the respective MAHP values instead of
the AHP scale. Following, these matrixes were submitted to the MAHP process to evaluate
the local priorities. As a result, the matrix presented here was obtained as the attribute
matrix for the MAHP approach.

A R S E C B
Processl 0,20526 0,22568 0,33333 0,12346 0,00698 0,06985
Process2 0,16421 0,11735 0,20513 0,20988 0,00698 0,06985
Process3 0,19705 0,06985 0,15385 0,24691 0,01405 0,00855
Process4 0,13314 0,07335 0,12821 0,24691 0,02829 0,14066
Process5 0,25928 041912 0,15385 0,14815 0,00698 0,14066
Process6 0,04105 0,09464 0,02564 0,02469 0,93674 0,57042

Table 11. Attribute’s matrix of MAHP

The final evaluation of the MAHP is obtained by multiplying the attribute’s matrix by the
priority vector of each scenario (Table 10). The results obtained with MAHP for the input
data from both previous works are presented and compared in the Table 12.

scenario 1 scenario 2

Process Priority % Process Priority %

Process6 0,5525 55,2% Processb 0,2914 29,1%
Process5 0,1303 13,0% Processl 0,2097 21,0%
Process4 0,0986 9,9% Process2 0,1486 14,9%
Process1 0,0905 9,1% Process3 0,1404 14,0%
Process2 0,0747 7,5% Process4 0,1183 11,8%
Process3 0,0533 5,3% Process6 0,0917 9,2%

Table 12. MAHP final ranking

2.1.3 VDI guidelines

The Association of German Engineers (VDI - Verein Deutscher Engenieure) edits regularly
guidelines to support engineers to their habitual activities. These guidelines oft support or
even become standards. Two VDI guidelines are here considered: The VDI 3404 (2007) and
the VDI 2225 (1998).

The VDI 3404 presents, besides definitions regarding layer-manufacturing processes, a
simplified method to select processes. It presents generically prototypes criteria and
compares them with most significant characteristics of several RP process can offer. The
proposed process selection defines some general characteristics of different kind of parts
(from visual analysis prototypes up to final products) as well as process properties.
However, these definitions are freezed in time. One should consider new process
developments offered by additive manufacturing systems suppliers and its own parts
requirements.
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A pragmatic view of a RP system selection is the assumption that it is a selection procedure
inside of the product development process. Pahl et. al. (2006) presented approaches to
evaluate decisions during the product development process. Since Rapid Prototyping
system selection is a typical application of product development, the guidelines proposed
by VDI 2225 are evaluated here.

a) Method

A selection procedure presented by Pahl et. al. (2006) is based on the VDI 2225 (1998), a
guideline instruction edited by the Association of German Engineers (VDI). This guideline
proposes a simple approach, based on a five-points scale to score the alternatives. The scale
and the evaluation table are presented in Table 13Error! Reference source not found.

Score scale Technical feature Alternative A Alternativet Ideal

Description ~ Score Criterion 1 Wal Wil 4
Very good 4 Criterion 2 Wa2 Wit2 4
Good 3 e e e .
Satisfactory 2 Criterion n Wan Win 4

Acceptable 1 Sum IWa Wi 4n
Unsatisfactory 0 Technical value x SW,/4n EWi/4.n 1
Economical value y Hi/H, Hi/H; 1

Table 13. Scale and evaluation table of VDI 2225

Where W;; are the scores of the i criterion given to the t alternative following the scale, n the
total number of criteria, H; the ideal manufacturing cost and the H; the manufacturing cost of
the alternative t. H; can be estimated by Hi=0,7.H.;, where H.; is the permissible
manufacturing cost, which is to be determined considering, for example, the lowest price of
concurrent products and the revenue margin of the alternative. Some instructions can be
found in the literature to predict the cost of each alternative.

VDI 2225 (1998) also considers that the criteria may have different weights. In this case, the
technical value should be calculated by (8). Although, VDI do not specify or recommend the
scale to weight the alternatives.

_ zgi'wti
Sy 3 ®)

Where g; is the weight of the criterion i.

It is to observe that the computation of costs is done separately by this approach. It is
expressed in terms of the economical value y. Further, the VDI 2225 proposes a graphic
approach to evaluate the alternative, plotting the technical value x versus the economical
value y, defining a point s, in the s-diagram (graph x versus y). VDI suggested that the best
solutions have a balanced relationship between cost and technical skills, thus, being nearly
the diagonal (traced) line of the s-diagram (Fig. 3).

The s-diagram is also useful to accomplish the evolution of a product. The values s1, s2 and s3
could represent respectively the first, second and third edition of a product. Pahl et. al. (2006)
recommends the hyperbole-technique to evaluate the total weight of each alternative, W, by (9).
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Fig. 3. S-diagram example (VDI 2225, 1998)
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b) Application

In order to apply the guidelines from VDI 2225, the alternative matrix and criteria matrix
have to be converted into the VDI scale and form (Table 13). The conversion table of
alternatives to VDI notation is present in Table 14.

A R S E B
Processl 4 3 4 2 2
Process2 4 2 2 3 2
Process3 4 0 2 4 0
Process4 3 0 1 4 2
Processb 4 4 2 2 2
Process6 0 1 0 0 4

Table 14. Alternatives matrix following VDI scale

It is to note that attribute Costs (C) were intentionally removed from the Table 14, because
VDI proposes a separate economical analysis. The numerical values of the alternatives
attributes were mated to the VDI scale, matching the extremity of measured values and of
the scale and uniformly distributing the intermediate values. For the attributes A, R and B,
the highest values were matched to zero and the lowest to four, because they are unwanted
attributes (the higher the value, the less desirable). The calculation of the attributes S and E
were made matching the highest values to four, because higher values are desired.

After evaluating the attributes of the alternatives, the following step is to convert the criteria
matrixes (the 2 scenarios) to extract the weights used in the VDI guideline. Because the
matrixes presented by the previous works are not consistent, it is impossible to extract the
exact weight relations among the criteria. Although, in order to compare the different
approaches, the following matrices are assumed to be likely representative to the both
scenarios (Table 15). One should note that the attribute cost (C) was here also removed.
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Scenario 1 Scenario 2
A 2 6
R 2 6
S 1 3
E 1 3
B 6 1

Table 15. Scenario matrixes into VDI form

The data presented above is enough to perform the calculation of the technical value. The
next step consists of calculating the economical value. Once again, some approximations
have to be done to allow this estimation, because neither the real cost relation nor the
acceptable value is presented.

Since the VDI guideline recommends the economical value to be the relation between the
acceptable and the alternative costs, it was considered that the normalized values from the
references to be used to represent this relation. VDI also recommends that the acceptable
cost should be, if possible, estimated comparing similar products on the market, thus, it was
assumed here as the acceptable cost (H..) being the lowest cost (value) among the
normalized alternatives values.

(q\|
o 7 o 2 3 9 % _ 5
E g g g g g R
: : : : : : i =2
() = = = = = [ = O
& & -9 ~ & & 9 0
'S @ :g - - - - o o -
T -
3 E o 3 - 3 o g - g - g. - 3. 3
I SR T S T T T T S
@] [3) (9]
g wn
A 6 4 24 4 24 4 24 3 18 4 24 0 0 4 24
R 6 3 18 2 12 0 0 0 0 4 24 1 6 4 24
S 3 4 12 2 6 2 6 1 3 2 6 0 0 4 12
E 3 2 6 3 9 4 12 4 12 2 6 0 0 4 12
B 1 2 2 2 2 0 0 2 2 2 2 4 4 4 4
Technical 0,82 0,70 0,55 0,46 0,82 0,13 1
value
Normalized , 1,00 0,89 0,79 1,00 0,06
Cost
Economical 0,04 0,04 0,05 0,05 0,04 0,70
value

Table 16. VDI 2225 evaluation table for Scenario 2

Table 16 presents the results of scenario 2 following the VDI notation. The Fig. 4 represents
the evaluation of the W (as (9)) for both scenarios. One should note that due to the separate
cost evaluation proposed by VDI, the relative weight of cost compared to the others
attributes can not be done. Although, it is to note that the cost has the same weight than all
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other attributes together, which makes the relative weight of the attributes cost always very
high. This can be observed in the Fig. 4, scenario 2, where the accuracy and surface
roughness are to be more important, and the process with a lower cost was also the first
option.

One should notice that due to the separate cost evaluation proposed by VDI, the relative
weight of cost compared to the others attributes can not be done. Although, it is also
important that the cost has the same weight than all other attributes together, which makes
the relative weight of the attributes cost always very high. This can be observed in the Fig. 4,
scenario 2, where the accuracy and surface roughness are to be more important, and the
process with a lower cost was also the first option.

Scenario 1 Scenario 2
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Fig. 4. VDI 2225 graphic results for Scenario 1 and Scenario 2

3. Part lI: Rapid manufacturing application

The main advantages of additive manufacturing technologies (AMT) are related to the
ability to build geometrically complex shapes without tooling and with high process
automation. These characteristics are very useful when producing prototypes, but they can
be even more advantageous for final products, if AMT can be integrated into product
development. It is because final products may allow the designers and engineers to improve
part functionality using more complex shapes. Prototypes have usually a defined form,
which may not be modified.

However, some conditions are necessary in order to use AMT for final parts. These
conditions are related to lot sizes, shape complexity and costs - AMT are still expensive
manufacturing processes. At small lot sizes, such as with customized products, traditional
manufacturing technologies become expensive due to high costs of required tooling. Small
lot sizes and complex shaped parts are typical features encountered in the aircraft industry.
This chapter presents a decision support method based on processes technological
information concerning Rapid Manufacturing of plastic parts for aircraft cabin interiors.
Nowadays, two RP Technologies are able to process plastic materials, which comply
flammability requirements: Fused Deposition Modeling (FDM) and Selective Laser Sintering
(SLS). A method is presented to consider the possible advantages and restrictions when
considering the manufacturing process. Further, a procedure to evaluate quality, production



42 Rapid Prototyping Technology — Principles and Functional Requirements

time and cost is presented. The method is illustrated with examples on the selection of
manufacturing technology to produce a customized decoration part and an air duct. Typical
costs and manufacturing time of injection moulding processes were also compared and
analyzed with the proposed method. It is possible to define the break-even point, when
conventional processes become preferred then AMT. Fig. 5 illustrates the general process
selection presented in this work.

i Process Selection
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Fig. 5. Material restriction when considering RT in the aircraft industry

Fig. 5 presents also the parallel comparison with a conventional process chain. Since all parts
are so far designed to be produced by processes other then AMT (called here conventional
processes), there is always an alternative process chain. It has, in turn, been optimized over
years, and the costs, quality and delivery time quite known by manufacturing engineers. It
is not the aim of this work to select the conventional alternative, but, typical delivery time
and costs related to the both examples will be presented later in this chapter.

The proposed procedure to evaluate AMT is divided into two phases: 1) analysis of
requirements; and 2) classification and prioritization, as explained in the next sections.

3.1 Analysis of requirements

Analysis of requirements aims to eliminate processes — or process chains - which do not
provide adequate properties. It begins with the material analysis. Grimm (2004) argues that
material selection may lead to a manageable quantity of process to analyze. Thus, it should
be performed first.

The Association of German Engineers (VDI), in the outline of guideline VDI 3404 (2007),
presents generically parts requirements (Table 17). Decision makers should use it as check
list when summarizing their parts requirement. The quality of a part is also related to how
its function is performed. Thus, AMT must assure these requirements. Each specific
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requirement should be analyzed based on process information (process attributes) found in
literature, but even more important, based on up-to-date analyses. They could be obtained
directly at manufacturers and resellers, but they are usually not specific enough. The tensile
strength is an example, where the manufacturer information does not specify the material
resistance among different building directions. Alternatively, attributes or rule databases
(Masood and Soo, 2002; Katschka, 1999) could be used, but with restrictions. Furthermore, a
large amount of work would be needed to maintain such databases up to date. The process
attributes used in this work were available in the literature (Borille, 2009).

Requirements Relevant quality characteristics
Constructive . . .

. Size, scale, weight, density, textures, colors / transparency, odor
requirements

. Component size and complexity, length and angle dimensions, dimensional

Geometrical . 9. . ..

; tolerances, form and position deviations, shrinkage, minimal structures,
requirements

walls, layer thicknesses

Processing ~ Machinability, formability, joinability, Surface finishing (painting, coating,
requirements polishing)
Tensile, compression, bending and torsion strength, static and dynamic

Stljength creep rupture strength, impact strength, hardness, friction coefficient,

requirements A
abrasion

Thermal Use temperature ranges, resistance to heat, softening temperature, specific
requirements heat, thermal conductivity, thermal expansion coefficient

Electrical ~ Dielectric strength, surface and spec. Contact resistance, dielectric property
requirements values, tracking resistance

Chemical Flammability, toxicity, resistance to aggressive media, water absorption,
requirements biocompatibility, light stability, light transmission
Economical Units/lot size, production times/delivery times, production costs, reliability,
requirements waste and disposal costs

Table 17. Quality characteristics of part requirements (adapted from VDI3404, 2007)

In order to evaluate the requirements, the logical question associated to each one is if
process and/or material meet the requirement. However, there are two further questions
proposed: 1) if the requirement is not met is it possible to meet the requirement by means of
design modifications? 2) Is it possible to improve the part quality or reduce cost by means of
design modifications? Fig, 6 presents the sequential decision regarding the verification of a
requirement.

This verification aims at inducing the decision maker to think about all the possibilities
regarding AMT. Freedom of form and process flexibility should be always in mind when
answering these questions. The potential of implementing AMT lies on the component
improvement, which can be as weight reduction, reduction of parts quantity by assembling
components, reducing costs of complex shapes among others.

Economical requirements, expressed by the cost, have two major functions in the proposed
methods. First, in the initial procedure phase, the cost should be use as a filter to eliminate
alternatives which are not at reasonable levels. The cost of each alternative will be needed
later again, when creating the alternatives ranking, comparing with their quality and
fabrication time. It should be interesting to create a database containing the considerations
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of each requirement (Design solutions). Applied design solutions could be based on the
results from previous processes.

rlzcrlljilfrlze(;ft Is it possible .
X to improve the Store design
part solution
performance [ Yes Improve
by means of dpa'rt
Ye design esign
modifications?
Proceed to
No analysis of
Yes next
requirement
Is it possible to
meet the No —
requirement by Eliminate
means of design Candidate
modifications?

Fig. 6. Analysis of requirements

This procedure aims to evaluate whether an AMT process is able to provide adequate
technical parts. It is a filtering procedure, but, it also aims to integrate product and process.
There is a reason why not to classify the process (create a ranking) at this phase, as proposed
in the literature (Rao and Padmanabhan, 2007; Rao, 2007). It is because the technical analysis
is done separately from cost and time. Cost and time are usually associated to - low values,
better values -, but most technical requirements can not be analyzed this way. It is difficult
to argue that a part, which present surface roughness R,= 2 um, is five times better than
other which has 10 pm, when the specification is 15 pm. It is correct to affirm that the both
processes are good enough regarding this requirement. Even when scale normalization is
used, the rates between requirements could still carry such inconsistencies.

Technical requirements act as filters, but they also carry information for the second phase.
All the technical considerations should be stored under - Quality - and will be used to
generate the final ranking - Classification and prioritization. Each relevant aspect observed
when considering the requirements should be aggregated within - Quality.

In doing the analysis of requirements before observing the costs, it is expected that all
improvement possibilities are checked and aggregated together. If the part improvement
reaches a high level, it can be strong enough to be contrasted to cost. One frequent
characteristic observed in industries when studying the possibilities to apply AMT, is the
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cost evaluation as first consideration. As the material costs are comparatively expensive, the
technology is rejected.

3.2 Classification and prioritization

The second phase of the process selection is the ranking generation. It is proposed to use the
Analytic Hierarchy Process (AHP) in order to evaluate the three major aspects: quality, cost
and time. The general hierarchy of is expresses as in Fig. 7.

v v v

[ Quality ] [ Cost ] Time ]

[ Process X ]

)

[ Process ... ] [Conventional Process Chain]

Fig. 7. The proposed hierarchical structure of AMT process selection

In the following sections this procedure is applied to two case studies as application
examples.

3.3 Example of application
The parts analyzed in the context of this work are presented in Fig. 8.

Part 1 - Air duct Part 2 - Decoration part

Fig. 8. Representative parts

The first part consists of an air duct. The main features are associated to the complex shape
and the usual need for assemblies and fixture elements, which were integrated in the design.
Part two represents a customized panel, which could include logos, as represented.
Esthetical aspects and flexibility to produce different forms at low lot sizes represent great
importance to consider the manufacturing process. Air duct is a typical example of AMT in
the aircraft industry (DeGrange, 2006; Hopkinson et. al., 2006; Aerospace Engineering, 2004).
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The part was modelled including features which are not usually integrated, as fixture
elements, one-piece-body and internal walls to direct air flow. Some part requirements are
presented in Table 18.

Requirements
Constructive Max. dimensions: 69; 204; 160 mm
Strength Good properties in all directions

Duct with curvature in two directions,
Geometrical wall thickness 1,5 mm,
max. form deviation 0,5mm/100 mm.

Processing Coating and sealing required

Chemical Flammability,

Table 18. Air duct requirements

After applying the verification procedure described in Fig, 6, it was observed that both FDM
and SLS processes meet the requirements. In order to enable support structures removal the
part produced by FDM had to be correctly positioned related to the build up direction. SLS
enable also the integration of additional functions compared to FDM, exemplified by the
introduction of a diffusor at one extremity. This part was produced by both processes, FDM
and SLS, as Fig. 9.

Due to the support structures need, the FDM building process was restricted to one build up
direction. This part positioning related to the layers was selected to avoid deposition of
support material in regions where its removal could not be done.

The satisfied product requirements in Table 18 are not used anymore, but the relevant
quality aspects, which are aggregated in Table 19. These aspects have to be in mind to the
next phase of selection procedure. Relevant aspects are related to requirements which can be
performed more efficiently by using AMT resulting in desired part improvements.
Requirements as accuracy specified as being less then a certain value usually do not
improve product quality. They should be considered as a filter to eliminate inadequate
processes. However, higher tensile strength materials may be used to reduce weight, which
may be a product improvement. Evidently, if one process can not satisfy one or more
requirements, it should be excluded form the selection process.

SLS FDM

Fig. 9. AMT manufactured air ducts
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Requirements SLS FDM
. Better form flexibility because no support Restrictions due to
Constructive .
structures are required support structures
Strength Better isotropic material behavior

Duct with curvature in two directions, wall

ical .
Geometrica thickness 1,5 mm

Table 19. Aggregated process attributes for air duct part

As described, the second process selection method phase consists on creating the rank based
on weightening quality, cost and time according user needs. Typical applications require
low cost. Sometimes the time may be more important or even the quality. In order to
exemplify, the next estimations are presented as cost preference, it means that cost is
preferred instead of delivery time and quality. How much cost is preferred will be defined
using requirements prioritization within AHP method.

Cost preference

Considering three alternatives and three requirements, four matrices should be filled with
pairweise comparisons. The first one refers to comparison among the requirements to
identify their priorities. Following, all the alternatives have to be compared considering each
requirement. As this example has three major requirements (cost, time and quality), three
additional matrices are required.

The decision team should fill these matrices with judgments according the fundamental
scale of Saaty (Saaty, 2000), presented in Table 2. As quantitative requirements are presented
(cost and delivery time), it is possible to fill the matrices with their rates instead of Saaty’s
fundamental scale. In this case, one should take care to notice whether the desired values are
the higher or the lower ones.

The priority related to each matrix is represented by its eigenvector, thus, they have to be
calculated to all matrices. A matrix is built assembling the resulting eigenvectors from the
alternatives comparison matrices. This resulting matrix, in turn, is then multiplied by the
eigenvector resulting from the requirements comparison table.

This example considers the costs as being stronger than other requirements. As possible
judgments, it was considered that cost is strongly preferred than quality and time delivery,
and quality slightly then time. These judgments have to be translated into a matrix,
represented in Table 20.

