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Abstract

This study consists of two projects related to Tissue Engineering: Engineering biomimet-
ic scaffolds for bone regeneration and ear reconstruction, and bioreactor design for ex-
vivo bioengineered scaffold.

The co-electrospinning method was used to produce composite membranes with different
layers from gelatin and polycaprolactone (PCL) nanofibers, followed by paper-stacking
cell seeded membranes to mimic the twisted plywood structure found in lobster cuticles.
3D laser scanner was used to capture the precise shape of a human ear model; and the
negative molds were fabricated to compress scaffolds into the shape of human ear.

Design for assembly (DFA) method was used to analyze and improve the design of the
current bioreactor. A new design is proposed to ease operation, save time and increase the
application efficiency. The proposed solution is evaluated in a virtual environment using

3D assembly modeling and simulation.



Acknowledgments

| would like to express my deepest gratitude to my supervisors, Dr. Malcolm Xing and Dr.
Qingjin Peng, for their patience, expertise, and assistance in writing this thesis. | would
like to thank other members of my committee, Dr. Martin Scanlon and Dr. Tarek EImek-
kawy, for taking time out from their busy schedule to attend my final oral defence.

I would also like to thank Mr. Michael Stringer for his help in tensile and compressive
mechanical tests.

Finally, 1 would like to thank Andison Family Foundation and The Children’s Hospital

Foundation for their financial support on this study.



Contents

Front Matter
COMLEIILS ...ttt ettt ettt e et e a bt et e e s it e e bt e ssbeeabeesabeenbeesnseenseesnneans i1
LSt OF TABIES ...t vi
LSt OF FIGUIES ..oovvieiiieiieiie ettt ettt ettt ettt e et e esbeenaeensees vii
List of Copyrighted Material ............ccceeiiiiiiiiiiiiieeiiee e Xi
List Of ADDIEVIATIONS .....eeiiiiiiieiieeieeiie ettt ettt ettt e e e e aeeeaeeas xii
1 Introduction 1
L1 BacK@rOUN ......oociiiiieeiiieiiecie ettt et beesbeessseebeesesaennee e 1
1.2 Biomimetic Scaffolds for Bone TE...........ccccooiiiiiiiiniiniiieieeeeeeeeee 2
1.3 Human Ear RECONSIIUCTION .....cc.eevuiiiiiiiriieieciiesteeeeeeeeesee et 3
1.4 Novel Design for BIOT€actor.......ccuiiuiiiiiiiiiiiieiieeie et 4
1.5 Objectives and Rationale ...........cc.eeecvieeiiiieiiiiecieecie et 7
2 Literature Review 8
2.1 TiSSUE ENGINEETING.....cccviiiuiieiieiie ettt eiteete ettt et e seteeteesbeebeeenseensaeenseeneeens 8
2.1.1 Materials for TE scaffolds .........cooceriiniiiiniiniiiiiicecceee 11
2.1.2  Fabrication methods of TE scaffolds .........cccccoeveiiiiiiiniiinie. 14
2.2 Design for ASSEMDIY.....cccuviiiiiiiiiieeiie ettt et 17
2.3 Virtual Reality (VR) and Applications in DFA ........c.ccccoeviiniiiiieieeeeeeee. 19
3 Methods 22
3.1 Biomimetic Scaffolds for Bone TE..........ccccoiiiiiiiniiieeeee e 22



3.1.1  EXperiment deSIZN .....cccueeruieeiieiieeiieiie ettt ettt 22
3.1.2 Fabrication of aligned gelatin/PCL nanofibrous membranes with layered
SETUCTUTC ...t st sne e ees 24
3. 1.3 Cell CUItUIE.c..eiiiiciiciece e 29
3.1.4 Fabrication of paper-stacked biomimetic scaffold with twisted plywood