Cost Quality Time Eigenvector
Quality 1/7 1 2 0,1392
Cost 1 7 7 0,7732
Time 1/7 1/2 1 0,0877

Amax= 3,0536; CI= 0,0268;, CR= 0,0516

Table 20. Requirements comparison matrix

The eigenvector presented in Table 20 represents a numerical ranking of the requirements. It
translates the decision team preferences into numerical values. The ordering also reflects
intensity as indicated by the ratios of the numerical values. It is worth noticing that the AHP
allows certain inconsistencies, which are represented by the CR. CR values less than 10%
(0,1) are considered acceptable (Saaty, 1977). If CR is greater than 10%, the judgments have
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to be revised. In this example, the inconsistency relies on the fact that cost has the same
importance rate to quality and time, however quality is judged more important then time.
The next step consists on compare the alternatives considering each requirement. At this
point, quality is represented by extra functionality which may be performed using AMT,
according Table 19. Time and cost were analyzed in the reference (Borille, 2009).

Table 21 represents the judgments related to quality of the processes. As SLS allows the
integration of additional functions, it is considered more important than FDM. FDM in turn,
makes it possible the integration of fixture elements when compared to conventional
processes, thus, being also more important then conventional processes.

Quality SLS FDM Conventional Eigenvector
SLS 1 3 7 0,6694
FDM 1/3 1 3 0,2426
Conventional 1/7 1/3 1 0,0879

Amax = 3,0070; CI= 0,0035; CR=0,0068

Table 21. Alternative matrix for requirement quality

Regarding cost and time, this example uses the values obtained from service provides.
Different service providers offer different prices and delivery times. The costs are resumed
in Table 22. Time is considered as being the delivery time of the first produced part. As cost
is preferred, the less expensive alternatives were selected.

AMT Conventional
SLS FDM
Cost [RS$] 1.674,40 1.371,06 Variable according number of parts
Time [business 3 7 20
days]

Table 22. Cost and time for purchasing the air duct part

Conventional process costs per unit are strongly dependent on quantity of produced parts.
Costs estimation will be used to define the minimal batch size, which conventional process
becomes preferable then AMT. This number is called Break-even-point (Zh, 2006). Table 23
represents the team’s judgments regarding time. Table 24 exemplifies the judgments for
requirement cost. As quantitative values are available, they are used instead of building
another comparison matrix. The costs are normalized and their inverse values are used
because lower costs are desired. In order to simulate diverse batch sizes, Table 24 was
reproduced using different values of conventional process cost per unit.

Time SLS FDM Conventional Eigenvector

SLS 1 3 5 0,6370

FDM 1/3 1 3 0,2583
Conventional 1/5 1/3 1 0,1047

Amax = 3,0385; CI= 0,0193; CR=0,0370

Table 23. Alternative matrix for requirement time
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Cost [RS$] Preference
SLS 1.674,40 0,3919
FDM 1.371,06 0,4786
Conventional process (10 parts) 5.069,69 0,1294

Table 24. Alternative matrix for requirement cost - example for 10 parts

The final ranking results from multiplying the matrices presented in Table 25. In this case,
for ten parts, SLS process would be selected with 45% of preference, although FDM is the
cheapest alternative.

Quality Cost Time Requirements Ranking
SLS 0,6694 0,3919 0,6370 0,1392 0,4521
FDM 0,2426 0,4786 0,2583 0,7732 0,4265
Conventional  0,0879 0,1294 0,1047 0,0877 0,1215

Table 25. Final ranking generation (10 parts)

Process preference according quantity of parts
- air duct -
0,6000 -
0,5000 -
© 0,4000 -
Q
o
E 0,3000 -
<
02000 -
—e—SLS
0,1000 - FDM
—&— Conwentional process
0,0000 T T T T T T T T T T T T 1
1 3 5 10 15 20 25 30 35 40 45 50 55 60 65
produced units

Fig. 10. Simulation of process preference quantity of produced parts for part 1

Varying the quantity of produced parts, conventional injection molding process becomes
preferred because the cost per part decreases significantly. Using the proposed procedure,
one can estimate the break-even-point.
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Fig. 10 shows that, in this case, SLS process would be preferred until batch sizes of
approximately 50 parts. Larger batches should be produced using injection molding.

When AMT batch size becomes larger, it should be considered that the produced parts
delivery time may increase depending on the machine capacity of the service provider. The
price per part, in this case, may also be reduced due to the better machine usage, specially
when considering SLS (Borille, 2009).

Case two: interior decoration part

The same selection procedure was applied to the part two, an example of decoration part.
The quality attributes are aggregated in Table 26, which presented also the manufactured
parts.

Requirements
. Better visual surface quality, Restricted to one building direction
Geometrical . . . .
Higher distortions due to stair-step effect
Higher resistance and rigidity in
Strength such a planar part leads to lower

weight

Table 26. Aggregated process attributes for decoration part

The decision team faced the following situation: the customers needs consist on the quickly
customization of its aircraft. As requirements, the decision team built up the following
requirements matrix, Table 27

Quality Cost Time Eigenvector
Quality 1 3 1/3 0,2308
Cost 1/3 1 1/9 0,0769
Time 3 9 1 0,6923

Amax=3,0000; CI= 0,0000; CR= 0,0000

Table 27. Requirements comparison matrix for decoration part

Table 28 presents the decision team judgments for quality, according considerations from
Table 26. Although the better surface quality of SLS, the FDM process may produce stronger
planar parts due to its higher tensile resistance. SLS and FDM are considered as the same
importance. Injection molding process presents some restrictions due to draft angles to
allow the mold opening, thus, it was considered less important.
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Quality SLS FDM Conventional Eigenvector
SLS 1 3 3 0,4286
FDM 1 1 3 0,4286
Conventional 1/3 1/3 1 0,1429

Amax = 3,0000; CI= 0,0000; CR=0,0000

Table 28. Alternative matrix for requirement quality

When purchasing the fastest alternatives from service providers, the cost values are used to
judge the alternatives regarding time in
Table 29 and to build the cost rates in

Table 30.
Time SLS FDM Conventional Eigenvector
SLS 1 2 9 0,5969
FDM 1/2 1 7 0,3458
Conventional 1/9 1/7 1 0,0572

Amax = 3,0217; CI= 0,0109; CR=0,0209

Table 29. Alternative matrix for requirement time

Cost [RS$] Preference
SLS 1034,80 0,6025
FDM 1040,00 0,3284
Conventional process (5 parts) 4945,44 0,0691

Table 30. Alternative matrix for requirement cost - example for 5 parts

The final ranking results from multiplying the matrices presented in
Table 31. In this case, for five parts, SLS process would be selected with 55% of preference.

Quality Cost Time Requirements Ranking
SLS 0,4286 0,6025 0,5969 0,2308 0,5585
FDM 0,4286 0,3284 0,3458 0,0769 0,3636
Conventional ~ 0,1429 0,0691 0,0572 0,6923 0,0779

Table 31. Final ranking generation - decoration part

SLS process was selected because it had in this example the lower price and the shorter
delivery time. In this example, the cost per part reduction of injection molding could not
overcome the time requirement.
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Fig. 11 represents the preference ranking. Injection molding would be effective only when
the parts quantity become high enough to imply in higher SLS delivery time.

Process preference according quantity of parts
0.8000 - - decoration part -
—e—SLS
0,7000 - FOM
—4&— Conventional process
0.6000 9 .\’\’\H._._.
8 0,5000 - e
o
“'q-_, 0,4000 -
<
o 0,3000 -
0,2000 -
0,1000 - W—"_"
0,0000 T T T T T T T T T T T T T 1
1 3 5 10 15 20 25 30 35 40 45 50 55 60 65
produced units

Fig. 11. Simulation of process preference quantity of produced parts for part 2

4. Conclusion

Rapid Manufacturing is becoming reality in several industries, among them the
aeronautical. New machine and the further material developments allow the continuous
expansion of applications. Grimm (2004) mentioned that there was at that time no machine
with focus on RM. Three years later, Arcam presented the machine called A2, which is
considered the first one focused on RM applications (Arcam, 2007). Further examples of
these trends were presented at the Euromold 2008 trade fair, in Frankfurt, Germany.
Stratasys as well as EOS presented new material options and new machines. Ultem®© for
FDM equipments and PEEK for SLS are both high performance polymers and potential
candidates to be used in aircraft applications by means of AMT.

The introducing into the market of both new materials choices as well new machine
generations are important indicators of the aircraft industry market importance. However,
the method suggested in this work could be applied not only for aeronautical applications.
It could also more options to compare and choose the best alternative considering also the
new alternatives.
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Another point which would contribute to the implementation of this procedure is the
definition of metrics to aggregate components according geometrical similarity. The
presented work was based on visual similarities to select models as representative
geometries and proposed the individual cost and build time estimation. But users could
develop definitions of metrics which could represent groups of parts. It could accelerate the
cost and time estimation.

Make or buy decision could also be done based on results from the proposed procedure. The
point to be analysed is the estimation of quantity of parts that the company would like to
produce. This quantity should be used to calculate the machine cost per hour, which is one
of major cost factor.
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1. Introduction

Now a days, rapid prototyping (RP) technology is commonly used to quickly realise the
conceptualization of a product design by creating prototypes. These prototypes allow
designers and engineers to visualise potential problems, and to implement different
solutions in the early product design stages. These prototypes may be used in different
industries such as aerospace, aeronautics, automobile, home appliances, industrial
equipment, electronic devices, etc. The selection of the suitable RP technique for the
manufacturing of a certain product is a very complex problem and depends on several
factors (Chen and Cheng, 2000).

Rapid tooling (RT) provides a significant increase in speed and reduction in cost, while for
small production runs and complex objects, RP is often the best manufacturing technique
available (Ilyas et al., 2010). Moreover, RP, RT and Rapid Manufacturing (RM) techniques
can also be used to rapid manufacture parts with excellent quality (Quail et al.,, 2010;
Campbell, et al, 2011). Currently, companies are experiencing increasing pressure to
produce complex and diverse products in shorter product development cycles, aiming to
achieve less overall cost with improved quality (Evans and Campbell, 2003).

As delivery time and cost of products are on a downward trend, the modern mould
manufacturers are increasingly more under pressure to produce moulds quickly, accurately,
and at lower cost. Evidently, rapid prototyping and rapid tooling have shortened time to
produce a physical prototype or tool. Hence, RP, RT and RM are playing an increasingly
significant role in responding to intense global markets competition and achieving
compressed time-to-market solutions (Bibb et al., 2009).

In order to investigate the success of rapid tooling technology, two case studies are
presented and analysed in this chapter. The first case study is the development of
stereolithography (SL) tooling for short run plastic injection mould tooling. The second case
study is dealing with development of rapid wax injection mould tooling to be used for
investment casting process.

2. Stereolithography rapid tooling

In the first case study the development of stereolithography (SL) tooling for short run plastic
injection mould tooling is investigated. As manufacturing industry encounters a growing
demand for rapid tooling, RP technology in particular stereolithography tooling has
demonstrated to have significant potential in product and tool development. However,
among different tooling processes, the process of rapid plastic injection mould tooling is
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significantly critical for the industry. Compared to still higher resolving techniques,
stereolithography bears the advantages of short processing times and good surface finish.
Tool makers and manufacturers usually describe the performance of their devices in terms
of accuracy or minimal layer thickness, and minimal surface roughness achieved.

Due to the fact that stereolithography has obtained a resolution as high as 60 pm, this
significant advance in resolution enables stereolithography to build insert components with
improved performance. High performance stereolithography resins, minimum layer
thickness of 0.06 mm, minimum surface roughness of 4 pm, and nearly zero shrinkage, has
made SL an ideal candidate for rapid tooling purposes. Consequently SL tooling techniques
are improving and are becoming increasingly popular among manufacturers (Decelles &
Barritt, 1996; Greaves, 1997; Jacobs, 1996).

During the last few years, significant research and developments are achieved by different
research groups which have worked on rapid tooling issues. Weiss has demonstrated that a
rapid prototype model can be used as a master to get a shell of metal and with a supporting
material such as epoxy resin, it can be used for injection moulding, metal forming and EDM
electrode (Weiss et al., 1990). Paul Jacobs has discussed the non-homogeneous mechanical
property of SL models. He showed that the mechanical property of SLA models are a
function of laser exposure and prior knowledge about it can help to reduce the shrinkage
generated distortion during part building process and post curing operation (Jacobs, 1992).
Gargiulo carried out an experiment with various hatch styles to improve part accuracy of
stereolithography (Gargiulo, 1992). Richard discussed the effects of parameters on the
accuracy of parts built by SL process (Richard, 1993). Rahmati and Dickens developed a
series of experiments to demonstrate the performance of SL rapid tooling to utilise them as
injection moulding tools (Rahmati & Dickens, 1997).

In this case study, the SL injection mould has been analysed using different CAE simulation
softwares. In particular, MoldFlow is used to get plastic injection moulding parameters such
as speed, and pressure. Next, ANSYS software is utilised to investigate the forces exerted on
different features of the inserts and to investigate the locations of stress concentration
during injection cycle. The result of MoldFlow and ANSYS software analysis demonstrates
and confirms the practical results, and assures the possibility of using stereolithography
rapid tooling for batch production.

Previous work at Nottingham University has shown that SL injection mould tooling can be
used successfully in low to medium shot numbers (Rahmati & Dickens, 2005). Previous
work included the tool experimental procedure, testing mechanical properties of the epoxy
resin on tensile and impact strength, tool temperatures studies, and tool injection pressure
analysis. However, this work is focusing on development of simulation and analysis of SL
rapid tooling, where the SL injection mould has been analysed using MoldFlow to get
plastic injection parameters such as speed, and pressure. The forces exerted on different
features of the insert are calculated and utilised at ANSYS to investigate the stress
concentration locations.

2.1 Injection pressure analysis

When plastic melt enters the mould cavity, it is normally a flow with an advancing flow
front and moving radially away from the centre, while the cavity fills from the gate with the
fountain shaped flow front advancing to the opposite end of the cavity and hitting the
blocks (Walter & Helmut, 2000; Rauwendaal, 2000). This type of the flow is referred to as
fountain flow as it is illustrated in Figure 1. Elements of the fluid in the centre region first
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decelerate as they approach the flow front, then the elements start to move tangentially
towards the wall. The wall is relatively cold and a frozen skin layer will form behind the
advancing flow front.

The elements in the flow front are stretched as they move from the centre towards the wall.
The fountain flow mechanism is responsible for a high degree of orientation of the surface
layers of the moulded product. This is due to the stretching of the fluid elements
approaching the wall while cooling occurs at the wall. The cooling rate is much slower as
moving away from the wall and as a result, more relaxation can occur inside the material.
Many studies have confirmed significant gradients in orientation and morphology from the
outside layers to the inside of injection moulded parts.

Cold skin layer Stretching element

Fig. 1. Illustration of fountain flow into a mould cavity (Rauwendaal, 2000)

The flow loses heat and pressure as it moves away from the centre and in addition to this
pressure loss, the flow moving upwards faces additional loss due to the bends. There are
two main forces acting on the blocks, one due to the shear stress acting on the base, the other
is the bending stress trying to tip over the blocks. In general, at any instant where the
injection pressure is higher than the tool strength, failure is feasible. To avoid this, care is
taken to inject at a temperature where the tool has sufficient strength. This criteria has led to
a well defined cycle, where injection always takes place when the tool temperature has
dropped to 45°C, where the material’s strength and toughness is able to resist the injection
pressure. Stresses exerted on the cavity are dependent on parameters such as melt velocity,
and injection pressure.

2.2 MoldFlow & ANSYS fundamentals
According to the principle of continuity which is based on the mass conservation, the mass
of melt entering at a control volume in unit time is equal to the mass leaving (Fig. 2).

%J‘pdv+"'p7_;.d_;4=0 @)

Thus the equation of mass conservation by integral is derived. Now the differential
presentation of the above is given as:
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Here, V is the velocity of the fluid, A is the control area, p is mass volume, v is the control
volume, p is the pressure, and ¢ is the time. Then the continuity equation is simplified for
special case of incompressible fluid (p = cont).
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Fig. 2. Rectangular element within the enclosed volume

Integral presentation of the Newton second law of motion is given as follows:
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This states that the sum of body force and surface force is equivalent to the change of
reference volume plus net motiog leaving the reference volume. Here, F, is the shear force,
and F; is the normal force. X F is the sum of effective external forces on the reference
volume. It is possible to expand this equation in any desired direction. Differential
presentation of this equation, assuming p and u to be constant, is known as Navier-Stokes
equations. Hence, Euler's equation along the streamline for a steady flow, regardless of
volume forces is given as follows:
1P 5
p 0s 0s
When the Euler's equation is integrated along the streamline, Bernoulli's equation is
obtained as follows:

02
—+gz+?:const (6)

When applying the above equation, one of the two assumptions must be satisfied: equation
is given along the streamline, the flow is irrotational. Since the polymer melt flow in the
cavity is rotational, thus Euler's equation must be applied along the streamline. Fig. 3
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illustrates the flow between two parallel plates at a distance of 'a', where the flow is
developed as lamina, steady, and incompressible.

a' u
X

Fig. 3. Flow between parallel plates

Solving the Bernoulli's equation for the above situation, velocity distribution and shear
stress distribution for the flow within the parallel plates is obtained.
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Moreover, flow rate passing within two parallel plates is given as follows:
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Here L is the melt path length. Applying the continuity equation, the forces exerted over
the cube surfaces (Fig. 4) is calculated as follows:

F, = P A; - P,AyCos(0) - p; V1A (V,Cos(0) - V) (10)
F, =-P,A,Sin(®)—w - p,;V; A, (V,Sin(0©)) (11)
V, 4 B,

Fig. 4. Schematic representation of flow continuity
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Here F, and F, are the normal force and shear force respectively, P, and P, are the
primary and secondary pressure respectively, A; and A, are the primary and secondary
area respectively, V; and V, are the primary and secondary velocity respectively, and © is
the melt path angle with respect to horizon.

2.3 Simulation results of MoldFlow

First, the part is designed three dimensionally using the geometrical dimensions shown in
Fig. 5. The applied SL injection mould consists of different hollow cubes varying of
dimension in the X, Y, and Z axes, i.e. two 10x10x10mm cubes, two 10x9x10mm, two
10x8x10mm, and two 10x7x10mm cubes, all located symmetrically. Then the created
3D model is entered into the MoldFlow software. Next the model is meshed using the
FUSION style.

When a 3D volume mesh is created, Moldflow Plastics Insight (MPI) first creates a Fusion
mesh from the input file. Then any defects present in the Fusion mesh must be corrected and
meshed again using the Generate Mesh dialog. This time, MPI will create the 3D mesh.
Fusion works by simulating the flow of the melt on both the top and bottom parts of the
mould cavity. Consistency between the results on the opposite sides is maintained by using
"connectors" - elements with zero flow and heat resistance. The connectors are inserted
automatically at locations determined according to the geometrical features of the model.

2
cube 3 w‘ cube m

seC A5

Fig. 5. Geometrical dimensions of the moulding

Next the moulding material is chosen. The material chosen for the MoldFlow analysis has
the properties and characteristics, as given in Table 1, and therefore the results of MoldFlow
analysis of injection parameters are calculated and presented in Table 1. Now it is possible
to analyze the best choice for sprue location, which the result is presented in Fig. 6 in color.
As shown in Fig. 6, the best gate location as expected is at the middle of the moulding. After
deciding on the gate best location, FILL analysis is carried out.
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Material data: POLYPROPYLENES (PP)
Material structure: Crystalline

Melt density: 0.72848 g/cm”"3

Solid density: 0.90628 g/cm”3

Specific heat (Cp): 3000.0000 J/ kg-C
Thermal conductivity: 0.1500 W/m-C

Fill time: 2.1000 s

Cooling time: 20.0000 s
Velocity/pressure switch-over: ~ Automatic
Packing/holding time: 10.0000 s

Table 1. Moulding material properties and injection parameters results
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Fig. 6. MoldFlow analyses for sprue bush location

Fig. 7. The identification number of each edge of a cube
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The purpose of the FILL analysis is to investigate the pressure and velocity for choosing
interested location for cavity. Therefore the result of the FILL analysis about Time at the end
of filling is 2.4184s and Total moulding weight is 20.4960 and required clamping force is
13.9166 tones. Comparing the filling time of 2.2 sec resulted from FUSION mesh in Table 1,
with the result of FILL analysis of 2.4184 sec, 0.2184 sec difference is due to the fact that FILL
analysis has taken the mass of melt including the sprue bush.

Next, the velocity at the edge of the cubes as identified in Figure 7, is analysed. The melt
velocity at different cube locations is presented in Table 2 in terms of cm/sec. Due to the
fountain effect of melt flow into the cavity, the maximum melt velocity is randomly
assigned to one of the cubes in each run of the FILL analysis. However, in order to account
for the critical situation, the velocity on edge 8 is assumed to be zero, because the failure
may happen while there is a maximum differential pressure build up between the front side
and back side of the cubes.