SETUCTUTE. ...ttt sttt ettt e sbe e st e bt e st e e aeesaneenee e 29
3.1.5 Mechanical teStiNg .......c.ceviiiiiieiieiiieie et 32
3.1.6  Scanning Electron Microscopy (SEM) .......ccccvieriiieniiieeniieeiee e 34
3.1.7 Confocal Laser Scanning MiCIOSCOPY ...ccveeruveevierreriveenreeereeneesreenanenns 34
3.1.8  Von KoSSa StaIN....cc.cevuiiiiriiiiiiieiiesieeieee et 35
3.2 Reconstruction of Human Ear............c.cocooiiiiiiiiiiiiiececee e 36
3.2.1  EXPeriment deSIZN .....cc.eeeeuvieeiuieeeiieeeiieeeieeeeieeesieeesveeeeereeeseaeeeseaeeenenes 36
3.2.2 Laser scanning of the human ear model .............cccoeveiiieriiiniiiennienen, 38
3.2.3 Construction of CAD models.........cccceevuiriienieniniiiienieceeiceeeeee 39
3.2.4 Rapid prototyping of negative molds..........ccceecueeriiriiieniniienieiiees 44
3.3 Novel Design for BIOT€actOr ... ...ccouuiiiiiiiiiiieiie et 44
3.3.1 ProducCt repreSentation ...........ccueeecueeeeieieeniieenireesieeesreeesereeeeneeeseneeenenes 45
3.3.2  Product complexity and DFA evaluation............cccceeevvevieecveeniencieennnenns 46
3.3.3 DFA analysis of the current bioreactor product............ccceeveerverereennnns 52
3.3.4 Design verification using VR .........cccoooiiiiiiiiiiniiiiiieeeeee e 55
Results 60
4.1 Biomimetic Scaffolds for Bone TE..........cccociiiiiiiiiceeen 60
4.1.1 Mechanical teStING ........ccceevivieeiiieiiiee ettt sree e e e aee e 60
4.1.2  SEM IMAZES ...eecvvieniieeiieeiieeieesiteeieesieeeteesreesseessseeseessseeseesssessseesssesnses 64
4.1.3 Confocal Laser Scanning Microscopy images...........coceeeveevereerueruenne 69
4.1.4 Von Kossa Stain IMAZES .......ccceveeiiieeeiiieeiieeeiieesieeesseeesseeessseesssseeenns 72
4.2 Reconstruction of Human Ear..........c.cccooiiiiiiiiiiiccceeen 74
4.2.1 Fabricated negative MoOldS .........ccceeriieiieniiiiiiecieeieeeee e 74
4.2.2 Nanofibrous scaffold in the shape of human ear ...............ccceeeeennnne. 76
4.3 Novel Design for Bior€actor........cccuieiiiiiiiiieiiieiie ettt 77



4.3.1 The final design of biOT€aCtOr ........ccvuiieiiiriieiieie e 77

4.3.2 Evaluation with DFA ...t 78

4.3.3 Evaluation with VR .......cccoiii e 81

5 Discussion 85
5.1 Biomimetic Scaffold for Bone TE ...........ccccooiiiiiiiiiiiniiecceeeee e 85

5.2 Reconstruction of Human Ear...........ccccooiiiiiiiniiniiiinicccccseceeeen 87

5.3 Novel Design for BIOT€actor........c.eeviieiiiriiiiieiie et 88

6 Conclusions 90
6.1  Conclusion Remarks ..........cooieiiiiiiiiiiiieiie e 90

6.2 CONIIDULIONS. c..ceuteiiieiieieeiteett ettt sttt ettt st b et b e b eaeeeaees 91

6.3 FULUIE WOTK ...ttt sttt et e 92
Back Matter 93
L33 10) FT0Tea¥21 o) 1) 2SRRI 93
APPEINAIX Aottt ettt et e e b e et e s b e e be e e taeebeeetbeetaeenbeeaeaans 101
APPENAIX Bl et s be e ens 103
APPENAIX €ttt sttt 108

F N 0] 0153 114 £ 5 D LSRR 110
APPENAIX B oo e 112



List of Tables

Table 2.1 Highlights of selected commercial tissue engineering products.............cccc..... 10
Table 3.1 Detailed feed rates used to fabricate of a new composite scaffold.................... 27
Table 3.2 Criteria of product assembly COMPIEXItY. ........cccoveiiiiiiiiiiicce e 48
Table 3.3 Bioreactor’s components and fUNCHONS. ..........cocerviiriiiieiieieiene s 53

Vi



List of Figures

Figure 2.1 Hierarchical structure of the lobster cuticle: 1) N-acetyl-glucosamine

molecules, Il) antiparallel chains of a-chitin, I11) chitin—protein............ccccccovveviiennnnen. 13
Figure 2.2 Basic setup of an electrospinning SYStEM. .........cccevveeiiiiiieeiie e 15
Figure 3.1 Flow chart of the experiment design for biomimetic scaffold. ...................... 23
Figure 3.2 The cOo-electroSpINNING SELUP. ....c.eiviiieriiie et 26

Figure 3.3 Schematic view of the cross section of gelatin/PCL composite nanofibrous

IMEIMIDIANE. .ttt bbbttt b bbbt e e e e et bt bbb 26
Figure 3.4 Partially punched membrane disk for indication of alignment direction. ....... 27
Figure 3.5 Tubular scaffolds for small-caliber vascular graft.............ccccooniiininiiinnn. 28
Figure 3.6 The twisted plywood StIUCLUIE. .........cccoviiiiiiiiiiieieeee s 30
Figure 3.7 The multi-layer scaffold holder during cell culture............ccooiiiiniiinennn. 31
Figure 3.8 The new design of multi-layer scaffold holder.............cccooiiniiiiiiiiiice 32
Figure 3.9 Dog-bone-shaped specimen for tensile tests. ..........ccoovviiieiinineninecece 33
Figure 3.10 Flow chart of the experiment design for human ear reconstruction............... 36
Figure 3.11 The ear model used for this StUAY.........cccooeriiiiiniii 37
Figure 3.12 The 3D IaSEr SCANNET. ........cciiiiiiieiieieiese ettt 38
Figure 3.13 The basic workflow of Geomagic StUIO. ..........ccceoviirirciinineceece 39

vii



Figure 3.14 Construction of the 3D positive ear model. (a) a single scan; (b) two scans

combined; (c) nine scans merged together to form the 3D model; (d) the final 3D positive

ear model after OPtIMIZALION. .........cviiiiiiee e 40
Figure 3.15 Missing features caused by subtracting the ear model from a cube. ............. 41
Figure 3.16 The modified base with half-immersed ear model before subtraction. ......... 42
Figure 3.17 The final negative mold after SUDLraction. .............ccocevveienenenincnesecene 43
Figure 3.18 (a) Assembly and (b) components view of the sample product. ................... 45
Figure 3.19. Liaison graph of the sample product. ..o 45
Figure 3.20 Adjacency matrix of the l1aisSon graph..........ccocoooeviiiiiieiii 46
Figure 3.21 Design for assembly evaluation dimensions. ...........ccccevevenenencnencneeeenn 47
Figure 3.22 Complex matrix of the sample product. ............ccocvviriienenennceeee 50
Figure 3.23 Flow chart of the design process based on DFA. .........ccccoviininineniiien 51
Figure 3.24 Components of the BioReactor “In Breath” TYPE 807..........ccccccvviviinnnnnes 52
Figure 3.25 Liaison graph of the BioReactor “In Breath” TYPE 807. ........cccccoovvvrvnnnnne. 54
Figure 3.26 Complex matrix of the BioReactor “In Breath” TYPE 807........cc.cccevrunnne. 55
Figure 3.27 Flow chart of the VR SIMUlation. ...........cccccevviieiiiii e 57
Figure 3.28 Simulation routes for assembly and disassembly processes............cccccveveenee. 58
Figure 3.29 Simulation routes for close-up SIMulations. ............ccceevevievierecieceece e 59
Figure 4.1 True stress-true strain curve of different scaffolds under tension. .................. 62
Figure 4.2 Cyclic compression results of different scaffolds. ...........ccccooveveiieiicincnen. 63
Figure 4.3 True stress-true strain curve of different scaffolds under compression. ......... 63
Figure 4.4 SEM image of vapour crosslinked gelatin/PCL composite scaffold............... 65
Figure 4.5 SEM image of SBF deposited gelatin/PCL composite scaffold...................... 66

viii


file:///E:/Thesis/WenLi_thesis2011v7-print.docx%23_Toc312248845
file:///E:/Thesis/WenLi_thesis2011v7-print.docx%23_Toc312248847