Edge 1 2 3 4
Velocity 91.56 48.38 88.59  98.64
Edge 5 6 7 8
Velocity 14.52 76.5 65.36 19.3

Table 2. Velocities of all edges of a cube in cm/sec

According to the fountain flow behavior of the polymer melt into the cavity, velocities are
determined as shown in the Table 2. It is observed that on edge 4 (Fig. 7) which the melt
front hits first, the velocity is maximum, while the velocity on the other edges is less.
Subsequently, the pressure at all cube edges is determined as in the Table 3 in terms of MPa.

cubel cube2 cube3 cube4
Edgel (MPa) 15.89 16.63 16.25 14.91
Edge2 (MPa) 15.21 15.96 15.73 14.55
Edge3 (MPa) 15.03 15.71 15.36 14.05
Edge4 (MPa) 15.53 16.07 15.57 14.02
Edge5 (MPa) 14.34 15.19 15.28 14.12
Edge6 (MPa) 14.38 15.11 14.9 13.65
Edge7 (MPa) 13.11 15.39 14.97 13.54

Table 3. Pressure of all edges of a cube in MPa

Pressure gradients exerted on each surface is derived from the pressure changes of its edges.
Due to the fact that larger surface refers to the bigger cube; subsequently larger pressure
changes are expected to happen on bigger cube as well. Accordingly, decreasing pressure
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differential trend is expected on the subsequent cubes. Now, with regard to the results
obtained from the MoldFlow software and the following fluid dynamics relationships, the
forces exerted on each cube is extracted.
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Fig. 8. The identification number of each face of a cube

Due to the fact that only the critical situations are of interest in this analysis, therefore only
the maximum differential pressures have been taken into consideration, as presented in
Table 4. This table is presenting the normal and shear forces (F,, Fs) which exists on the cube
surfaces shown in Figure 8, where surface "A" is the front face, surface "B" is the left side
face, surface "D" is the right side face, and surface "C" is the top face of the cube.

CUBEL A | |
Fn(N) | 26608 | 25536 0 257.12
Fs (N) 2248 | 22592 | 2184 | 20976
CUBE2 A | |
Fn(N) | 23282 | 22344 0 224.98
Fs (N) 1967 | 19768 | 1911 | 18354
CUBE3 A | |
Fn(N) | 19956 | 19152 0 192.84
Fs (N) 1686 | 16944 | 1638 | 157.32
CUBE4 A | |
Fn (N) 1663 | 159.6 0 160.7
Fs (N) 1405 | 1412 | 1365 | 1311

Table 4. Forces exerted on each surfaces of cubes (N)

2.4 Simulation results of ANSYS

Now considering the forces obtained from fluid analysis, the core side of the mould is
analyzed using ANSYS software for stress investigation. Due to the fact that the mould is
designed to be symmetric (Fig. 5), therefore the ANSYS analysis is carried out only for half
of the tool (Fig. 9). The 3D model generated, is entered into the ANSYS software. Next the
model is meshed using the SOLID95 style which is compatible with three dimensional
displacements resulted from the force exerted by melt pressure. SOLID95 mesh is three
dimensional and is able to monitor any displacements. In addition SOLID95 elements have



64 Rapid Prototyping Technology — Principles and Functional Requirements

compatible displacement shapes and are well suited to model curved boundaries. The
element is defined by 20 nodes having three degrees of freedom per node: translations in the
nodal x, y, and z directions. The element may have any spatial orientation. SOLID95 has
plasticity, creep, stress stiffening, large deflection, and large strain capabilities.
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Fig. 9. Half of the core while SILD95 mesh is applied
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Fig. 11. Von-Mises stress analysis of the core

While the starting conditions of normal forces (Fy) and shear forces (Fs), as well as boundary
conations around the core, are applied, next, the exerted forces are applied at different nodes.
In addition, displacements around the core are defined in three axes (i.e 3 degrees of
freedom). Next the results of analysis are presented and hence the total displacement is
investigated as shown in Fig. 10 where the red color region is the sign of maximum
displacement or more chances of failure on the smallest cubes.

2.5 Summary of stereolithography rapid tooling

Evidently, product diversity, high product complexity, increase in product variety, and
shorter product life are prime motives for SL tooling development. Due to the fact that
many moulding parameters inside the cavity such as net pressure on the mould features,
melt velocities at different points, etc. are not possible to be measured, therefore CAE
simulation softwares are unique and inexpensive alternatives to analyse and evaluate
different rapid tools.

Obviously those CAE simulation softwares such as MoldFlow and ANSYS are significant
aids in rapid tooling analysis, acquiring tooling parameters and melt behavior in the cavity;
and it is a promising technique for today’s rapid tooling analysis of different SL tooling
techniques which have been developed and are complementary for each other.

The experimental results of tool failure on one hand, and simulation results of MoldFlow
and ANSYS on the other hand, have good correlation in particular about the first failure
which happened on the smallest cube.

As shown from Fig.11, stress generated is maximum on the smallest cube, hence the chances
of failure is the most, relative to other cubes.
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Design of SL rapid tools must be in such a way that while controlling the stress, the
maximum stress exerted on cubes must resist tensile and bending stresses.

SL rapid tools having very narrow ribs and fragile features are not recommended with such
SL tooling method.

3. Rapid wax injection tooling for investment casting

In the second case study, rapid wax injection mould tooling to be used for investment
casting process is being developed. Investment casting process is considered as an economic
approach in mass production of metal parts with complex shapes using different material
alloys. In order to produce wax models for investment casting process, usually conventional
tools manufactured via machining process are being used. On the other hand, using
conventional tooling for wax model production may lead to extra time and cost, resulting in
reduction of overall throughput and reducing the benefit of using such approach
particularly for batch production. Rapid prototyping technology and its downstream
applications in rapid tooling can lead to significant reduction in time and cost of design and
production (Rosochowski & Matuszak, 2000). One of such applications is direct or indirect
production of wax models needed in investment casting industry (Bonilla et al., 2001).

Fig. 12. Shift fork of Peugeot engine gearbox
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Fig. 13. Wax injection moulding tool of Peugeot engine gearbox shift fork
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Applications in wax models demand a kind of processes which are able to produce the final
shape and geometry of the part's critical features in near to the net shape with minimum
post processing requirements. In this research stereolithography technique is used to
fabricate the shell for tool master model of a shift fork of Peugeot engine gearbox (Fig. 12),
then this shell is used to make the tool for producing wax model of shift fork via epoxy
tooling and direct ACES injection moulding tooling method.

3.1 Methodology

In this research, first the 3-D model of the part was created in Catia software. Then, the CAD
model of the shift fork was analyzed using MoldFlow to investigate the ideal and optimum
conditions of tool operation during wax injection moulding process. In order to construct
wax injection moulding tool, epoxy insert shells were fabricated directly from CAD data on
an SL machine. These inserts were then fitted into steel mould bases through steel frames
accompanied by cooling pipes and were back-filled with aluminum powder/aluminum
chip/epoxy resin mixture (Fig. 13). The back-filled mixture added strength to the inserts and
allowed heat to be conducted away from the mould.

=

Fig. 14. Tool assembly components and the steel frames
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The modular steel mould bases were two standard base plates machined with a pocket to fit
the steel frames and the inserts (Fig. 14) (Menges & Mohren, 1986). Next, vacuum casting
machine (MCP 006) was used for creating wax patterns. Experiments were focused on
optimization of casting parameters such as wax temperature, vacuum pressure, and mould
temperature to achieve better dimensional accuracy of the wax models.

3.1.1 Design of wax model

The first step was creating the specific shape of the product. Therefore, the 3-D model of the
part, based on the nominal dimensions, was created in Catia software (Fig. 15). The ideal
dimensions are the nominal dimensions plus the shrinkage factors due to the wax material
and final casting metal. Therefore, the actual dimensions of the model are the dimensions of
the actual casting wax.
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Fig. 15. Wax model parameters

3.1.2 Determination of shrinkage

In traditional moulding, the shrinkages of casting metal and wax material must be
considered while creating the mould cavity (Siegfried & Wadenius, 2000). Thus, the mould
cavity dimensions should be bigger than the nominal data to compensate the shrinkages of
wax and casting metal. The wax shrinkage depends on the thermal conductivity of the
mould and the wax solidification rate. Linear shrinkage of the wax could be estimated as
follows:

S, = Lw=Lr 100 (12)
L
w

where Sp is the linear shrinkage, Lw is the tool dimension, and Lr is the wax model
dimension. However, if a is defined as tool expansion coefficient and p as wax expansion
coefficient, C can be defined as the tool actual dimension as follows:

LF=Lw(1+ﬂ),C=LF(1+[3) = C=Lw(1+a)(1+ﬁ) (13)
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However, in this research the shrinkage of casting metal was determined from casting
design handbook and POULADIR Investment Casting Company (Investment Casting,
1968).

3.2 Tool simulation and analysis

Computer CAE simulation can reveal tool/model design problems, injection parameters,
and difficulties encountered during operation, well before commencing the real operation.
In this research, all tool design stages are simulated repeatedly to achieve optimum wax tool
performance.

3.2.1 Wax injection process simulation

MoldFlow package was applied to simulate and predict different scenarios and investigate
the optimum tool design and injection parameters according to the MoldFlow User Manual.
Parameters investigated include filling patterns, temperature profiles, residual stresses, tool
clamping force centre of gravity, the pressure at different time intervals, tool temperature at
any time, and freeze time. Providing correct data input results in appropriate analysis.
While providing wax model and tool data to the MoldFlow, the proposed wax data did not
exist at the MoldFlow database. Therefore, by consulting MoldFlow Company, a similar
wax data from Argueso Company was provided to the MoldFlow database.

Among injection setting parameters, injection time was set at 10 s and freeze time at 30 s.
Running different simulations resulted in the most favourable setting appropriate to
produce 100 wax models per hour, whereas in conventional tooling these two parameters
are 5 s and 10 s, which results in 300 shots per hour. Regarding tool surface temperature
determination in MoldFlow, thermal analysis of ANSYS at permanent phase and MoldFlow
at the transient phase was conducted according to the ANSYS User Manual, Version 6.1.

3.2.2 Simulation results analysis

Problems encountered during actual wax injection process such as weld lines and blush, are
determined and corrected by the proper mould design, gate location, and gate design. Fig.
16 indicates air trap spots locations which may occur during wax injection. Fig. 17 indicates
weld lines on the wax model where by choosing appropriate gate location, it avoids any
weld lines.

Filling process is clearly a complicated process. Fig. 18 indicates the mould filling time of
10.21 s and Fig. 19 indicates the complete melt temperature after the cavity being completely
filled to analyze the consistency of uniform temperature distribution of the wax model. Fig.
20 indicates that the freeze time needed for the wax model is 30 s. The injection pressure of
the mould cavity is 0.5 MPa.

3.3 Wax tool fabrication

For fabrication of the insert cavity using stereolithography machine, the 3-D CAD model
from Catia software was corrected by applying the shrinkage values of wax and metal
casting to the nominal dimensions. Then, the final CAD wax model was converted into STL
format by 3-D Lightyear software. STL is a standard format in RP industries which
approximates 3-D-model surfaces with several triangle facets. After implementation of some
complementary actions on the STL model, like model review, defining supports, and build
orientation, the final CAD file was sent to rapid prototyping apparatus. In this project, insert
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Fig. 16. Air trap spots locations
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Fig. 17. Wax model weld lines
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Fig. 18. Wax model filling time
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Fig. 19. Wax model temperature distribution
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Fig. 20. Wax model freeze time

cavity was fabricated by photo-curable WaterShed 11120 resin with a 3-D SLA-5000™
machine (Fig. 21). Part layer thickness used in this process was 0.1 mm. After producing
SLA inserts, post-processing operations such as washing excessive resin and removing
supports were carried out, and finally core and cavity inserts were post cured in a UV oven.
The final stage of post-processing operation was delicately finishing the inserts using a very
fine sand paper.

Fig. 21. Fabricated inserts of Peugeot engine gearbox shift fork using stereolithography
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To increase the tool mechanical stiffness, hardness, and precise tool alignment, and to
minimize epoxy material consumption, a modular steel mould base was designed. Two
standard base plates were machined into rectangular pocket to fit the inserts (Fig. 22). Base
plates were machined using high speed milling machine to satisfy the required assembly
tolerances. The inserts were then fitted into steel mould bases through steel frames, and
back-filled with aluminum powder/aluminum chip/epoxy resin (Vantico 5052) mixture
(Fig. 23).

N

whi

Fig. 23. Back-filling inserts along with copper cooling pipes

The vacuum casting machine (MCP 006) was used to vacuum the back-filled material to the
desired pressure for an hour to ensure no bubbles would remain during back-filling process.
In the mean time, to conduct away heat from the tool during wax injection, copper pipes
were applied as shown in Fig. 23. The back-filled mixture added strength to the inserts and
allowed heat to be conducted away through copper pipes and the mould. After the back-
filled solidification occurred in ambient condition, the back-filled surface which is going to
be in contact with the base plate was machined and grinded.
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Fig. 24. Wax moulding of Peugeot engine gearbox shift fork

3.4 Wax tool injection process

During the initial moulding process, the wax injection test was carried out at SAPCO Co.
manually, in such a way that two mould halves were held against each other using different
holders and clamps. Then five shots of wax were injected at 80°C and at two bars pressure.
Next, for the actual moulding process, the tool was taken to the POLADIR Investment
Casting Company to produce final wax patterns. MV30 wax injection machine was used at
vertical orientation and parameter settings were applied using the simulation analysis
results.

During the moulding process, the temperature and pressure of the cavity was monitored,
and the melt temperature was controlled using different thermocouples to ensure that the
conditions within the cavity remains as consistent as possible. Finally, 100 shots of shift fork
of Peugeot engine gearbox were made with wax melt temperature at 65°C and 5 bars
pressure (Fig. 24).
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3.5 Discussion

The rapid wax injection tool was successfully tested and the results revealed the success of
the technique. Slim edges and sharp corners have been very well reflected on the wax
model. This is specially highlighted when compared with traditional tooling which requires
special attention while machining sharp corners. For example, during machining the
traditional tools, the tool radius leads to undesirable fillets, which requires additional
process such as EDM machining to trim such fillets into sharp corners. Any additional
process means additional time and cost, probably sacrificing accuracy as well.

During wax model production, in spite of the abrupt difference in heat conductivity
coefficient between epoxy and steel tool, heat of wax melt was conducted well to the tool
base and the cycle time had no significant change compared with traditional tooling.
Temperature data regarding barrel and nozzle during injection process is given in Table 5.
The proper tool design, with copper cooling pipes and continuous tool temperature
monitoring using different thermocouples, has resulted in uniform cycle profiles as shown
in Fig. 25. According to the present production rate, the tool has produced 100 shots in an
hour versus 300 shots in an hour in traditional tooling, which seems to be acceptable. It is
possible to improve this rate using multi-cavity tool, which makes this technique further
suitable and economical for fast part production.

Nozzle Barrel Upper plate Lower plate Wax model
65 60 13 14 45

Table 5. Temperature settings during wax injection process (°C)
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Fig. 25. Temperature changes at tool cavity surface versus time in consecutive cycles

In order to check the dimensional accuracy of the wax model, optical measuring system was
applied to extract the interested dimensions. The standard deviation of the wax model was
0.08 mm (Fig. 15). The general tolerance of the wax model was found to be in the range of
#0.1 mm, which was acceptable by the manufacturer. The nominal dimensions of the wax
model are given at Table 6, and the actual dimensions of the produced wax model are given
at Table 7.
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Ly L, Ls Ly Ls Le
77.8 62.42 15.38 11.99 11.33 451
Ly Lg Lo Lo Ln Dy
32.7 21.12 9.74 8.2 15.38 19.47
Table 6. Wax model nominal dimensions (mm)
Ly Ly Ls Ly Ls Le
77.5 62.1 15.17 11.8 11.25 453
Ly Ls Lo Lao L1 D1
32.53 20.82 9.55 8.15 15.1 19.25

Table 7. Wax model actual dimensions (mm)

Comparing the results of Table 6 and Table 7, the largest difference belongs to L; and Ls,
which is 0.3 mm. These two parameters are located where they can have free shrinkage
while other parameters have constraint in shrinkage. With respect to the thickness, except Ly
which has 0.19 mm increase in thickness, the remaining parameters fit within the tolerance.
Parameter Li; has shrinkage of 0.29 mm which is precisely equivalent to the forecasted value
suggested by the simulation software (Fig. 26).

Deflection, all effects deflection mm
Scale factor=1.000 w l

Scale (70 mm)
Fig. 26. Wax model warpage and shrinkage after ejection

Considering the difference between the nominal and actual dimensions, and with respect to
the applied coefficient of shrinkage, it could be concluded that the tool cooling method has
influence on the wax shrinkage (Modukuru et al., 1996). Moreover, those parameters which
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reveal larger shrinkages have no constraint and can shrink freely. Therefore, the calculated
shrinkage was found to be 1.5% in length and 2.5% in thickness, which is in accordance to
the suggested values by the MoldFlow simulation software (Fig. 27).

Comparing the theoretical results of the simulation softwares with the actual results,
confirms the reliability and validity of the investigation. With respect to the time and cost
saving in applying wax rapid tooling compared to the traditional tooling, the time saving
was 50% and the cost saving was 60%. This comparison takes into consideration parameters
affecting the time and cost of tool design, manufacturing, and issues such as material
recruitment, and other services for tool manufacturing in terms of instruments, human
resources, and finishing operations.

Volumetric shrinkage
Time=65.15 5

Scale (70 mm)

Fig. 27. Shrinkage at 10th second of wax injection

3.6 Summary

A rapid wax injection tool of a gearbox shift fork is designed, simulated, and manufactured
using rapid prototyping and rapid tooling technology to save time and cost of producing
wax models used for the investment casting process. CAE simulation softwares, in
particular, MoldFlow, are used to get wax injection moulding parameters such as filling
parameters, temperature profiles, freeze time, speed, and pressure. The results of this
research were compared with conventional wax model production methods. The criteria of
such comparison were based upon parameters such as time, cost, and other related
characteristics, which resulted in saving of 50% in time and 60% in cost. In this research,
design, assembly, and wax injection operation of the wax tool has taken 10 days.
Considering the fact that wax melting temperature is as low as 70°C and injection pressure
of 0.5 MPa, the tool suffers no damage due to the thermal and pressure stresses, leading to
the mass production of wax models.

This research aimed at investigating the feasibility of applying rapid prototyping and rapid
tooling technology into the wax model production for investment casting process. The
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results not only confirm the success of such application, but also prove valuable benefits

with respect to the common tooling techniques.

¢ Due to the fact that many moulding parameters inside the cavity such as pressure and
melt temperature, are not easily possible to be measured; therefore, CAE simulation
softwares are unique and inexpensive alternatives to analyze and evaluate such rapid
tools.

e Obviously, CAE simulation softwares such as MoldFlow and ANSYS are significant
aids in rapid tooling analysis, acquiring tooling parameters and melt behavior in the
cavity; and today's rapid tooling analyses of different tooling techniques have been
developed and are complementary.

e The results of this research indicate saving of 50% in time and 60% in cost. Design,
assembly, and wax injection operation took 10 days, compared with the traditional
techniques which may take at least two month.

e Considering the fact that wax melting temperature is as low as 70°C and injection
pressure of 0.5 MPa, the tool may suffer no damage due to the thermal and pressure
stresses, leading to the mass production of wax models.

e  Using simulation softwares prevents common moulding defects well in advance before
being encountered during operation.

e Injection cycle time is found to be between 40-50 sec which is longer than the common
tooling techniques (5-15 sec), which is due to the fact that the tool cavity is a
nonconductive material; however, this may be improved by increasing the number of
cavities (multi cavity).

¢ Due to the modular nature of tool plate and frame assembly, it is possible to reuse the
material for similar tool dimensions, leading to more saving in time and cost for new
tools.

e According to the above findings, it could be concluded that the rapid wax injection
tooling is an appropriate alternative for mass production via investment casting
process. Therefore, rapid wax injection tooling technique could replace many
expensive, time consuming, and complex machining techniques.
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Heterogeneous Object Modeling
for Rapid Prototyping

Xiaojun Wu
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P.R.China

1. Introduction

A heterogeneous object is referred to a solid component consisting of two or more material
primitives distributed continuously or discontinuously within an object. Modeling and
manufacturing of heterogeneous object (HO) have been paid much attention recently as the
advent of rapid prototyping manufacturing technology, which makes it possible to fabricate
the heterogeneous object. As the continuously variation of material composition produces
gradient in material properties, they are often known as functionally gradient materials
(FGM), shown in Fig. 1(a). For example, a component contains two compositions, metal and
heat resistance material (such as ceramic); the material distribution is illustrated in (b). From
the figure we can see that metal increases its fraction gradually from one side to another (the
red line), while the heat resistance material linearly reduces its fraction (the green line), which
can avoid the stress concentration because of the thermal stress relaxation in transition of two
materials, shown in (c). A discontinuous change in material composition generates distinct
regions of material in the solid, which is usually called multi-material object (MMO) such as
composite materials, as demonstrated in Fig. 2 (ZCorp (2005)). MMO has been extensively
used in industry for a long time, while FGM has shown tremendous potential in many fields,
such as aeronautics and astronautics, biomedical engineering, and nano-technology, etc.
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Fig. 1. Model of functionally gradient material.

Rapid prototyping can offer capability to fabricate the component with material variations
because of the characteristic of layer by layer manufacturing. Shape deposition manufacturing
(SDM) of Carnegie Mellon University and Stanford University and laser engineered net
shaping (LENS) of Sandia National Laboratory (SNL) has produced FGM parts with variety
of metallic powders (Binnard (1999),Fessler (1997), Jakubenas (1998), Ensz (2002)). With 3D
printing, Massachusetts Institute of Technology has created fine ceramic FGM components.
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Just as the color jet/laser printer can produce colorful pictures by using halftone technique in
2D, the heterogeneous object can also be fabricated by a 3D printer which is regarded as the
most suitable means to create HO. Readers can also refer to the products of Z-Corp (ZCorp
(2005)).

In order to take full advantage of the greatest potential of heterogeneous objects, one must
have matching capabilities for their computer modeling, analysis and design optimization.
The primary focus of the recent research and development in these fields are on the computer
representation schemes for heterogeneous objects, by extending the mathematical models and
computer data structures of the modern solid modeling techniques to include discrete material
regions of interfacial boundaries and heterogeneous properties.

To build an object by a particular rapid prototyping technology, certain paths must be
generated to guide the executor to add the material layer by layer, called path planning
(Marsan (1997)). It is necessary to slice the model into contours through a serial of parallel
plane to intersect with the object. Conventionally, we do not consider material information
when doing slicing operation. But the heterogeneous object can not be dealt with the same
strategy. Siu et al. proposed a contour sub-division algorithm on each layer from slicing a
heterogeneous object where the material gradient is decomposed into sub-contours according
to the different grading variation (Siu (2002a), Siu (2002b)). However, the "grading step-width"
based method separates the continuous material domain into discrete strips on each slice.
Approaches for modeling and representing a heterogeneous object have been extensively
studied in the computer and manufacturing community in the last decade. Kumar and
Dutta proposed an approach to model multi-material objects based on R;; sets and R,
classes primarily for application in layered manufacturing. Boolean operators to facilitate the
modeling procedure were defined (Kumar (1997), Kuman (1998)). Jackson et al. proposed
a local composition control (LCC) approach to represent heterogeneous object in which
a mesh model was divided into tetrahedrons and different material compositions were
evaluated on the nodes of the tetrahedrons by using Bernstein polynomials (Jackon (2000),
Liu (2000)). Chiu et. al. developed material tree structure to store different compositions
of an object (Chiu (2000)). The material tree was then added to a data file to construct a
modified format suitable for RP manufacturing. Marsan and Dutta presented a method to
model material properties in the form of tensor product surfaces within the framework of
heterogeneous solid modeling (Marsan (1998)). Siu and Tan developed a scheme named
"source-based” method to distribute material primitives, in which any material within an
object could have varying properties (Siu (2000)). The feature-based modeling scheme was
extended to heterogeneous object representation. By controlling boundary conditions of a
virtual diffusion problem in the solid, designers could control its material distribution (Qian

(2003), Qian (2004)). Kou and Tan suggested a hierarchical representation for heterogeneous
object modeling by using B-rep to represent geometry and a heterogeneous feature tree to

e

Fig. 2. A multimaterials blade.
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express the material distributions (Kou (2005)). Samanta suggested a scheme to represent
and design heterogeneous object by using a free-from functions to describe complex shapes
of geometry and material features (Samanta (2004)). Zhang et al. addressed the problem of
heterogeneous material object modeling and analysis through a constructive approach (Zhang
(2004)). Wu et al, developed a heterogeneous object modeling system based on volumetric
date set (Wu (2007)). Various methods for designing and optimizing objects composed
of multiple regions with continuously varying material properties have been developed.
Wang and Wang proposed a level-set based variational scheme (Wang (2004)). Biswas et
al. presented a mesh-free approach based on the generalized Taylor series expansion of a
distance field to model a heterogeneous object to satisfy the prescribed material conditions
on a finite collection of material features and global constraints (Biswas (2004), Tsukanov
(2003)). Kou et.al proposed a heterogeneous object modeling system which employed the
B-rep to represent the geometry shape and the heterogeneous feature tree (HFT) to represent
the gradient material information, and then a virtual manufacturing prototype system was
created based on voxelization of the heterogeneous object (Kou (2006)), shown in figure 3. Hu,
et.al. addressed the design problem of processing time of manufacturing 3D heterogeneous
objects (Hu (2008)). In their method, the processing time was considered as a optimization
variable to design and manufacture 3D heterogenous objects through using self-adaptive and
real-valued evolutionary strategy.

Al d L Ll

Fig. 3. HFT based heterogenous object and voxelized model (Kou (2006)).

However, almost all of the research interests are mainly focused on the computer
representation of heterogeneous object, rather than the whole procedure for rapid prototyping
fabrication of heterogeneous object. Almost all of the previous proposed approaches were
verified in commercial software packages (Siu (2000), Liu (2004)), such as Solidworks,
Unigraphics, etc. In Kou (2004), a commercial CAD package independent system is developed
to deal with the HO modeling, but not including the slicing procedure for RP manufacturing.
Kou. et.al. in Kou (2007) given a good survey for the different heterogenous object modeling
system. Readers can refer to (Kou (2007)) for a whole review of modeling heterogenous
object. In this chapter, we will introduce a heterogeneous object modeling system based on
volumetric dataset to address a complete design pipeline from CAD model to heterogenous
object for rapid prototyping.

In realistic world, the interior of every object is defined homogeneously or heterogeneously,
instead of a shell with zero thickness. With the fast development in computer hardware,
especially faster, larger and cheaper memories available, computer graphics are being
transformed from surface based to volume based, just like the transition from vector graphics
to raster graphics in the seventies (Kaufman (1993)). One of the most outstanding features
of volumetric dataset is its capability to represent the inner structures of an object such that
measurable properties, such as material, color, density, and strength, can be associated to
each voxel. Therefore, it is a perfect choice to utilize volumetric dataset to describe the
internal properties or structures of a heterogeneous object. In fact, voxel-based models
are exploited for part modeling, analysis and manufacturing (Chandru (1995)). In our HO
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modeling scheme we take volumetric dataset as a carrier of material primitives, while the
shape of the object is described by the geometric model. So it is convenient to manipulate
the dataset and implement the boolean operations (e.g. union, difference, intersection,
etc.), and the volumetric model can be easily processed to generate 2D slices which are
essential to manufacturing with rapid prototyping techniques. In our approach, we develop
a new method to slice a heterogeneous object where the geometric contours are taken as
constraints to resample the heterogeneous information through pixel overlap interpolation
and trilinear interpolation strategy. This method can maintain the original heterogeneous
material information as much as possible and improve the slicing boundary as accurate as
possible. This method is called material resampling with geometric constraint (MRGC). The
output of our scheme is bitmap liked raster image with sharp boundary which is very suitable
for the 3D printer based heterogeneous object fabrication devices.

2. Volumetric dataset based heterogeneous object modeling

2.1 Mesh model voxelization

Voxelization procedure converts a geometric model into volumetric dataset. As a matter
of fact, volumetric dataset comes from a variety of fields, such as human organs
scanned by Computer Tomography (CT) or Magnetic Resonance Imaging (MRI), the visual
human project, scientific computation or simulation, computational fluid dynamics (CFD),
meteorology, seismic exploration, etc. These datasets can be organized into Cartesian, regular,
rectilinear, structured, unstructured and hybrid data format. In the past decades, a lot of
methods on voxelization have been developed (Kaufman (1987), Jones (2000), Kong (1989)).
Most of the voxelization methods are an extension of the classical scanning conversion
algorithm from 2D to 3D. In our HO representation, we develop a voxelization algorithm
to convert geometric models into volume dataset. For simplicity, we only utilize polygonal
meshes (triangular meshes) to describe the voxelization algorithm, but all geometric models
can be voxelized, such as CSG model, freeform surfaces, implicit or explicit surfaces (Huang
(1998), Adams (2004)). The algorithm is described briefly as follows.

Let S be a plane in 3D space, G and H be two planes parallel to S and locate opposite sides of
S shown in Fig. 4. Their functions are expressed as Equations 1 and 2.

Ax+By+Cz+D =0 )
Ax+By+Cz+D+t=0 @)

If plane S would be voxelized, just let the distances from the points between plane G and H
satisfy Inequality 3
—t<Ax+By+Cz+D <t 3)

where tis defined as t = tg = (L/2) cos B if s is 6-adjacent voxel plane, and t = ty5 = Kcosa =
(L/2) coswif S is 26-adjacent voxel plane. The definition of «, 8, L, K and N are shown in Fig.5.
We use tg and ty4 to replace t in inequality 3, then two theorems can be induced.

Theorem1 and Theorem? are suitable for the voxelization of an indefinite plane. In practice,
the primitives, such as vertices, edges and faces, should be processed respectively for speedup
the calculation. The sets of S;, S, and S, represent the voxel sets of vertexes, edges and facets
respectively. An object’s voxel representation can be obtained from § = S, + S¢ + S;,. Taking a
triangular facet as an example, say S, for each vertex of S we construct a sphere whose center is
the vertex and the radius is R, defined as R, = L/2 when 6-adjacent and R; = (ﬁ /2)L when
26-adjacent, showed in Fig.6(a). All the voxels within the sphere belong to set S;. Similarly,
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Fig. 4. Fig. 6 Rasterizing Line S.

Fig. 5. The definition of & and .

for each edge of S, a bounding cylinder of radius R; and length L is defined, where L is the
length of the corresponding edge, seeing Fig. 6(b). All the voxels inside the cylinder belong
to set . Thirdly, a bounding triangular box opposite to S is constructed with two S’s parallel
planes G and H and three planes, say E;(i = 1,2,3), perpendicular to S, showed in Fig. 6(c).
The voxels belonging to the box represent the voxelization of the triangle S.

Theorem 1. Plane S is defined by A, B, Cand D, theset S = {(x,y,z)| —t¢ < Ax+By+Cz+D <
t¢} defines a 6-adjacent voxel representation of S.

Theorem 2. Plane S is defined by A, B, Cand D, theset S = {(x,y,z)| —t¢ < Ax+By+Cz+D <
b} defines a 26-adjacent voxel representation of S.
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Fig. 6. The voxelization of vertex, edge and facet.

An object is voxelized into volumetric dataset with different resolutions illustrated in Fig. 7
where (a) is a surface model, (b), (c) and (d) are the corresponding volumetric datasets with
resolution (64,64,45), (128,128,89) and (256,256,176) respectively. From (b), (c) and (d) we can
see that the higher the resolution of the volumetric dataset, the more accurate of the voxel
based model to approximate the surface model.

2.2 Evaluation of heterogeneous material
As described above, the core issue of heterogeneous object representation is designing
a scheme to evaluate gradient or multi-material within a CAD model according to the
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Fig. 7. A surface model and its volumetric dataset in different resolutions, (a)Mesh model (b)
Resolution (64,64,45) (c) Resolution (128,128,89) (d) Resolution (256,236,176)

specification of users. In our scheme, we exploit the geometric model to describe the shape
information. In terms of material information, we use the framework proposed by Kumar
(Kumar (1997), Kuman (1998)) to describe material composition in terms of material space
which is a vector space and whose components are material primitives, for example, V3isa
three dimensional material space constituted by three material primitives. The material space
is notated as V" with m material primitives.
Suppose () is a subspace of E3 and Gi(i = 1,2,--- ,k) are subsets of Q) . G; satisfies the
requirements 4.

(Gl,GZ,' e ,Gk) cQ

GiNGN---NG =@ (4)

GGUGU-- UG, =0Q

Defining space B is a subspace of V""" which is a material space with dimensions of m. Let
B;i(i = 1,2,-- k) are subspace of B, which is defined as a mapping of G; in V™. B; should
meet the requirements 5.

BiNByN:---NB, =& 5)
BiUByU---UB =B

A point in a heterogeneous object can be described as

{(Bl,Bz,~~~,Bk> €B

Py = {(Pe, Pu)|Pe € Q, Py € B} (6)
Then we can represent a heterogeneous object as follow

Pyvimo = {(Peis Pyi)|Pei € Gj, Py € Bj, Py = C;i=1,2,--- ,N;j=1,2,--- ,m} (7)
Prcm = {(Peis Pyi)| Pei € Gj, Py € Bi, Py =/ flp,;i=1,2,--- ,N} @®)

where C is a constant material vector in a single B; , and v/ f|p,, is the gradient determined
by material distribution function, and N is the number of sampled points inside an object,
namely object voxels. To unify the MMO and FGM into a framework, we divide the object
into several areas according to the distance field, notated as G; whose mapping in material
space is B;. Currently, for a single material feature, only three subdivisions can be defined,
denoted as G_,ff, Geff, Gyeff, and the mapping to the material space is B_,f¢, Bofs, Biofy-
These three subdivisions are defined as

1. Negative Constant Material Range(NCMR) G_¢:

G_off = {Pui| Poi € Q&0 < d < d,5f} )



Heterogeneous Object Modeling for Rapid Prototyping 87

2. Material Gradient Range (MGR) G, ¢
Gepf = {Peil Poi € Q&d o5y <d <dpp+d_,s¢} (10)
3. Positive Constant Material Range (PCMR) G y¢ff
Giepf = { Peil Poi € Q&d > d_ 5 +dosr} (11)

where d is distance(s) from selected feature(s).

Generally, a material distribution function is needed to determine the material variation
within an object, which comes from material designer or expert system of material design.
This function takes the distance from inner object point to the selected feature(s) as arguments,
and it must be satisfy the requirements of 0 < f(x) < 1 in the material gradient range due to
the summation of all the material primitives equal to 1. At the moment, f(x) is single variable
function to control the composition variation; any analytical, segmental, linear or nonlinear
functions can be taken as material distribution function.

2.2.1 Distance function based material evaluation paradigm

Let vector array M store the variations of materials, and each component of M, say m;j, isa
vector in size of m, the dimension of material space. P,,; is a point in material space, and P,,;
is defined by P,,; = { m]-| j=12,---,m}, and m; should meet the following requirement.

M-

1

]

At present, only three material primitives can be evaluated by distance field based approach.
The value of P,,; in MGR is defined by the following formula

fld—d_.sf)
P, = 1C— (f(d—d_erf) +C)

/i:1/2/"'/N (13)

where C is an invariable representing a constant material composition in the whole object.
In this case, the composition function should be confined to 0 < f(d) < (1 —C) . That the
independent variable of f(x) is (d —d_,¢f) rather than d is because distance d is computed
from reference feature(s), the material function f(x) meets the condition of 0 < f(x) < 1in
interval [0, dg).

Defining M and M, are the material vectors in the beginning and the end of material gradient
range, which can be offered by designers, but it can not guarantee the continuity from NCMR
to MGR and from MGR to PCMR. We can use the following equation to compute M and M,
to ensure the continuity.

fd_efr) fld_eff)
M;=|1- (f(d—eff) +C)| and M; = |1— (f(d_eff —|-deff) +0C) (14)
C C

As the above analysis, the material distribution in B_, ¢ can be defined as

GB_yr; = {Puil Pui € Bfeff&Pmi € M;} (15)

eff
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The material distribution in B, is defined as

G,y = {Puil Pui € Begy} (16)
The material distribution in B ¢f is defined as
GB,.;; = {Pyil Pyi € Bieff&Pyi € M.} 17)
Thus, a HO model can be defined as
G = ((G—effs GB ;) (Geffr GByyp )r (Gareffr G, o) (18)

From equation (18) we can see if MGR is vanishing, heterogeneous object will be a
multi-material object, otherwise heterogeneous object is a functionally gradient material
object.

2.2.2 FRF&AGS based material evaluation paradigm

From above subsection, we can see that Distance Field based method can only evaluate
three compositions and two materials variations. It is inflexible and undesirable. Siu
and Tan (Siu (2000)) proposed the ‘source-based’ scheme to represent any kind of material
primitives according to the material feature. We modify this approach into our framework
to overcome the drawback of distance field based method. As the computational expense is
tremendous when taking a curve surface or model’s contour as a feature, it is sensible to fix the
feature unmovable when the material grading source is modified. The unmovable feature(s)
are called fixed reference feature(s) (FRF), and the movable grading source is called active
gradient source (AGS). By using this scheme, the ‘source-based” approach can be effectively
used in our HO representation framework.

A material vector of ‘source-based’ scheme in material gradient range can be modified as the
Equation 19

mq Me1 — My g1
mp Me2 — Mg Mg msj € M
Py=| . | =fld—d_.5)x : + 1 .|, mej € Me (19)
: : : 0<fld—d_p) <1
M Mej — Mg Mgj

where M and M, are the material vectors in start and end point of composition variations.
Above equation is simplified as

Py = f(d —deff) S + M, (20)

where S);, = M, — M;

Similar with the distance field based method, the geometric and the material space are divided
into three areas respectively, denoted as G_.fs, Gerr and Gy fr and B_,f¢, Borr and B fy
Also using Gp_, 5 G, i and Gg,, i O denote the composition constitution in material space,
FRF&AGS base representation scheme can be also expressed by Equation 18. But in this case,
f(d) must be equal to zero, thatis f(d) = 0, in Beg, and f(d) = 1in B,eg. With respect to just
one material feature and one grading source, the composition is evaluated as follows.

Ggieﬁ = {Pmi|Pei S Gfeff&Pmi € Bfeff&f(d) = O} (21)
GB,y = {Puil Pei € Geff&Pyi € Bosr} (22)
GB..yy = {Puil Pei € Gieff&Ppi € By,opr&f(d) =1} (23)
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From Equation 19 we can see if d,f; equals to zero, heterogeneous object is FGM, otherwise
it is MMO. Boolean operators facilitate the set operation in solid modeling. Likewise, we can
also define heterogeneous representation Boolean operators. As we take volumetric dataset
to represent the heterogeneous object, it is convenient to execute the Boolean operation.

2.2.3 HO representation operators

In order to facilitate the modeling of heterogeneous object, we design some representation
operators, such as AGS Add, Delete, Move and HOs Intersection, Union, Difference, Merge,
etc.

* Operator for AGSs Union: (Jg.
If there is more than one AGS inside the object, we need an operator to unify the different
AGSs, denoted as U;. G1 and G, are two AGSs. The union operation is defined

as G = G1Ug Go, where Gi = ((G—¢ff1,GB 1) (Geff1, GByp ) (Greff1, G,y ), and
G2 = ((G_efp2r GB%ffz), (Gefrar GBWZ), (Giefror GBHHZ)). After union operation, we can
get three fields Gieff' Ggff and Gieff‘

* Operator for AGS Add: @ags.

This operator will add a new AGS feature into the heterogeneous object. It is defined as
follows.