Figure 4.6 SEM images with different magnifications of preosteoblasts seeded traditional
gelatin/PCL scaffold after 1 week of cell seeding. ........cccoooevviiiiiiiii e 67
Figure 4.7 SEM images with different magnifications of preosteoblasts seeded new
gelatin/PCL composite scaffold after 1 week of cell seeding. .......cccocevvvveivereiieinennn 68
Figure 4.8 Confocal microscopy image of preosteoblasts on traditional gelatin/PCL
scaffold 1 week after Cell SEEAING. .......cocviiiiiiiiee e 69
Figure 4.9 Confocal microscopy image of preosteablasts on new gelatin/PCL composite
scaffold 1 week after Cell SEEAING. .......cocvviiiiiiie 70
Figure 4.10 Confocal microscopy image of the paper-stacked biomimetic scaffold 2 week
after cell seeding, @ CroSS-SECTION VIBW. ......cceeiuiiieiierie e 71
Figure 4.11 Von Kossa stain result on preosteoblasts seeded traditional gelatin/PCL
scaffold after 1 week of Cell SEEAING.........coiiiiiiiieeee e 72

Figure 4.12 Von Kossa stain result on preosteoblasts seeded new gelatin/PCL composite

scaffold after 1 week of Cell SEEAING.......c.coviiiiiiiiee e 73
Figure 4.13 Negative molds fabricated by the SLA 3500 solid imaging system. ............ 74
Figure 4.14 The ear model fits tightly with the negative mold............c.ccccoeovevviveincnene. 75
Figure 4.15 Human ear shaped nanofibrous scaffold. ..........c.cccccovveviiieiicicc i 76
Figure 4.16 Final design of the bBIOreactor. ...........cccvece e 77
Figure 4.17 Scaffold holder designed for miCrovessels. .........ccccovvevevieveece e 78
Figure 4.18 Liaison graph of proposed product...........cccevveieieeiecie s 79
Figure 4.19 Complex matrix of the proposed product..........c.ccccevvevevievecre s 80

Figure 4.20 Operation interface of the evaluation simulation, both bioreactors were fully

assembled at the beginning of the SImulation. ............c.ccccooeeiiic i, 81



Figure 4.21 The disassembled view of both bioreactors.............c.ccoovveiviiiiiiiiiiciinns 82
Figure 4.22 Close-up simulation of the connection between motor shaft and input shaft.83
Figure 4.23 Close-up simulations of the connection between input shaft and scaffold

NOLAT . e 84



List of Copyrighted Material

Nikolov, S., Petrov, M., Lymperakis, L., Friak, M., Sachs, C., Fabritius, H. O.,
Neugebauer, J. (2010). Revealing the design principles of high-performance biological
composites using ab initio and multiscale simulations: the example of lobster cuticle. Adv
Mater, 22(4), 519-526. doi: 10.1002/adma.200902019

© Permission issued by Svetoslav Nikolov, 12/04/2011

0 £ PSSP 13

Li, W., Xing, M., Peng, Q. (2011). Bioreactor Improvement Based on Design for Assem-
bly in Virtual Environments. Proceedings of ASME 2011 International Design Engineer-
ing Technical Conferences & Computers and Information in Engineering Conference,
DETC2011-47916, Washington, DC, August 28 — 31.

© Permission issued by ASME, 12/13/2011

Following sections of this thesis are based on the work of this publication (W. Li, Xing,
& Peng, 2011).