Dags = {(Gfeffr GB—eff)/ (Geff' GBeff)’ (G+€ff’ GB+Fff) ‘dfeff =h,
depr = lo,dyepr = I3;11, 12,13 € [0, max(d)]} (24)

* Operator for AGS Delete: Oags.
One existing AGS features can be deleted by this operators which is defined as

Oags = {(Geff, GB ;) (Geffr GByyy ) (Goeffs GB oy )ld—epp =0,
dopr = 0,depr = 0} (25)

* Operator for AGS Move: ®qgs.
This operator is used to move an AGS to a new position, which can be employed to change
the material variation. It is defined as

Dags = {(Geffr Gb_oyy)s (Geffr Ghogy ) (Grofp, Gy )ld—epp = 11y
I, € [0, max(d)]} (26)

® Operator for HOs intersection: N¢
Hj and H; are two heterogeneous objects. There are n AGSs in Hj and Hj, denoted as G,
and Gp. Then, Hy and H, can be represented as H; = (O, G,1) and Hy = (O, G,;»). The
intersection operation of these two model is defined as

HiNgHy = (011" 03), ®ags(Gu1 U* Gy2) 27)

* Operator for HOs union: Ug.
This operator is used to unify to two heterogenous objects, H; and H,. The definition is as

follows.
(01 ="02,Gy1)
HUgH, = ¢ (01N 02, ®ags(Gu1 U* Gy2))
(02 =*01,Gp2)

(28)



90 Rapid Prototyping Technology — Principles and Functional Requirements

* Operator for HOs difference: Sg: The difference between two heterogenous objects, Hy

and Hj, is defined as
= _ (Ol —* OZ/ Gl’ll)
H1ScH2 = { (02N*01,Gp2) @)

* Operator for HOs merge: ©¢
This operator can be utilized to merge two heterogenous objects, H; and H,. The definition
of merge operator is
Hi&gHy = (01 U7 02), (G U* Gpo) (30)

2.3 Heterogeneous object visualization

As the volumetric dataset is a discrete representation of an object, the normal is lost in the
process of voxelization. Thus, the rendered image of HO is not realistic. However, direct
volume rendering (DVR) in scientific visualization is a powerful tool to render volumetric
datasets. DVR technique is mainly used in medical imaging, where volume date is available
from CT, MRI or PET. DVR is an approximate simulation of the propagation of the light
through a colored, semi-transparent gel where the color and opacity are functions of the
scalar values in the volume dataset. The DVR algorithms fall into two categories, namely
image based method and object based method, according to the ways of voxel projection.
In our approach we use a modified ray-casting algorithm to render volumetric dataset of
heterogeneous object. Traditionally, volumetric dataset is projected onto an image plane by
assigning a color and opacity to each voxel. The standard ray-casting pipeline is showed in
Fig.8(a). For the HO volumetric dataset, the color information has been computed to represent
the material properties. The modified ray-casting pipeline utilized in HO representation is
displayed in Fig. 8(b). Fig. 9 gives some rendered results from different volumetric dataset of
heterogeneous object, from which we can see that the images reveal the realistic appearance
of 3D object and the transparency by proper rendering parameters.
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Fig. 8. Standard ray-casting pipeline (left), and Modified ray-casting pipeline (right)
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Fig. 9. Ray-casting rendered images of HO

2.4 Heterogeneous object slicing

2.4.1 Geometry model slicing

One of the prerequisites of rapid prototyping manufacturing is slicing the geometry model
into 2D contours such that the path planning can be generated (Adams (2004), Mani (1999),
Tata (1998)). The geometric slicing algorithm was extensively studied in RP community in
the past decades. It can be classified into two categories: slicing polygonal meshes with same
thickness or adaptive layers; and direct slicing of CAD models. Jamieson developed the first
direct slicing method on the basis of solid modeling core of UG (Jamieson (1995)). Zhao
proposed an adaptive direct slicing scheme for CAD models by using ARX (Zhao (2000)).
In our system, we use the Weighted Directed Graph (WDG) to recoding the STL model such
that the face table, edge table and vertices table can be well established. WDG is a directed
graph that has a weight, or numeric value, associated with each edge in order to eliminate the
redundancy and facilitate the traversal of STL models. The benefits of WDG are as follows.

1. Only one intersection point is needed for a triangle when calculating the intersection points
as we can inherit another intersection point from the facet connectivity in WDG.

2. All the intersection points are connected as a closed loop sequentially and the reordering
is not needed.

3. Once the WDG is constructed, it can be reused when the thickness of the slices does not
meet the requirement, which is highly efficient.

Taking a tetrahedron as example, shown in Fig. 10(a), we set the triangle facet as the
connection node of the graph, and then give numbers the corresponding edges, seeing Fig.
10(b), and set the weights for the common edges of the neighboring faces such that the WDG
can be constructed according to this connectivity attributes, show in Fig.10(c). The tetrahedron
is unfolded as Fig. 10(b), then we denote the four triangles ABCD, AABC, AACD, and AABD
as Tri0, Tril, Tri2 and Tri3, and the vertices of each triangles as vy, v; and v . In Fig. 10(c), the
nodes of the WDG are the four triangles denoted as Ny, N1, N, and N3, and the arrows point to
the neighboring triangle facet. The number on each edge is the weight which is the summation
of the subscripts. The weights must comply with the following regulations according to the
subscript of the vertex notation.1 + 0 = 1 for vyv; or v1vg, 2 + 0 = 2 for vov, or vVovp, 1+2 =3
for v1vy or vy07.

For efficiently traversing the WDG, we construct an adjacency list to store the nodes, shown
in Fig.11, and each node is a singly linked list as shown in Fig. 12. In this case, the redundancy
of the STL can be get rid of and mitigate the slicing computation.

After WDG is set up, we can traverse it to calculate the intersection point with depth
first search (DFS). The traversal starts from node Nj, then to the next unvisited node N;
neighboring Ny. It is serial to process the next node of the graph. A flag is set to 1 for
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A Slicing plane

Fig. 10. A solid model: (a)tetrahedron, (b)connectivity of triangles, (c)weighted direct graph
of the triangles.

Face number
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Fig. 11. Adjacency list for triangles.

Fig. 12. Node of the adjacency list.

Fig. 13. Triangles search schemes.

the traversed triangle as the slicing algorithm need not visit all of the triangles, process
the triangles intersected with the slicing plane instead. As illustrated in Fig. 13, when the
intersection point, A, locates on the common vertices of face f; and f4 , the flag of face f, has
been set to 1 if we assume f; is the current triangle such that the face f; can not be processed.
The next face should be f3. The intersection points can be calculated according to the weights
and stored in a doubly linked list. Therefore, it is important to test the intersection between
triangle and slicing plane and set a flag to each triangle for efficiently slicing the model. If
flag = 0 or miss the intersection of the slicing plane with a triangle, the pointer of adjacency
list moves to the next triangle to continue the search. When the traversal is accomplished, the
slicing contour can be generated. Fig.14 gives an example to validate the geometric slicing
algorithm.
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Fig. 14. Geometric slices with different thickness.

2.4.2 Heterogeneous object slicing with geometric constraint

In our HO modeling system, the material information is represented in voxel based model.
Because the voxel grid is axis aligned, it is very easy to obtain the material information along
X, y, and z axis as illustrated in Fig. 15 (b), (c), and (d) which is obtained by extracting a
voxel layer every some continuous layers. Figure (a) is a gear mesh model, and (d) also gives
one of the slices along z axis. On the one hand, this volumetric heterogeneous model can
not be manufactured directly on account of the discrete representation and the roughness
on the boundary. On the other hand, the volumetric model is very memory consuming,
and unfeasible to compression, store, and transmission. Therefore, we must transform
the volumetric object into portable format to meet the requirement of manufacturing and
exchanging. In digital image processing, there are lots of lossless compression techniques
to facilitate the data store and transmission.

Sans

(a) STL mesh ) Slices along x  (c) Slices along y ) Slices along z and one slice show
Fig. 15. Material slicing of a heterogeneous object.

As aforementioned, the discrete heterogeneous model can not offer adequate accuracy for
fabrication because of the low resolution of voxel layers. For example, Fig. 16(a) is a bitmap
liked image formed directly from a voxel layer (b) which is in object space. But the resolution
is relatively low. Figure (c) is portion of zoomed voxel layer, from which we can find that
the limited resolution can not completely represent the contour boundary. The blue curve
is the geometry slice where some of the voxels locate outside the curve boundary. Fig. 16
(d) is representation of the geometric curve and pixels whose color of the dot represents the
different attributes demonstrated as the notations in Fig. 16. Figure (e) is an enlarged image
of the figure (d) from which we can conclude that the boundary of the solid model can be
accurately represented with more interpolations. However, with the increase of the resolution,
more and more object pixels become background pixels, the white dots in Fig. 16(d). We must
offer a scheme to determine whether a pixel belongs to object or background. In this case,
the geometry slicing contours can be used as constraints to restrict the interpolation. It is
implemented by image interpolation method to resample the material slicing, which can be
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carried out in 2D and 3D. In 2D, it is regarded as interpolation inside an image, and in 3D one
or more new images can be constructed with interpolation between neighboring two images.
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Fig. 16. Original voxel layer image and the interpolation.

Traditionally, the nearest, bilinear, bicubic interpolation methods can be used to improve
the image resolution (Gmoldwasser (1988), Maeland (1988)). However, the pixels in new
interpolated image can not maintain the information of the original image. Yokoya proposed
an image interpolation method based on fractal geometry (Yokoya (1989)), which used the
statistical self-similarity between gray levels of neighboring pixels to interpolate. Whereas it
is difficult to accurately compute the self-similarity transformation using the traditional fractal
scheme. Furthermore, the information can not be well maintained between the interpolated
image and the original voxel layer after several times resampling. In our scheme, we employ
a method called pixel overlap interpolation (POI) to maintain the material information to the
greatest extend, which can keep all of the original pixel values when up-sampling.

The pixels are regarded as rectangular instead of pure points in POI, as shown in Fig. 17(a).
When executing the interpolation, the original image is extended like a plastic membrane to
the same size with the interpolated image. Thus, the original image can cover all the area
of the new image, shown in Fig. 17(b), and Fig. 18(b). The new interpolated image can be
obtained by calculating the information percentage of the overlapped rectangles. For example
Fig. 17(a), if we contract the image into 3 X 3 , more pixels cover the overlapped rectangles;
the number is 9 pixels at most, see Fig. 17(b). Original image includes 25 pixels, from O; to
Oys. The pixel, N; , in new image consists 36%0; , 24%0;, 24%0g¢, and 16%0y; respectively.
That is N1 = 0.3601 + 0.24(O; + Og) + 0.1607.

Likewise, Ny = 0.12(O; 4+ Oy4) + 0.3603 + 0.08(O7 + Og) + 0.240s.
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Fig. 17. 5 x 5 image contracts into 3 x 3, the bold box is covered by nine pixels.

If the new image is enlarged, the maximum pixels in the new image are not more than four
overlapped pixels, see pixel N5 in Fig. 9(b). In this case, the new image can be constructed



Heterogeneous Object Modeling for Rapid Prototyping 95

N |

o | o =N =~
L
I
th | iy Mol N | M
(a) 22 (b) 3 3interpolated image,

dot line indicates the
original pixels.

Fig. 18. 2 x 2 image is scale into 3 x 3, the bold rectangle is occupied by four pixels.

N1 = Ol,N3 = Oz, N7 = O3, N9 = O4, Nz = 0.5(01 + Oz) (SO do N4, N6, Ng ) and N5 =
0.25(01 + Oy + O3 + O4) . The advantage of this interpolation method is maintaining the
information to the greatest extend which is very suitable to store the heterogeneous material
compositions.

As our heterogeneous object is represented as volumetric data set, the material information in
the inter-layer can be computed by trilinear interpolation which is a method of multivariate
interpolation on a 3D regular gird. It approximates the value of an intermediate point within
the local axial rectangular prism linearly. A sample point is on the geometry slice plane and
is within a voxel, indicated in Fig. 19. The material information on can be calculated using
Equation 31.

B="P(1—-u)(1—n)(1—-w)+Pu(l—0)(1—w)+Pov(l—u)(l—wt)
Psw(1 —u)(1 —v) 4+ Pyuv(l — w) + Psuw(1 — v) + Ps(1 — u) + Pyuvw (31)

where u#, v and w are the local coordinates on a voxel grid. They are computed as follows.
U=Xp—=Xp0, U=Yp—Ypo, W=2p—2Zpo (32)

where (x4, Y, 2p) and (X0, Y0, Zpo) are the coordinates of sample point B and voxel vertex Py.
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Fig. 19. Sample point and trilinear interpolation

In the above section, we describe the interpolation methods in 2D inner-layer and 3D
inter-layer. Now, we can start to construct HO slicing with any desired precision. Fig. 20(a)
is a STL model, (b) voxel layers with heterogeneous material and geometric slicing contours,
(c) a new view of (b) along x axis, and (d) a zoomed view of a portion of (c), and (e) one of
layers of (d) viewed along z axis. From figure (c)(d) and (e), we can conclude that our method
implies two stages. Firstly, when the voxel layer resolution along the direction of geometry
slicing is less than that of geometric slices, trilinear interpolation method is utilized to get the
heterogeneous material information on the geometric planes such that the thickness of the
voxel layer is same as the geometric slices. Secondly, when the resolution and shape accuracy
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of the voxel layer can not satisfy the requirement of manufacturing, the voxel layer should be
resampled by using POI method on the geometry slice plane.
z

Fig. 20. HMP slicing and geometric slicing, (a) geometric model, (b) geometric slices and
voxel layers, (c)(d)(e) different view of the geometric slices and voxel layers.

The most complicated part of HO slicing is the resampling operation on the voxel layers
as we have to consider the boundary to grantee the accuracy and smoothness. The initial
heterogeneous material layer is denoted as Iy, I; is the first sampled image, then next
I,---,Ix. If the resolution can satisfy the requirement of manufacturing, the sampling
procedure can be stopped, illustrated in Fig. 21. Figure (d) is the third resampling from which
we can find that the pixels outside the geometric boundary have not any contribution to the
shape representation. The eight pixels under the shadow is an example in Figure (d). These
pixels can be changed into background pixels. In practice, a threshold 4 is set to filter the
non-contributive pixels. If the distance from the pixel to the geometric contour is greater than
d, this pixel is set to background pixel; otherwise, this pixel is maintained as object pixel. In
this scheme, the accuracy of the final HO slice is totally decided by the number of resampling,
demonstrated in Fig.21(e).
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Fig. 21. Iteratively sampling in 2D, (a) is the original image, (b)(c)(d) are three times
resampling (d) is the final high resolution image after eliminating the non-contributive pixels.

3. Modeling examples and analysis

In this section, three examples are presented to show the validity of our approaches to model
heterogeneous object. Firstly we model a multi-material object model. A STL mesh and its
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voxelized model are shown in Fig. 22. This component is constituted by three materials, e.g.
m = 3. We select the y axis as the reference feature from which the distance map is computed.
Then, we define d_,sf = 21.17, d,sf = 0 and d,;f = 8.83, and the material distribution
function is f(d) = 0, e.g. the gradient field is none in MMO model. Through Equation (14) to
calculate M, and M,, so we can get M = [0.1,0.7,0.2] and M, = [0.7,0.1,0.2]. Finally, the
material composition can be obtained by equation (15) and (17). The created multi-material
object is illustrated in Fig. 23 (a) and (b). (c) is one slice intersected from a plane perpendicular
z axis. To analyze the material distribution in object, we firstly plot the material distribution on
the slice shown in figure (d) from which we can found there is abrupt change on the boundary
of the part. Then we extract two sample lines, S; and Sy, on the slice, which is demonstrated in
figure (c). The plotted curves show that there are three materials on the line and the material
distribution is accordance with the principle of MMO model.

Fig. 22. A STL triangle mesh and voxelized model.

{aIMMOD model (bIMMO section (cINMMO slice (MO slice

If i - . . ; i ! ; . L e
Ba} 11
ol s 4 m
o "
Bag 1 T |

| o — 1 — Mteriall

an 1 mk ! we Miaterial2

YW » ¥ % ®w mw ®W B Y v s s e s b Matcrial3

{e)Material distribution curve on 51 (Midaterial distribution curve on 52

Fig. 23. Multi-material object and material distribution on sampling curves.

The second example is a shaft STL mesh model with demiension (150,55, 55), see Fig. 24 (a).
The volumetric representation is illustrated as (b) with resolution of (256, 97, 97) voxels. This
component consists of three composition primitives. The contour of the model is chosen as
reference feature to calculate distance map. The modeling parameters are as follows, m = 3,
d_epf = 0, desr = 20416 and d,sf = 0. A sinusoid function, f(d) = sin(0.15384) , is
taken as material distribution function. The material vectors at the start and end point are
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= [0,0,1.0] and M, = [0,0.2,0.8] . Equations (21), (22) and (23) are utilized to evaluate
the compositions. The final results are presented in Fig. 24 (c) and (d).

P

In Fig.25, we extract the slices of the HO along axis and radius, showed in (b) and (c). Figures
(d) (e) and (f) (g) are the corresponding material spatial distribution on slices (b) and (c),
from which we can see that the material is evaluated in accordance with material distribution
function. Furthermore, the HO slices are sampled on three orthogonal lines through the center

“l “
L S: S,

(a) Heterogeneous object (b) Slice and (c) Slice and sample line in axis direction
sample liens on
radial direction

Fig. 24. HO representation of a shaft

= Material,

mm hatenial;

(f) Materiall distribution on slicing(c) (g) Material2 distribution on slicing(c)

Fig. 25. HO and material distribution on slices
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of the shaft, shown in (b) and (c) lines S;, S, and S3. The curve shown in Fig.26 (a) is the
material distribution function (MDF) graph according to a given distance map Figs.26 (b) (c)
and (d) show the material distribution (MD) on the sample lines, from which we can see that
the results from our system is almost same as the theoretical model.
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Fig. 26. Material analysis on sample lines

The third example is a compound modeling procedure to create a heterogenous object. Fig.
27 (a) is a gear model which is composed of three materials. Then, the z axis and bottom
plane are selected as fixed reference features (FRF). Fig. 27 (b) is the voxelized model. Firstly,
we use the add operator to create a HO model as

Dags G1 = {(G—effl,GB,Fffl),(Geffl,GBFffl),(G+eff1,GB+Fff1)\
d_opp1 = 954, dospy = 9.54,d o1 = 20.37}

The material distribution function is a linear function, f(d) = 0.105d. The material vector
at start and end point is My = [0,0.9,0.1] and M, = [0.9,0,0.1]. The created FGM model
is illustrated in Fig. 27 (c) and (d). Next, we take the bottom plane as the FRF, and add the
second AGS as

@ags G2 = {(GfeffZI GB—fffz )/ (GeffZ/ GBEffZ ), (G+gff2, GB+Eff2) ‘
A _ofp1 = 318, dog1 = 22.26,d o1 = 1401 |
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Material distribution is also defined as f(d) = 0.105d. The start and end material vectors are
M, =0,0.9,0.1] and M, = [0.9,0,0.1]. The created FGM model is demonstrated in Fig. 27 (e)
and (f). Then, we use the AGS union operator to unify AGS1 and AGS2 to obtain a HO model
with several fixed reference features, illustrated in Fig. 27 (g) and (h). If we consider Fig.27 (f)
and (h) are two different heterogenous objects, we can use HOs union operator to unify these
two HOs, shown in (m) and (n).

Vonelization

(b

H\Og Hy

{mi) {n]

Fig. 27. A compound heterogenous object modeling with different fixed reference features
and two AGSs, (a) and (b) are mesh model and voxelized model, (d)(c) are a HO with z axis
FRE, (f)(e) are the HO with FRF of bottom plane, (h)(g) are the HO created with AGSs union
operator, (n)(m) are the heterogeneous object obtained with HOs union operator.

To analyze the material distribution inside the object, we slice the HO in Fig. 27 (d), (f), (h) and
(n) along radial and axial to get the layers illustrated in Fig. 28 (a), (c), (e), (g) and (m). Then
we plot the material primitives of each slice to show the distribution in space. The 3D profile
of material distribution is revealed in figure (b), (d), (f), (h) and (n). From these figures we can
see that the material distribution strictly following the linear property of design function. We
also should notice the difference of figure (g) and (m) or (h) and (n), which gives the difference
between AGSs union and HOs union.

Fig.29 is an example of heterogeneous object slicing and resampling with geometric contour
constraint, where (a) is STL mesh model, (b) the corresponding voxel model, (c) heterogeneous
object and geometric slices, thickness of slice is 0.15mm and the number of layers is 117. The
amount of voxel layer along z axis is 73. (d) is a hatched view of the heterogeneous object. (e)
is a layer of geometric slice contour and a voxel layer with same height. Figure (f) is an image
constructed from the voxel laryer directly but with low resolution, only 80 x124. Then the
image is resampled four times using aforementioned technique, the resolution can achieve
320x496. After the invalid pixels are abandoned, we obtain an image with high resolution
and clear boundary exactly with the corresponding geometric contour, for clearness only three
portions of the image are displayed in figures (g), (h) and (m). Figure (n) is an enlarged part of
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Fig. 28. HO slices in different directions and 3D profile of material distribution in spece.

image (f) using simple interpolation scheme without geometry constraint, from which we can
find that the edge of the image is very blurry. We can also use the geometric contours produced
by direct slicing or adaptive slicing algorithm as constraints to reconstruct the HO slices. In
this case, the accuracy of HO slices is determined completely by the resample resolution. It
is clear that we can theoretically construct accurate slices with heterogeneous information
exactly as long as the resample resolution is high enough. However, it will increase the
computational and storage cost. It is unnecessary to resample the material voxel layer to
extremely high resolution. As long as the accuracy of the layers satisfies the manufacturing
requirement, it should be stopped. The slices can be employed to produce the path planning
using halftone or other methods.

Fig. 29. An example of MRGC, (e) a layer of volume dataset and a geometrical contour, (f) a
HO slice constructed from (e) directly, (g)-(m) are three parts of the enlarged image with clear
boundaries, (n) is an enlarged part of image (f) using simple interpolation scheme without
geometry constraint.

4. Conclusion and future work

In this chapter, we present a prototype system of heterogeneous object modeling independent
of any commercial software packages. This system offers a pine-line from CAD model to 2D
slices with heterogeneous material. Our approach increases the flexibility of heterogeneous
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object modeling with the volumetric dataset structure but not lose the accuracy of HO slices.
Moreover, slices of the heterogeneous object can be easily generated and the HO volumetric
dataset can be visualized with ray casting method to show the specific material distribution
within an object. Our heterogeneous object slicing scheme combines the geometric slice
contours and gradient material information. The geometric contours are taken as constraints
to resample the heterogeneous information through pixel overlap interpolation and trilinear
interpolation to avoid blur on the boundary owing to simple interpolation scheme. The
novelty of our method is that it can maintain the original heterogeneous material information
as much as possible and the slicing boundary as accurate as possible. The output of our
method is images with lossless compression property, which is most suitable for 3D printing
technology to manufacture the heterogeneous object through digital half-toning method.
Although mesh model is utilized to represent the geometry of an object in our HO design
approach, other 3D file format can be easily integrated into our system as the direct
slicing algorithm can generate the slices which do not influence the representation of the
material variations. The development of this system can facilitate the design, visualization
and fabrication of heterogeneous object. Examples demonstrate the effectiveness of the
heterogeneous object modeling system.

However, most of the work of heterogeneous object modeling focuses on the representation
of material variations in CAD model. But the most important issue of HO design is the
consideration of physical constraints, such as temperature, pressure, stress, friction or load,
etc. This is the most difficult issue to design a heterogenous object. Qian et. al. used the
conception of physics based heterogenous object design (Qian (2003)). But only the Young’s
modulus was considered in their design procedure. How to unify all the design parameters
into one framework of HO modeling is one of future research directions. We claim that one
solution to this problem is task oriented method, which means that for specific issue we can
use some specific methods to design heterogenous material variations with consideration of
physical constraints. Qian et.al. used this idea to design a turbine blade where the required
aerodynamic and mechanical performances were incorporated into the design pipeline (Qian
(2003Db)).
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1. Introduction

Since ancient times, tissue repair has been the ultimate goal of surgery. Tissue engineering is
a technique to regenerate tissues and organs. It involves in vitro seeding and attachment of
cells onto a scaffold. These cells then proliferate, migrate and differentiate into the intended
specific tissue. The appropriateness of scaffold is essentially crucial to enable the cells to
behave in the required manner producing tissues and organs of the desired shape and size.
A key issue concerning the tissue engineering scaffold fabrication is the development of
processing techniques flexible to building materials to fabricate scaffolds with
biocompatibility and mechanical properties as close as local tissues. These techniques must
also have the capability of producing adequate porosity in the scaffold to further serve as a
framework for cell penetration, new tissue formation, and subsequent remodelling.
Therefore, in the design of tissue engineering scaffolds, the characteristics that include pore
size, shape, porosity, interconnectivity, and bio-mechanical properties should be optimized
to maximize successful inducement of tissue in growth. Conventional scaffold fabrication
techniques mostly focus on producing foam like structure from polymeric materials. The
limitations of conventional techniques include the lack of structural stability and pore
connectivity in the developed scaffolds. With continual advancement of scaffold-based
tissue engineering therapies, an increased attention has been paid to the challenges in
designing and developing patient-specific 3D scaffolds. Rapid prototyping (RP) technology
in combination with synthetic biopolymer could be an up-to-date solution to the challenges
in developing appropriate scaffolds in need. RP technology uses layer-manufacturing
strategy to build 3D scaffold directly from computer-generated models. It can improve
current scaffold design by controlling scaffold parameters such as filament diameter,
filament gap and lay-down pattern. These pore scale parameters are correlated to the
porosity, pore connectivity and mechanical stability of the scaffolds. This chapter presents
the scaffold-based tissue engineering approach, scaffold functions & requirements, materials
for scaffolds and scaffold fabrication techniques. In addition, an evaluation study of the
scaffolds developed by desktop robot based rapid prototyping (DRBRP) system is reported.
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2. Scaffold-based tissue engineering

The loss or failure of an organ or tissue is one of the most frequent, devastating and costly

problems in healthcare services. Current treatment modalities for diseased or damaged

organs include transplantation, surgical reconstruction, use of mechanical devices, or
supplementation of metabolic products (Sonal, 2001). However, these therapies remain
insufficient due to lack of donors and regaining functionality of the reconstructed organs.

Tissue engineering is an interdisciplinary field that brings together the principles of life

sciences, medicine and engineering to develop functional artificial tissues to maintain,

improve or replace lost or damaged tissue/organ (Lacroix & Prendergast, 2002; Maher et al.,

2009). This technology produces physiologic ‘replacement parts’ for impaired tissues or

organs which restore, maintain or improve the function of patient’s tissues (Lacroix &

Prendergast, 2002) (see Fig. 1.). The implantation of engineered biological substitute will be

functional either at the time of implantation, or integrate and form the expected functional

tissue at a later stage (Joseph & Robert, 1999; Joseph, 2006).

Tissue engineering requires a mechanically stable, biocompatible, and biodegradable

scaffold that allows cell adhesion and proliferation, permits preservation of cell specific

properties, and suitable for surgical implantations (Joseph, 2006; Moroni et al., 2006).

Therefore, fabricated scaffold should mimic the biomechanical properties of the organ or

tissue to be replaced as closely as possible. To meet such requirements, development of

appropriate 3D scaffold for tissue construction remains a great challenge in various tissue
engineering areas.

There are specific shortcomings on developing different types of tissue engineering

scaffolds. For example, current scaffolds for skin tissue engineering are not ideal because

they are unable to provide optimal environment for cell adherence, proliferation, and
multiplication (Joseph & Robert, 1999). Bone tissue has the capacity of self reconstruction
upon injury. However, when the defect is remarkably large it usually remains unrepaired
and requires an ideal filler, such as cadaver bone, coral, hydroxyapatite or similar mineral
compounds (Pinar et al., 2008). Nevertheless, cartilage always has poor cell density and lack
of vascularisations that make the cartilage difficult to be repaired, and leads to the use of an

appropriate scaffold (Lebourg et al., 2008).

Three general strategies have been recommended for developing new tissue (Tezcaner et al.,

2002). They are as follows:

1. TIsolated cells or cell substitutes: This approach avoids the complications of surgery,
allows replacement of only those cells that supply the needed function, and permits
manipulation of cells before infusion. However, its potential limitations include the
failure of infused cells to maintain their functionality in the recipient, and
immunological rejection.

2. Tissue-inducing substances: The success of this approach depends on the purification
and large-scale production of appropriate signal molecules, such as growth factors, and
in many cases, the development of methods to deliver these molecules to their targets.

3. Cells placed on or within matrices: In closed systems, the cells are isolated from the
body by a membrane that allows permeation of nutrients and wastes but prevents large
entities such as antibodies or immune cells from destroying the transplant. These
systems can be implanted or used as extracorporeal devices. In open systems, cells
attached to matrices are implanted and incorporated into the body. The matrices are
fashioned from natural or synthetic polymers.
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Fig. 1. Illustrations of various implants and devices used to replace or enhance the function
of diseased or damaged tissues and organs (Park & Lakes, 2007)

For scaffold-based therapy, tissue engineering new treatment method is investigated for the
reconstruction of large bone defects, where cells are taken from the patient or a donor,
cultured in-vitro and seeded in a scaffold. The scaffold along with cells is then implanted in
the defect with the aim to stimulate new bone formation, thereby repairing the defect. This
approach delivers promising results not only for bone tissue, but also for other organs and
tissues (Van et al., 2006).

The general techniques applied in the design of scaffolds include cell-seeded polymeric
scaffolds, cell-seeded gels, and cell self-assembly into a cellular matrix (Ke & William, 2010).
Cell-seeded polymeric scaffolds are the most commonly used method in the artificial tissue
generation, and many scientists consider this technique as the classic tissue engineering
approach. It involves the production of a scaffold into or onto which cells are placed,
allowing them to organize into a 3D assembly having similar characteristics as natural cell-
extracellular matrix arrangements and interactions (Frisman et al. 2010) (see Fig. 2).
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Fig. 2. Orthobiological approaches to (a) & (b) clinical skin remodelling using autologous
cell-based therapies, (c) patient-specific cartilage replacement therapy based on collagen
and/ or extracellular matrix (Lanza et al., 2007)

3. Scaffold functions and requirements

In the success of tissue engineering, 3D scaffold plays important role as extracellular matrix

onto which cells can attach, grow and form new tissues (Badylak, 2007). The primary

functions of scaffold are (Kim, 2001):

- To serve as an adhesion substrate for the cell, facilitating the localization and delivery of
cells when they are implanted.

- To provide temporary mechanical support to the newly grown tissue by defining and
maintaining a 3D structure.

- To guide the development of new tissues with the appropriate function.

Fabricated scaffold should mimic the biomechanical properties of the organ or tissue to be

replaced, and possess following principal characteristics (Leong, 2003; Hollister et al., 2002):

- Simulate the microstructure as similar as possible to that of native tissue.

- Have a suitable macrostructure to promote cell proliferation and cell-specific matrix
production.

- Provide a temporary support and function while cells regenerate.

- Being made from a material with a predictable rate of degradation with nontoxic
degraded by-product(s).

- Made of open-pore geometry with a highly porous surface and microstructure that
enables cell in growth.

- Optimal pore size employed to facilitate cellular permeation, encourage tissue
regeneration and to avoid pore occlusion.

- Having suitable surface morphology and physiochemical properties to encourage
intracellular signalling and recruitment of cells.

There is always a great challenge in modelling, design and fabrication of tissue engineering

scaffold to meet the required biological and biophysical conditions to regenerate tissues. For

example, designing load bearing scaffolds for bone and cartilage tissue applications

(Holland & Tighe, 1992; Badylak, 2007; Drury & Mooney, 2003) is a complicated process.

Bone and cartilage tissue scaffolds usually have complex architecture, porosity, pore size,
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shape and interconnectivity in order to provide the needed structural integrity, strength,
transport, and an ideal micro-environment for the growth of cells and tissues in growth (Sun
et al., 2005).

There is tremendous need to assess how the exact match of mechanical properties of
scaffolds with the native organ is crucial for optimal tissue regeneration. For instance, since
mechanical properties are intimately related to the porosity of porous structures, whether a
stiffer and less porous scaffold will provide a better integration with the surrounding
natural tissue, or a more flexible and porous one will allow cells to attach and proliferate in
a more efficient way (Zhensheng et al., 2008; Tjong, 2006; Puppi et al., 2010).

4. Materials for scaffolds

There is a broad list of bulk materials currently used in the fabrication of tissue engineering
scaffolds. These include tissue-derived materials, biological polymers, ceramics or mineral-
based matrices, metals and composites of two or more materials (Griffith and Grodzinsky,
2001) (Table 1.). The biodegradable polymers are suitable for many commercial products
and medical applications, such as packaging, surgical implants, controlled release and drug
delivery systems. However, their uses are still limited due to their high cost and/or low
performances.

Materials Example
Tissue-derived materials | Allograft bone matrix, skin and intestinal submucosa
Biopolymers Collagen, hyaluronan, fibrin and alginate
Ceramics Tricalcium phosphate, hydroxyapatite and calcium sulfate
Metals Titanium, tantalum and other alloys

Table 1. Materials used in the fabrication of tissue engineering scaffold

Continuous research is going on in the field of biomaterials to fulfil the broad need of
potential tissue engineering applications. New materials should possess particularly
desirable tissue-specific properties, which should have broad applicability and can be
tailored to several tissue systems (Madihally & Matthew, 1999). A material that can be used
as a scaffold in tissue engineering must satisfy a number of requirements. These include
biocompatibility, controlled biodegradation within the time frame required for the
application and production of non-toxic products, processability to complicated shapes with
appropriate porosity, ability to support cell growth and proliferation, and appropriate
mechanical properties as well as maintaining mechanical strength during tissue
regeneration process (Gunatillake & Adhikari, 2003). Besides, the selection of material used
in the manufacture of a tissue engineering scaffold is dependent on the proposed tissue
type, processing technique employed and its intended application (Thomson et al., 2000;
Leong et al., 2003).

The polymer's design and processing flexibility influence its choice to be used as a
biomaterial (Melchels et al. 2010; Harley et al., 2008). Medical fields have been targeting to
employ biopolymers in every aspect for many years. Polymer can be chemically modified to
match a wide range of properties in biomedical applications, such as mechanical properties,
diffusivity, density, hydrophilicity, etc. By using polymeric material, there can be optimal
control over specific cellular interactions with the scaffold material because, cells do not
interact with proteins that are attached to some polymer surfaces (Tanaka & Sackmann,
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2005). A number of natural and synthetic polymers are currently being employed as tissue
scaffolds. Biodegradable synthetic polymers, such as poly(glycolic acid) (PGA),
polyethylene glycol (PEG), poly(ethylene oxide) (PEO), polycaprolactone (PCL), poly(lactic
acid) (PLA), polylactones, polyanhydrides, polyorhtoester and polyurethanes have been
used in a number of clinical applications (Behravesh et al., 1999). Thus, it is proved that
polymers are essential for tissue engineering scaffolds.

Among the families of synthetic polymers, the polyesters have been attractive for these
applications because of their easy degradation by hydrolysis of ester linkage, degradation
products being resorbed through the metabolic pathways in some cases, and the potential to
tailor the structure to modulate degradation kinetics. Polyesters have also been considered
for development of tissue engineering scaffolds, particularly for bone tissue engineering.
Poly-L-Lactide acid (PLLA) is also popular synthetic polymers in biomedical field.

4.1 Biodegradable polymers

The term “biodegradable polymers” denotes water insoluble polymers which, by means of a
chemical reaction in the body, are converted slowly to water soluble materials. The
polymers can have a side chain that undergoes hydrolysis in the body to produce hydroxyl,
carboxyl or other hydrating groups. These groups make the polymer fragments and
degradation products water soluble (Dunn, 1991). Another approach is to crosslink a water
soluble polymer with a hydrolysable cross-linking agent. Once crosslinked, the polymer is
insoluble. When placed in the body, the crosslinking group is hydrolyzed or degraded to
give a water soluble polymer. Water insoluble polymers which contain hydrolysable
functional groups directly in the polymer chain is degraded to shorter and shorter chain
segments which eventually become water soluble. The main benefit of the latter group of
polymer is that polymer will have good mechanical properties. Table 2 lists some examples
of these biodegradable polymers.

Polylactic acid Polyorthoesters
Polyglycolic acid Polycarbonates
Polyglycolic acid Polyanhydrides
Polycaprolactone Polyphosphate esters
Polyhydroxybutyrate Polyphosphazenes

Table 2. Examples of biodegradable polymers

4.1.1 Polyethers

Poly(ethylene oxide) (PEO) and PEG have the same polymer structure made of different
monomers; one is made from ring opening of ethylene oxide and one from the condensation
of ethylene glycol, respectively. PEG’s major attractiveness for seeding is that it does not
present specific receptors for cell attachment. PEG has been approved by the FDA for
several medical applications due to its biocompatibility and low toxicity. PEG has been
extensively used as excipient in pharmaceutical formulation for oral and injectable
administration to stabilize proteins by chemical conjugation of PEG, surface modification of
biomaterials and induction of cell membrane fusion, and UV polymerization of the
precursor that consists of PEG with acrylate terminal at each end in the presence of a-
hydroxy acids. Star-shaped PEG has been cross-linked by interaction with liver cells (Maher
et al., 2009a, 2009b).
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4.1.2 Polyesters

Polyesters are synthesized by condensation polymerization of dicarboxylic acids.
Polyhydroxybutyrate and polyhydroxyvalerate are developed by Imprerial Chemical
Inductries (ICI) from a fermentation process of PCL. The homopolymers in these series are
hydrophobic and crystalline in structure, and therefore, they have long degradation times in
vivo (1-2 years). However, copolymerization (e.g. PCL-based) has led to materials to have
relatively shorter degradation time because of changes in crystallinity and hydrophobicity
of these polymers (Chaudhary et al. 1997).

Polyesters can also be formulated by stepwise polymerization and ring opening
polymerization. One of the most versatile and widely used synthesized polymers is aliphatic
polyesters prepared from lactic and glycolic acids. These polymers were first utilized as
sutures and orthopaedic plates and nails, and their biocompatibility and biodegradability
are well known. Moreover, the commercial availability of these polymers along with
favourable biodegradation rates has made these polymers as the first choice of medical
devices. The applications are also found in controlled release of gene delivery and tissue
engineering.

4.1.3 Copolymers

Combinations of biomaterials also provide better characteristics than a single biomaterial.
For example, the composite of poly(L-lactic acid)/p-tricalcium phosphate (PLLA /TCP)
have better combination of properties as a scaffold material. The biodegradation rate of
PLLA is too low to match the tissue regeneration process after implantation
(Chuenjitkuntaworn et al.). The acidic degradation products of PLLA, such as lactic acid
tend to cause aseptic inflammation in tissue (Moroni et al., 2006). On the other hand, TCP
has a higher biodegradation rate; it has a hydrophilic surface; and its degradation products
are often alkaline. But TCP has poor mechanical properties. According to the histological
analysis of the implantation experimentation of PLLA/TCP composites manufactured by
low-temperature deposition manufacturing (LDM) process, the scaffold were degraded in
24 weeks after implantation with no trace of aseptic inflammation found. As a scaffold
material for bone TE, PLLA/TCP composite could be a better choice compared to the use of
PLLA or TCP alone (Xiong et al., 2002).

PCL is commonly used biocompatible and biodegradable aliphatic polyester with low
melting point and excellent solubility in most of the solvents. PCL is used in various
biomedical applications such as urethral catheters, drug delivery systems, resorbable
sutures etc., and has been proposed as a material for bone and cartilage tissue engineering
(Barrows, 1986). When PCL is copolymerised with ethylene oxide (EO) or poly(ethylene
glycol) (PEG) to prepare PCL-PEG-PEO block copolymers their hydrophilicity and
biodegradability are improved, and thus they may find much wider applications. PEG
presents outstanding properties, e.g. hydrophilicity, solubility in water and in organic
solvents, nontoxicity, and absence of antigenicity and immunogenicity, which allow PEG to
be used for many clinical applications. PEG of low molecular weight can be excreted
through the kidney, so its biostability is not a problem. Recently, bioresorbable polyester-
PEG diblock or triblock copolymers have been prepared by using a monohydroxy or a, ®-
dihydroxy PEG as initiator for the polymerization of lactone monomers (Piao et al., 2003).
Various PEO based polymers have been reported and utilized especially in drug delivery.
One interesting copolymer is a triblock copolymer of PEO and poly(propylene oxide) (PPO)
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which is known under the trade name of Pluronics® or Poloxamers®, and is available in
various lengths and compositions. These polymers form thermally reversible gels without
any permanent cross-linking. Besides, PEO-PPO-PEO triblock copolymers can be designed
to form gels at body temperature. A few PEO-PPO-PEO copolymers are in clinical use as
surfactants and solubilizers in injectable formulations.

5. Scaffold fabrication techniques

5.1 Conventional techniques

Conventional fabrication techniques are defined as processes that build scaffolds having a
bulk or porous (interconnected or non-interconnected) structure which lacks any long-range
channelling microstructure. In contrast, solid free form fabrication uses layer manufacturing
processes to form scaffolds directly from computer-generated models, thereby enabling the
introduction of hollow or tubular structures in scaffolds. Additionally, solid freeform
fabrication techniques enable the creation of external geometry of the scaffold with high
precision. Conventional techniques are often used in scaffold fabrication for bone and
cartilage tissue engineering. Commonly used scaffold fabrication techniques are listed in
Table 3.