R T=To3 A o] g P T 3
R T=To1 ([ 10U 17
R T=Tox o] 0 TR 19
Y=o ([0 1R TR TR 44
R T<Tox Ao T S0 SRR 78
Y=o ([0 1S TR TR 89

Xi



List of Abbreviations

AHP

APE

CAD

DFA

GTA

PBS

PCL

PGA

PLA

PLLA

PLM

SBF

SEM

TE

TFE

VE

VR

Analytic hierarchy process
Assembly Process Engineering
Computer-aided design

Design for Assembly
Glutaraldehyde

Phosphate buffered saline
Polycaprolactone
Poly(glycolic acid)

Poly(lactic acid)

Poly(L-lactic acid)

Product Lifecycle Management
Simulated Body Fluid
Scanning Electron Microscopy
Tissue engineering
2,2,2-trifluoroethanol

Virtual Environment

Virtual Reality

xii



Chapter 1

Introduction

1.1 Background

Most tissues and organs in the human body such as muscles and nerves cannot regenerate
spontaneously after injury or disease. Even for tissues that can regenerate spontaneously,
they may not be able to completely recover in severe cases. For example, bone loses self-
healing capability once its defect reaches a critical size. Tissue engineering, a multidisci-
plinary science, has been developed to repair and reconstruct damaged tissues by growing
cells in biodegradable porous scaffolds as implants (Langer & Vacanti, 1993). As cells
grow on the scaffold to form new tissue, scaffold itself slowly degrades. Cells could mi-
grate and grow inside the scaffold during the degradation, and eventually the scaffold will
be completely degraded and newly formed tissue will take its place. This new approach
has shown promising results in both research and application.

In order to fulfill their role as implants, TE scaffolds should have good degradability, cell
compatibility and mechanical strength, so that they can promote cell adhesion and growth

while maintaining their original shape until the new tissues are formed.
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1.2 Biomimetic Scaffolds for Bone TE

Bone tissue is one of the few human tissues that is capable of self-regeneration, but only
for small defects. Complete bone reunion is usually missing once bone defects exceed the
critical size or the fractures are complicated. Mechanical stability is critical for the bone
healing process, so defects need to be bridged in order to heal. The ideal bridging materi-
al should be osteoinductive, osteoconductive, and containing osteogenic cells
(Zimmermann, Wagner, Schmeckenbecher, Wentzensen, & Moghaddam, 2009). The
most popular therapeutic strategy is the use of autologous bone grafts, which incorporate
all features mentioned above to induce bone repair (Janicki & Schmidmaier, 2011).
However, harvesting of autologous bone grafts usually causes donor site morbidity;
common risks associated include infection, hemorrhage, nerve damage, loss of function,
cosmetic disability, and chronic pain (Arrington, Smith, Chambers, Bucknell, & Davino,
1996; Chou, Mann, Coughlin, McPeake, & Mizel, 2007). The use of allografts prevents
these hazards, but raises other problems such as potential risk of disease transmission
from donor to recipient and immune responses towards the implant. Alternatively, tissue
engineered bone substitutes have the advantage of unlimited availability without limita-
tions like donor site morbidity, disease transmission, or immunogenic reaction, making
them a promising replacement for auto- and allografts (Khaled, Saleh, Hindocha, Griffin,
& Khan, 2011).

Due to that no single material fulfills all the design requirements for TE scaffolds, most
existing scaffolds are fabricated by mixing certain ratios of two or more materials to

make up for the disadvantages of any one single material. For example, materials with
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good cell compatibility like collagen are usually mixed with materials with excellent me-
chanical strength like Poly (lactic acid) (PLA). If the ratio of collagen is increased, the
composite scaffold will have better cell compatibility but weaker mechanical strength. In
other words, the composite scaffolds may not have obvious drawbacks, but the ad-
vantages of component materials are diminished at the same time. Another problem with
the current scaffolds is that cell tends to grow on the surface of scaffolds instead of mi-
grating into the scaffold, leading to slow or incomplete tissue regeneration (Szpalski,

Wetterau, Barr, & Warren, 2011).