Scaffold fabrication Techniques
Rapid prototyping

Conventional

Solvent casting/ particulate leaching
Phase inversion/ particulate leaching
Fibre meshing/ bonding

Stereolithography
Fused deposition modeling
Three dimensional printing

Melt moulding

Gas foaming

Membrane lamination
Hydrocarbon templating
Freeze drying

Emulsion freeze drying
Solution casting

Three dimensional plotting
Selective laser sintering
Laminated object manufacturing
Multiphase jet solidification

Table 3. List of conventional and RP scaffold fabrication techniques

Gas foaming/high pressure processing technique is based on the CO; saturation of polymer
disks through their exposure to high pressure CO,. Prominent advantage of this method is
the possibility of obtaining scaffolds with a high degree of porosity with a pore size range of
100 pm. However, low mechanical strength and poorly defined pore structure of the
scaffold limit the widespread use of this technique.

A further method is based on a thermally induced phase separation (freeze-drying), which
occurs when the temperature of a homogeneous polymer solution previously poured into a
mould, is decreased. This technique allows the production of scaffolds consisting of natural
and synthetic polymers. As the processing conditions are technically challenging and the
developed scaffolds have low mechanical competence accompanied by reduced pore size,
the application of this technique is also limited.

The varying success rates of the above-mentioned scaffold fabrication methods may be to
due to the extensive involvement of manual intervention, and the inconsistent and inflexible
processing procedures.
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5.2 Rapid Prototyping techniques

RP technology is launched in the market during late 1980s with the introduction of the
stereolithography system by 3D Systems Inc (Holland & Tighe, 1992; Legault, 2008). RP also
termed as “solid freeform fabrication” is a relatively new technology that generates a physical
model directly from computer-aided design (CAD) data in a layer-by-layer manner. RP
techniques have been identified and recognized to possess significant potentials for fabricating
tissue engineering scaffold. RP has been used in the medical field primarily as a means of
guiding surgical procedures using tactile models derived from patient computerized
tomography (CT) data. The potential to intimately control the microstructure of porous
channels and the overall macroscopic shape of the implants makes RP an ideal process for
fabricating implant and tissue engineering scaffold as well. Direct fabrication of customized
implants is promising in offering simpler and more rapid surgical implementations.

RP fabrication begins with the development of a 3D volumetric computer model of the
desired part that can be derived from output data generated by surface digitizers or medical
imaging systems (e. g. Computed Tomography or Magnetic Resonance Imaging etc.). The
3D architecture and geometry of porous microstructure determined by pore size, shape,
interconnectivity, and anisotropy are the key design parameters. RP technique allows the
fabrication of scaffolds with controlled pore network and with a custom made shape. The
digital model is then mathematically sliced into thin layers having a constant thickness that
is user-defined. Then layers of material representing the cross-sectional profiles of the
desired part as obtained from the computer generated slices are formed by processing solid
sheet, liquid or powder material feed stocks. The material layers are automatically and
precisely stacked and fused on top of one another to create the desired physical part (Chua
& Leong, 1997; Leong et al., 2003) (see Fig. 3). Furthermore, advances in in-vivo imaging,
such as positron emission tomography, make it possible to provide a confined monitoring of
the development and incorporation of the engineered tissues (Chua et al., 2009; Chua &
Leong, 1997).

Fig. 3. RP fabrication: From CAD data to layer-by-layer construction (Yeong et al., 2004)

RP techniques are beneficial for tissue engineering scaffold fabrication due to their ability to
address and overcome the problems of uncontrollable microstructure and the ability to
manufacture complex 3D structures. These techniques have rigorous control over porosity,
pore size, stiffness and permeability; the RP scaffolds are usually designed to have fully
interconnected pore structure. This method is particularly useful for tissue engineering since it
allows a very good reproducibility and the production of almost any kind of structure within
the limitations of each technique used. It is possible to design a structure that mimics the
natural tissue to be replaced (Daily, 2010). Such capabilities are highly advantageous since the
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ideal scaffold should replicate the geometry and size of the patient’s original anatomy and its
internal micro-architecture. RP offers freedom of varying structural parameters to the non-
variable bulk mechanical properties of the material used (Moroni et al., 2006). Each tissue and
organ in the human body has their own unique geometry which varies in size among
individuals. This fact undermines the applicability of most conventional fabrication techniques
which are restricted to the fabrication of scaffold with highly simplified geometries.

Besides, RP techniques also allow the investigation of the effect of scaffold geometry on cell
behaviour for further optimization of the scaffold design (Starly et al., 2006). Lacroix and
Prendergast (2002) have introduced computational models to tissue regeneration as a
predictive tool, and proposed a modified mechano-regulation theory based on the influence
of morphologic parameters (pore shape, size, distribution and interconnectivity) and
loading conditions (compression load and fluid perfusion) on the response of surface
stimuli. Based on the selection of a regular microstructure and optimal inlet conditions, it is
possible to predict the initial stimuli felt by the cell, in order to analyze and propose a
scaffold design with specific function, such as bone or cartilage tissue differentiation.
However, not all RP methods are applicable for all polymeric materials for scaffold fabrication.
For example, moulding methods are inappropriate for developing hydrogel scaffolds because,
the scaffold cannot be removed without damaging both internal and external architecture
(Mastrogiacomo et al., 2005). Porous hydrogel scaffolds are difficult to develop, especially
when integrating tight interconnecting pores. There are very few reports on any RP technology
producing scaffolds with consistent pore definition in the range of 200-400 pm, while also
retaining a high accuracy of outside architecture (Maher et al., 2009a & 2009b). Hydrogel with
low viscosities tend to be difficult to use when constructing scaffolds because of the long
gelation time which results in the collapse of scaffolds due to their mechanical instability
(Cunha et al.,, 2005). Fig. 4 presents the overview of RP technologies applied in processing
various biomaterials for biomedical applications (Bergman & JI, 2008).
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Fig. 4. Overview of RP technologies applied in processing various biomaterials for
biomedical applications (Bergman & ]I, 2008).
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Although the application of RP technology for the production of tissue engineering scaffolds
is still very much in the laboratories, the vast interest in RP technology for tissue
engineering scaffold fabrication has been evidenced by the huge number of publications
generated over the last 5 years. Research conducted with existing commercial and non-
commercial RP systems has laid down a firm foundation in generating scaffolds with
unprecedented quality, accuracy and reproducibility. Table 4 summarizes the advantages
and limitations of various RP techniques.

Techniques Advantages Limitations
Sheet lamination No additional supportis | Materials trapped in small inner
e.g. Laminated object required holes is impossible to be removed
manufacturing (LOM)
Adhesion bonding e.g. | More materials choice; Materials trapped in small inner
3-dimensional printing | Low heat effect on raw holes is difficult to be removed
(3DP) powder
Powder sintering Relative higher part Material trapped in small inner
e.g. selective laser strength. holes is difficult to be removed;
sintering (SLS) More materials choice. biodegradable materials may be
degraded in the chamber
Photopolymerization Relative easy to remove | Limited by the development of
Stereolithography support materials; photopolymerizable and
(SLA) relative easy to achieve biocompatible,
small feature. biodegradable liquid polymer
material
Droplet deposition No materials trapped in | Relative regular structure;
e.g. fused deposition the scaffold easy to anisotropy between XY and Z
modeling (FDM) achieve, 100 pm scaffold | direction;
features High heat effect on raw material
Model maker Easy to achieve ,100 pm High heat effect on raw material;
or smaller scaffold difficult to change materials
feature without manufacturer’s
cooperation

Table 4. Summary of the advantages and limitations of various RP techniques.

To date, quite a number of RP techniques have been exploited for scaffold fabrication
though most of the commercially available RP systems are designed to cater mainly for
industrial engineering applications. The next section reports a study on the evaluation of the
scaffolds developed by desktop robot based rapid prototyping (DRBRP) system.

6. Scaffolds developed by DRBRP system

6.1 Introduction

At present, solid freeform fabrication (SSF) is considered to be the best way to generate
defined porous structures. SSF technology in combination with 3D imaging reconstructed
based on CT and/or MRI data, is able to form high precision realistic models. We have
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developed a SSF technique, called desktop robot based rapid prototyping (DRBRP) system
(Hoque et al., 2005, 2008) in-house, which is capable of extruding biopolymer for freeform
construction of 3D tissue engineering scaffold. The DRBRP system was tested through
fabrication of various scaffolds with a number of polymers, like PCL, PCL-PEG and PCL-
PEG-CL, and lay-down patterns. The 3D scaffold was modelled as per Fig. 5 that is
composed of series scaffold architectures. Scanning electron microscopy (SEM), gas
pycnometry, micro-computed tomography (micro-CT) and compression test were
performed to characterize the morphology and mechanical properties of the resulting
scaffolds. The cell response to the as-fabricated scaffolds was evaluated using rabbit smooth
muscle cells (rfSMCs). The cell morphology was investigated by light, scanning and confocal
laser microscopy. Interconnected pores that allow cell growth to penetrate the 3D matrices
are formed between the adjacent filaments.
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Fig. 5. Various lay-down patterns selected to process TE scaffolds. (a) 0/90°, (b) 0/60/120°,
(c) 0/45/90/135° and (d) 0/30/60/90/120/150° (Hoque et al., 2005)

6.2 Manufacturing of scaffolds

The in-house built DRBRP system combined with a simple and user-friendly software code
was used to manufacture 3D scaffolds. From a biomaterial point of view, this RP system is
very versatile and is capable of extruding hot melts, solutions, pastes and dispersions of
polymers as well as monomers and reactive oligomers. DRBRP system is considered to be
one of the most convenient available extruding deposition fabrication techniques due to its
user friendly operation conditions, fully utilizable polymer feed, and the ability to produce
scaffolds without any binders. Besides, this process is very appropriate to produce scaffolds
for hard tissue engineering (e.g. bone). The DRBRP system consists of a computer-guided
desktop robot (Robokids, Sony) (see Fig. 6), metallic chamber which is heated by an
electrical band heater, and a pneumatic dispenser. The dispenser itself is consisted of an air
filter, regulator, lubricator, a solenoid valve and a nozzle. The DRBRP system allows
biopolymer to be fed virtually in any form (e.g. pellet, lump, powder etc.) for processing
into 3D scaffold. Software used in the developed DRBRP system was made up of a slicing
and dispensing program, allowing users to generate geometrical data of 3D scaffolds
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through user-friendly interfaces. The geometrical data can be automatically generated by
using the slicing program written in-house. The 3D model can be segmented in
stereolithography (.stl) file format into 2D layers by specifying the required control
parameters.
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Fig. 6. (a) Model of lay-down pattern (0/90) viewed in cross section. Road width (RW):
diameter of the filament, filament distance (FD): the centre-to-centre horizontal distance
between two consecutive filaments in the same layer, fill gap (FG): edge-to-edge horizontal
distance between adjacent filaments, layer gap (LG): edge-to-edge vertical distance between
layers of the same filament alignment, slice thickness (ST): the vertical distance between the
filament centre of adjacent layers. (b) DRBRP system demonstrating the coordinate
directions of scaffold fabrication (Hoque et al., 2008).

The thermoplastic polymers were melted in the stainless steel chamber of the DRBRP
system by electrical heating and extruded out by means of compressed air pressure through
a mini nozzle to build scaffold. The process of deposition in each layer starts with formation
of a “road” of molten material, called filament with user-defined width and thickness as
presented in Fig. 6. The scaffold was built in an additive manner: line-by-line to form a 2D
layer and layer-by-layer to form the 3D structure. Once a layer was completed, the dispenser
moved up vertically in the Z-direction by a small displacement equivalent to the specified
ST. To investigate the processing feasibility of the selected polymers, the lay-down pattern,
nozzle size, and FD were selected as 0/90° 500 pm, and 1.5mm, respectively. The liquefier
temperature (the temperature used to keep the polymer molten), extrusion pressure (the
pressure by which the polymer melt was extruded), and deposition speed (the speed at
which the molten polymer was drawn) were set at 90°C, 4.0 bars, and 300mm/min,
respectively, while the ambient temperature was maintained at 25+2°C. It was hypothesized
that all three polymers (PCL, PCL-PEG, and PCL-PEG-PCL) have same rheological
properties as they have very close melting temperatures (~65°C). Hence, for convenience,
the same process conditions were applied to all tested polymers. The influences of
processing parameters were studied by fabricating scaffolds with a single lay-down pattern
0/90° using two polymers (PCL and PCL-PEG) and employing three values of each
parameter. For example, liquefier temperatures of 80°C, 90°C, and 100°C, extrusion
pressures of 3.0, 4.0, and 5.0 bars, and deposition speeds of 240, 300, and 360mm/min.
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During the fabrication, one parameter was varied iteratively, while the other two were
remained constant. For cell culture studies, the scaffolds were fabricated with three lay-
down patterns (0/30°C, 0/60°C, and 0/90°C) and two polymers (PCL and PCL-PEG)
applying liquefier temperature, extrusion pressure, and deposition speed of 90°C, 4.0 bars,
and 300mm/min, respectively. In all cases, the bulk scaffolds (50.0 x 50.0 x 5.0mm) were
built on a flat plastic platform and removed upon fabrication, and cut into smaller blocks
(e.g., 6.0 x 6.0 x 5.0mm) with an ultra-sharp blade for further testing.

6.3 Characterization of scaffolds

6.3.1 Scanning electron microscopy

The scaffold morphologies were observed by scanning electron microscope (SEM) (JSM-
5800LV; Jeol USA, Peabody, MA) at 15 kV and a current of 60-90 mA. We studied the
influences of process parameters on the scaffolds’ porous characteristics. The top and cross-
sectional views of scaffolds were obtained using a SEM for the morphological study. Briefly,
scaffolds were fixed to a stub with carbon paint and coated with gold using a JEOL fine
sputter coater (JFC-1200) for 60 s at 10 mA then viewed under the SEM. The pore
dimensions were measured from the SEM images. The pore dimensions in different
directions of fabrication process are not essentially the same. In the X- or Y-direction, the
pore width is formed in between the intercrossing of filaments and hence is defined by the
difference between FD and RW. Likewise, the pore height in the Z-direction is formed from
void produced by the stacking of filament layers, and thus their size is regulated by the
layer gap (LG).

The scaffolds fabricated with PCL, PCL-PEG, and PCL-PEG-PCL polymers exhibited
homogeneous and consistent deposition of microfilaments with highly reproducible spatial
arrangement of pores and channels when viewed in the Z-direction of the fabrication
process (see Fig. 7). The cross-sectional views of the SEM images revealed the complete
interconnectivity and integrity of the 3D porous scaffolds. It was also observed that the
filaments fused evenly at the junctions, which resisted interlayer delamination. The
reproducibility and regularity of the scaffold’s pore networks were comparable to scaffolds
fabricated by some other techniques, such as FDM, 3D fibre deposition, and precision
extruding deposition. The SEM analysis (see Figs. 8-10) also dictates that the changes in
process parameters significantly affected the scaffold morphologies.

(a) PCL (b) PCL-PEG (c) PCL-PEG-PCL

Fig. 7. SEM images of (a) PCL, (b) PCL-PEG, and (c) PCL-PEG-PCL scaffolds fabricated with
three different polymers (pattern, 0=90; nozzle size, 500pm; FD, 1.5 mm). Plan view; insets,
cross-sectional view (magnification, x25). SEM, scanning electron microscopy (Hoque et al.,
2008).
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T1=80°C T2 =90°C T3 =100°C
Fig. 8. SEM images of PCL-PEG scaffolds demonstrating the influence of liquefier
temperature on their morphologies that indicates the gradual increase of filament diameter
with the increase of liquefier temperature (nozzle size: 500 pm; FD: 1.5mm). Big picture:
plan view; small window: cross-sectional view (magnification x25) (Hoque et al., 2008).

P1=3.0 bars P2=4 0 bars P3=5.0 bars

Fig. 9. SEM images of PCL-PEG scaffolds demonstrating the influence of extrusion pressure
on their morphologies that indicates the gradual increase of filament diameter with the
increase of extrusion pressure (nozzle size: 500 pm; FD: 1.5mm) (Hoque et al., 2008).

5=240 mm/min 5=300 mm/min 5=360 mm/min

Fig. 10. SEM images PCL-PEG scaffolds demonstrating the influence of deposition speed on
their morphologies that indicated the gradual decrease of filament diameter with the
increase of deposition speed (nozzle size: 500um; FD: 1.5mm) (Hoque et al., 2008).

6.3.2 Porosity measurement
The porosity values of the scaffolds with different architectures were determined using the
following equation:

P = [(Va = Vi)/Va] x 100% (1)
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where, Va (mm3) is the apparent volume calculated based on the geometry of each scaffold
block and Vt (mm?3) is the true volume. The true volume of each scaffold specimen was
measured by using a gas pycnometer (Ultrapycnometer 1000, Quantachrome, Boynton
Beach, FL, USA) at 25°C in pure argon. The porosity values were also determined by Micro-
computed Tomography (micro-CT) analysis.

6.3.3 Micro-computed tomography

The morphology and microstructural formability of fabricated scaffolds were investigated
using a Skyscan 1072 micro-CT desktop scanner (Skyscan, Kontich, Belgium). The micro-CT
was set at 19 mm resolution. Two-dimensional analyses and 3D reconstructions of core
regions of the samples were performed, which enabled calculation of the porosity,
interconnectivity, and surface-to-volume ratio of the scaffolds.

The influences of process parameters on scaffold’s porous characteristics were almost
identical for both polymers namely, PCL and PCL-PEG. Likewise, the porosity values
measured by ultrapycnometer and micro-CT methods were found to be quite similar.
Therefore, for simplicity, the porous characteristics refer to that of PCL-PEG scaffolds, and
the porosities refer to the values measured by micro-CT method throughout the text, unless
mentioned otherwise.

6.4 Influences of process parameters

The deposition tests discussed here were conducted to assess the effects of three main
process parameters on the scaffold design of the resulting track and their suitability for layer
deposition. In each test, one parameter was varied whilst the remaining parameters were set
at a predetermined value. Table 5 lists the testing range and fixed value of each parameter.

Process parameter Parameter range
Liquefier temperature 80°C -100°C
Extrusion pressure 3 -5 bars
Deposition speed 240 - 360mm/ min

Table 5. Process parameter ranges investigated during deposition trials

Liquefier Temperature: The increase in liquefier temperature resulted in an increase of RW
and thus decreased the pore size and porosity at a specific extrusion pressure and
deposition speed. The fluidity of the polymer melt increased with increasing temperature,
and it rendered faster and excessive dispensing of the polymer melt. The morphological
changes due to change of liquefier temperature are presented in Table 6. An increase of
temperature from 80°C to 100°C resulted in an increase of RW from 375 + 45 to 620 + 45 pm,
which corresponded to a decrease of pore width in X- or Y-direction from 1125 + 90 to 880 +
90 um, pore height in Z-direction from 330 + 38 to 120 + 20 um, and porosity from 72% to
48%, respectively. The influence of liquefier temperature was also evidenced by the
morphological change as observed in Fig.8.

Extrusion Pressure: Similar to liquefier temperature, increasing the extrusion pressure led to
the increase of RW and thus decreased the pore size and porosity at a given condition of
temperature and speed as presented in Table 7. An increase of pressure from 3 to 5 bars
resulted in an increase of RW from 380 +50 to 623 +45 pm and a decrease of pore width from
1120 £100 to 877 90 pm, pore height from 325 +35 to 118 +18 um, and, consequently,
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porosity from 73% to 47%. The influence of extrusion pressure was also evidenced by the
morphological change as observed in Fig.9.

Pore Pore . . Inter-
Tem;:egature RW Width Height Por:/)sﬂ:y SV ZRatl(; Connectivity
0) ) | | ey |0 | /) )
80 375445 1125+90 330438 72+2.88 12.10 100
90 500425 1000+50 230430 65+2.56 10.92 100
100 620+45 880490 120420 48+1.92 8.07 100

Table 6. Morphological changes due to change of liquefier temperature, while extrusion
pressure and deposition speed remained constant at 4 bar and 300 mm/min, respectively.

(Hoque et al., 2008)
Pore Pore . . Inter-
Prgssure (RLV) Width Height Poz‘;s)lty (;/:1 2}::;03) Connectivity
(bors) | W (m) | (um) ; (%)
3.0 380450 | 11204100 32535 73+2.92 12.27 100
4.0 500+25 1000+50 230430 66+2.64 11.09 100
5.0 623445 87790 118+18 47+1.88 7.90 100

Table 7. Morphological change due to change of extrusion pressure while liquefier
temperature and deposition speed remained fixed at 90°C and 300 mm/min, respectively.
(Hoque et al., 2008)

Deposition Speed: Unlike liquefier temperature and extrusion pressure, increase of deposition
speed rendered lower polymer flow per travel distance, and thus decreased RW and
increased pore size and porosity. In such case, the polymer melt is dispensed out at a
specific flow rate under certain conditions, whereas the nozzle draws the melt faster at high
deposition speed. This can be explained using the following flow rate equation:

A5 = ASs )

where, A is the cross-sectional area of polymer melt that in turn is equivalent to the filament
diameter, and S is the deposition speed. Subscripts ‘i" and ‘f’ refer to initial and final values.
If S increases, the filament diameter must decrease to maintain specific flow rate. The
increase of deposition speed from 240 to 360mm/min resulted in a decrease of RW from 615
+40 to 377 +48 um that accordingly increased the pore width from 885 £80 to 1123 +100 pm,
pore height from 125 +22 to 340 +30 pm, and porosity from 45% to 75%, respectively, as
presented in Table 8. The influence of deposition speed was also evidenced by the
morphological change as observed in Fig.8.

6.5 Mechanical properties of scaffolds

For each envisioned application, successful tissue engineering scaffolds constructs will have
certain minimum requirements for biological, biochemical and physical properties. For
example, scaffold is required to provide sufficient initial mechanical strength and stiffness as
substitute for the mechanical function of the diseased or damaged tissue to be repaired or
regenerated.
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Pore Pore . . Inter-
(msnl?l/e;Ciln) (I::/nv) Width Height Po:‘;os)lty (ns1/n‘1] 2‘1/{;::3) Connectivity
(um) (um) (Y0)
240 615440 88580 125422 45+1.80 7.56 100
300 500£25 | 1000450 230£30 66+2.64 11.09 100
360 377+48 | 1123+100 340+30 75+3.0 12.60 100

Table 8. Morphological change due to change of deposition speed while liquefier
temperature and extrusion pressure remained fixed at 90°C and 300 mm/min, respectively.
(Hoque et al., 2008)

In this study, the mechanical behaviour of the scaffold was investigated via uniaxial
compression tests. Compression tests were carried out to evaluate compression behaviour of
scaffolds and further to investigate the influences of process parameters on their mechanical
properties. For each structural configuration, five samples (6.0 x 6.0 x 5.0mm) were tested.
They were tested using a uniaxial testing machine (Instron 4502, Norwood, MA) and a 1 kN
load-cell (Canton, Norwood, MA) adopting the guidelines for compression testing of acrylic
bone cement set in ASTM F451-99a. This is the latest edition of the standard currently used
by a number of research groups to characterize the mechanical properties of bioresorbable
scaffolds of similar geometry. The specimens were compressed in Z-direction of fabrication
process at a crosshead speed of 1 mm/min between two steel plates up to a strain level of
60%. The modulus of elasticity, E was calculated as the slope of initial linear portion of the
stress-strain curve neglecting any toe region formed due to the initial settling of the
specimen. Compressive strength at yield, o, was defined as the intersection of the stress-
strain curve with the modulus slope at an offset of 1.0% strain. A Student’s t-test was
performed in comparing mean values from all independent sample groups using a Minitab
statistics software version 12.2 (Minitab, State College, PA) and a significance level of 0.05.
As compression strain increased, the 3D pores of the scaffolds were crushed and underwent
a densification process. When the rods and struts were crushed, the scaffold became stiffer
and the stress level rised quickly as demonstrated by Fig. 11. Therefore, stress- strain curves
typically followed three distinct regions: (i) a linear elastic region, (ii) a plateau of roughly
constant stress, and (iii) a final region of steeply rising stress. When the scaffolds were
compressed in Z-direction of fabrication process it was the filament junctions of adjacent
layers that mainly supported the applied load at the beginning. In this case, the initial linear
elastic deformation involved significant shear deformation of the filament joints. On further
compression, the linear elastic regime was truncated by sliding of filament layers, which
also manifested as a plateau of constant stress on the stress-strain curve. The final failure
occurred when the filaments of adjacent layers were crushed. To strengthen the scaffold
structure, a large number of filament joints would be expected. The strengthening effect can
also be dependent on the bond strength, (i.e. the perfection of fusion) between filaments at
their joints, which in turn is dependent on the design and process parameters of the
fabrication technique.

As the process parameters had direct influences on RW and in turn on porosity, they
influenced the mechanical properties like modulus of elasticity, yield strength, and yield
strain. The modulus of elasticity E (MPa), 1% offset yield strength, oy, (MPa), and yield strain
(%) values calculated from the stress-strain curves are presented in Tables 9-11 as functions
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Fig. 11. Typical stress-strain curve of porous scaffold under compression showing linear
elastic, plateau and densification regimes (Hoque et al., 2008)

of process parameters. Statistical analysis confirmed ( p<0.05) that for both PCL and PCL-PEG,
increasing liquefier temperature and extrusion pressure resulted in thickening of extruded
filaments (see Figs. 8 and 9) and decrease of porosity (Tables 6 and 7) with increased modulus
of elasticity and yield strength (Tables 9 and 10). Unlikely, increase of deposition speed caused
narrowing of filaments (see Fig. 10), and consequently, increased the porosity (Table 8) and
decreased the modulus of elasticity and yield strength (Table 11). Similar trends were observed
by Moroni et al. (2006) when changing the filament deposition speed.

Parameter PCL PCL-PEG
Elastic Yield . Elastic Yield . .
Temp (°C) | Modulus | Strength S;:ierlldo % Modulus Strength Y1eld0 /?tram
(MPa) (MPa) (MPa) (MPa)
80 29.3141.17| 2.26+0.09 | 2.87+0.11 | 25.05+1.00 1.9+0.07 2.45+0.09
90 36.08+1.44| 2.79+0.31 | 3.59+0.14 | 30.83+1.23 2.2+0.08 3.06£0.12
100 53.6+2.14 | 4.14+0.16 | 5.33+0.21 45.8+1.83 4+0.16 4.6+0.18

Table 9. Influence of liquefier temperature on mechanical properties (Modulus of elasticity,
yield strength and yield strain) of PCL and PCL-PEG scaffolds (Hoque et al., 2008)

Parameter PCL PCL-PEG
Pressure Elastic Yield Yield Elastic Yield Yield Strain
(bar) Modulus | Strength Strain % Modulus Strength %
(MPa) (MPa) (MPa) (MPa)
3 27.83+1.11 | 2.15+0.08 | 2.87+0.11 | 23.78+0.95 1.9+0.07 2.36+0.09
4 34.87+1.39 | 2.69+0.10 | 3.5+0.14 29.8+1.19 2.3+0.09 2.98+0.11
5 54.63+2.18 | 4.22+0.16 | 5.51+0.22 | 46.68+1.89 3.610.14 4.64+0.18

Table 10. Influence of extrusion pressure on mechanical properties (Modulus of elasticity,
yield strength and yield strain) of PCL and PCL-PEG scaffolds (Hoque et al., 2008)
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Parameter PCL PCL-PEG
Elastic Yield . Elastic Yield .
(mSnI:;;:iin) Modulus | Strength S ; :iid" % Modulus Strength S :r{;?llldo "
(MPa) (MPa) (MPa) (MPa)
240 59.3142.37 | 4.584+0.18 | 5.64+0.22 | 50.68+2.02 3+0.12 4.81+0.19
300 37474149 | 2.9+0.11 |3.4940.13 | 32.02+1.28 2.47+0.09 3+0.12
360 27.44+1.09 | 2.12+0.08 | 2.56+0.10 | 23.45+0.93 1.81+0.07 2.19+0.08

Table 11. Influence of dispensing speed on mechanical properties (Modulus of elasticity,
yield strength and yield strain) of PCL and PCL-PEG scaffolds (Hoque et al., 2008)

6.6 Cell culture study

Rabbit Smooth Muscle Cells (rfSMC) were used to investigate the influences of polymer
nature and scaffold architecture on cell performance in terms of cell attachment and
proliferation on scaffolds. Two polymers (PCL and PCL-PEG) and three lay-down patterns
(0/30, 0/60, and 0/90) were investigated.

6.6.1 Cell harvesting

These cells were obtained from the corpus cavernosa smooth muscle of the penis of a male
New Zealand White Rabbit. The rabbit was routinely maintained under general anaesthesia
by intubation with isofluorane. The local area was cleaned with iodine solution and alcohol,
and was opened in layers until the cavernosal cavity was reached. About 1-2 mm of the
corpus cavernosa smooth muscle tissue was biopsied, and the wound was closed in layers.
The explants were finely minced and plated in a tissue culture flask containing low glucose
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin.

6.6.2 Cell seeding

Following scaffold fabrication, the rSMC (passage 5) were seeded onto PCL and PCL-PEG
scaffolds of 6.0 x 6.0 x 5.0mm with three lay-down patterns in a 24-suspension-well plate.
The seeding density was 0.6 x 106 in 60 pL suspension volume per scaffold. The cell-loaded
scaffolds were left untouched in a self-sterilizable incubator (WTB Binder, Tuttlingen,
Germany) at 37°C in 5% COy, 95% air, and 99% relative humidity for 3 h to allow protein
secretion and cell attachment. Following 3 h of incubation, each well was filled with 1 mL of
culture medium to submerge the scaffolds fully and placed back in the incubator. In the next
day, the seeding efficiency was measured by transferring the cell-loaded scaffolds in the
new plate. Half of the medium was changed after every 2 days, and the culture was
continued for the period of 3 weeks. Throughout the study the low glucose Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin was used. Phase contrast light microscopy (Leica DM IRB, Wetzlar, Germany)
was used to examine the cell morphology, intercellular connections, and extracellular matrix
production every week for the entire culture period of 3 weeks.

6.6.3 Cell Morphology

The biocompatibility of scaffold in terms of cell viability was assessed by the fluorescent
staining of cell nuclei using confocal laser microscopy (CLM). The distribution, ratio of
viable to dead cells in the cell-scaffold constructs, and stained cells embedded into scaffolds
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were observed under the CLM (Zeiss LSM510 META, Oberkochen, Germany) on weeks 1
and 3. Viable cells were stained green with the fluorescent dye, fluorescein diacetate (FDA;
Molecular Probes, Eugene, Oregon), and dead cells were stained red with propidium iodide
(PI, Molecular Probes). The laser emission and excitation wavelengths were set at 510-560
nm and 488 nm, respectively, for FDA, whereas for PI they were set at 560-600 nm and 543
nm, respectively. Depth projection images were constructed from up to 25 horizontal image
sections through the constructs.

Similarly, the cell adhesion and their distribution into the scaffolds were studied by SEM.
The cells were fixed by means of 3% glutaraldehyde. The scaffold cell constructs were
mounted on a stub using double-sided carbon tape, and sputter coated with gold (JFC-1200;
Jeol) for 60 sec at 10 mA before viewing under the SEM. Then, the cell morphology was
observed on the SEM (JSM-5800LV; Jeol) under high vacuum with an accelerating voltage of
15 kV and at a working distance of about 2 cm.

The rSMCs started attaching onto both PCL and PCL-PEG scaffold surfaces with all three
lay-down patterns (0/30, 0/60, and 0/90) after 2 h of seeding. The initial round cells
adhered to the scaffolds, migrated, and developed an interconnected cell network using the
rods and struts as templates for their proliferation. At week 1 in culture, the cells
demonstrated distinct morphological changes, while spreading on the bars and struts of the
scaffold surface as well as bridging the adjacent bars as observed by phase contrast light
microscopy and CLM presented in Figs. 12 and 13. As indicated by the confocal images
using the live/dead stain FDA-PI, most of the cells were viable after week 1.

The cells progressed to bridge the walls of the fully interconnected pore network via 3D
extracellular matrix (ECM) production. From this point on, the cell-to-cell contact points, the
ECM, and culture media acted as templates. In general, the cells started the 3D growth
process at the junctions of the bars and struts.

After the cells had grown over the surfaces of the rods and struts, they proceeded to fill up
the pores in a circular manner. From qualitative assessment, cellular attachment and
proliferation appeared to be higher on the PCL-PEG scaffolds than on the PCL scaffolds. The

0/30 Pattern VD Patiemn 0/ Patern

Fig. 12. Phase contrast light microscopy images of rSMCs attached to the PCL (top) and
PCL-PEG (bottom) scaffolds with various lay-down patterns after 1 week in culture. Cell
attachment and proliferation were increased on the PCL-PEG scaffolds compared to the PCL
scaffolds (magnification, x10) (Hoque et al., 2008).
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Fig. 13. CLM images of the statically seeded scaffolds after 1 week in culture. The scaffold
architecture was partially covered by the cells demonstrating bridging the bars for both
scaffold groups. Top row: PCL scaffolds; bottom row: PCL-PEG scaffolds (magnification,
x10) (Hoque et al., 2008).

enhanced cell attachment on PCL-PEG surfaces observed by CLM could also have promoted
cell proliferation. However, no significant differences in cell attachment and proliferation
were observed among the scaffold patterns. Henceforth, phase contrast microscopy and
CLM showed that after 3 weeks of culture, the entire architecture of both scaffold groups
was filled with cells and extracellular matrix as demonstrated by Figs. 14 and 15.

Bridging . : ' :"""apping.-
; Cell Sheet

Overlapping ; P B
Cell Sheet g Cell Sheet

Overlapping
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Fig. 14. Phase contrast light microscopy images of rSMCs attached to the PCL (top) and
PCL-PEG scaffolds with various lay-down patterns after 3 weeks in culture. The cells
continued to proliferate on all three patterns, leading to almost complete obliteration of the
porous space of the scaffolds. Cells attachment and proliferation were increased on the PCL-
PEG scaffolds compared to the PCL scaffolds (magnification, x10) (Hoque et al., 2008).



Desktop Robot Based Rapid Prototyping System:
An Advanced Extrusion Based Processing of Biopolymers into 3D Tissue Engineering Scaffolds 127

Overlapping Bridging
Cell Sheets

N |

Overlapping . Overlapping '_ . '.; Bridging

Cell Sheets Cell Sheets / /
\ = Overlapping.-

Cell Sheets
0/30 Pattern 0/60 Pattern 0/90 Pattern

Fig. 15. CLM images of the statically seeded scaffolds after 3 weeks in culture. Almost entire
scaffold architecture was covered by cells for both scaffold groups. However, the PCL-PEG
scaffolds (bottom row) have denser cell ECM network than the PCL scaffolds (top row). The
viable cells are stained with the green dye FDA, and nuclei of dead cells are indicated by red
PI stain. The cell clusters in the pores show a high uptake of the FDA stain, indicating that
the majority is alive. After 3 weeks of culture the FDA /PI staining still showed the viable
cells inside the honeycomb scaffold architecture (magnification , x10) (Hoque et al., 2008).

0/30 Pattemn 050 Patiemn 0/90 Pattern

Fig. 16. SEM images of PCL (top) and PCL-PEG (bottom) scaffolds with cells after 3 weeks in
culture. The entire surface scaffold architecture is covered with a dense cell-extracellular
matrix. Cells bridging adjacent bars are present (magnification, x50) (Hoque et al., 2008).

Qualitative examination revealed that the major portion of the cells continued to remain
viable as evidenced by the CLM images. The SEM images (see Fig. 16) showed that the
overall scaffold architectures of both polymers were covered with a dense cell sheet though
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not many cells were seen adhering onto the outer bars and struts of the scaffolds due to the
fixation and specimen processing that resulted in the detachment of cells. However, based
on the imaging data, no significant difference was detected among the scaffold patterns in
respect to the proliferation pattern. It was thought to be because of the open pore structures
of all three patterns that favoured the nutrients flow in and wastes flow out. Thus, the
results of this study suggest that the PCL and PCL-PEG scaffold surfaces allowed
attachment and colonization of rSMC on the struts and bars. Within a period of 3 weeks, the
cells formed an interconnected cell-to-cell and cell-to-extracellular matrix network
throughout the whole honeycomb-like scaffold structure. All microscopic images revealed
increased cell density over time not only at the outer surfaces but also throughout the entire
scaffold architecture. This finding carries importance in tissue engineering in which in vitro
neo-tissue formation (cells + extracellular matrix) is desirable for achieving homogenous
tissue formation in combination with vascularization in vivo.

6.6.4 DNA quantification

Specimens (n=3) harvested at weeks 1 and 3 were evaluated using the Pico®Green DNA
quantification assay (Molecular Probes). Specimens were treated with 1 mL enzyme solution
comprising of 0.25% trypsin (Hyclone, South Logan, UT), 0.1% collagenase 1 (Gibco, North
Andover, MA), and 0.1% hyalurodinase (Sigma, St. Louis, MO) for 12 h at 37 ° C to break
down extracellular matrix in order to obtain a homogenous cell suspension that was shortly
spun. The aliquots of supernatant were then taken and their DNA contents were quantified
using Pico®Green (Molecular Probes). Fluorescence of specimen well was measured with a
plate reader (Genios®; Tecan Group, Maennedorf, Switzerland) at excitation and emission
wavelengths of 485nm and 535nm, respectively. Fluorescence of reagent blank was
subtracted from raw sample fluorescence recorded to give the corrected value. The amount
of DNA was calculated by extrapolating a standard curve obtained by running the assay
with a given DNA standard.

For the PCL and PCL-PEG scaffolds of three lay-down patterns seeded with rSMC, the DNA
quantification results (see Fig. 17) demonstrated a higher amount of DNA in case of PCL-
PEG copolymer scaffolds than in case of PCL homopolymer scaffolds ( p<0.05) over the
whole time period of 3 weeks. The progress of culture period showed a significant increase
in DNA quantity from week 1 to 3 time points for both scaffold groups, indicating an
increase in cell proliferation. This was in agreement with the different microscopic image
analyses, which revealed that after 3 weeks of culture the FDA/PI staining still showed the
viable cells inside the honeycomb scaffold architecture.

No significant variation in DNA quantity was measured among the patterns of both groups
of scaffolds. However, this can be applicable only when these studied scaffolds consisted of
limited number of layers and large pores. The uninterrupted supply of nutrients into the
fully interconnected open porous scaffolds might favour the continuous proliferation of the
cells that resulted in increase in DNA quantity with the progress of culture period for both
scaffold groups. The enhanced cell attachment on PCL-PEG scaffold surfaces observed by
CLM and SEM could have promoted cell proliferation and thus resulted in higher DNA
quantity than that for PCL scaffolds. The particular mechanism that promotes or blocks cell
attachment, proliferation, and differentiation on PEG containing copolymer is not yet fully
understood. However, it is known that PEG incorporation results in chemical and physical
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Fig. 17. PicoGreen results for PCL (top) and PCL-PEG (bottom) scaffolds with various lay-
down patterns (Hoque et al., 2008).

changes on the copolymer surface. The PEG incorporation increases the overall
hydrophilicity of the PCL-PEG copolymer surface as evidenced by reduced water contact
angle (Hoque et. al., 2008). Similar cell response was reported by Huang and co-researchers
(2010) who conducted in-vitro cell culture studies on PCL, PCL-PEG, and PCL-PEG- PCL
scaffolds manufactured via solid freeform fabrication using primary human and rat bone
marrow-derived stromal cells. Morphological characterization demonstrated the cell
attachment, proliferation, and extracellular matrix production on the scaffold’s surface as
well as inside for all polymers. They also found that the copolymers showed better
performance than the PCL homopolymer in their cell culture studies.

7. Conclusions

The DRBRP system successfully fabricated PCL, PCL-PEG and PCL-PEG-PCL 3D scaffolds
with fully interconnected reproducible hierarchical pores. The process parameters
intimately influenced the scaffolds” porous and mechanical characteristics. The PCL-based
copolymers conserved the excellent thermal behaviour inherent to PCL, thus providing a
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wide processing window for scaffold fabrication. Microscopic analyses showed adhesion,
proliferation, and ECM production of the rSMCs on the surface as well as inside the
structure of both scaffold groups (PCL and PCL-PEG). The completely interconnected and
highly regular honeycomb-like pore morphology supported bridging of the pores via cell-
to-cell contact as well as production of ECM. PCL-PEG copolymer scaffolds showed overall
better performance in cell culture studies than the PCL homopolymer scaffolds that was
reflected by the DNA quantification assay. However, the variation in lay-down pattern did
not significantly influence the cell culture performance.
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