1.3 Human Ear Reconstruction

Damages to the external ear could be caused by accidents or microtia, the latter is a
congenital malformation and the prevalence varies from 0.83 to
17.4/10,000/population (Suutarla et al., 2007). Since the first ear-shaped cartilage was
engineered in a nude mouse model (Cao, Vacanti, Paige, Upton, & Vacanti, 1997), a
lot of research has been conducted in this field with different approaches. Recently,
ear-shaped cartilage was engineered in vitro from composite scaffold made of polygly-
colic acid (PGA) and polylactic acid (PLA) (Y. Liu et al., 2010). Titanium wire
frameworks were used in another study to support collagen made scaffold for long-
term stability after implantation (Zhou et al., 2011).

Although tissue engineering is a promising method for ear cartilage reconstruction, fabri-
cation of tissue engineered human ear is still a very challenging topic due to the fact that

the shape of the ear is irregular and sophisticated. The negative molds are required to
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manipulate scaffolds into the desired shape. Traditionally, negative molds were fabricated
by either hand carving (Zhou, et al., 2011) or impression casting on patient’s ear (Cao, et
al., 1997; Isogai et al., 2004). The hand carving alternative lacks accuracy, while impres-
sion casting only works for the normal ear instead of a damaged one. CAD technology
was used to transfer the shape of ear into 3D digital models, so that a precise mirror mod-
el and respective negative molds could be fabricated (Y. Liu, et al., 2010).

The goal of this study is to digitalize the human ear using a 3D laser scanner, and fabri-
cate the negative molds using 3D printing. With this new biomimetic structure, an ear-

shaped scaffold with excellent mechanical strength can be produced.

1.4  Novel Design for Bioreactor

Cardiovascular disease, the leading cause of death in the United States, kills more Ameri-
cans than cancer does. More than 500,000 coronary artery bypass procedures (CABP) are
performed each year (Hashi et al., 2007). Arterial and venous grafts have been used in the
CABP, which are associated with high costs and risk of exposure to diseases such as
AIDS and hepatitis C. Moreover, some patients do not have suitable vessels for surgical
harvest (Dahl et al., 2011). Therefore, replacing autologous vascular grafts with tubular
vascular scaffolds produced by tissue engineering is the best option for many patients.
Due to the 3D shape, tubular scaffolds cannot be cultured in traditional petri dishes, and
specially designed bioreactors are required to promote even cell distribution during cell

culture.
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The process of tissue production in tissue engineering relies on bioreactors to simulate
the physiological environment required for cell growth, attachment, and immigration.
Many types of bioreactors have been developed in the last two decades, from motionless
culture flasks to rotating wall chambers (Galaction, Cascaval, & Folescu, 2007). Due to
the fact that mammalian tissues are very sensitive to nutrient needs, nitrogenated waste,
pH values, and shear stresses, the bioreactor design is very complex. It is still currently at
early stages of development, especially for 3D tissue engineering, where many important
parameters for the tissue growth have not yet been fully understood (Galaction, et al.,
2007). Recently, a rotating double-chamber bioreactor designed for tubular scaffolds has
been developed to properly reconstruct the world’s first stem-cell-based tracheal graft
(Macchiarini et al., 2008). The commercial version of this bioreactor is named as BioRe-
actor “In Breath” TYPE 807 and launched by Harvard Apparatus GmbH (Hugo Sache,
2010).
The existing bioreactor has a number of limitations. For example, synthetic grafts with
diameters less than 4mm are unreliable due to frequent thrombosis and occlusion (Hashi,
et al., 2007). There have been many researches involving small-caliber vascular graft in
this area. However, the scaffold holder in the existing bioreactor can only support tubular
scaffolds with diameters near 10mm. A compatible scaffold holder with much smaller di-
ameter must be developed. Other problems related to the existing bioreactor operation are
as follows :
e The connection between the motor shaft and input shaft is difficult to match;
operators have to manually rotate the input shaft to get a proximate matching

angle, which may require many trials of angle adjustments until the perfect
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matching position is obtained.

e The connection between the input shaft and scaffold holder is a flat surface, it
is difficult to obtain a steady alignment required for the mixer to slide down
and secure the joint.

e In addition, the rotating double-chamber bioreactor has many details that could
be modified to further improve its operation performance.

As mentioned above, the BioReactor “In Breath” TYPE 807 performs poorly in manual
assembly and disassembly processes, both of which are critical for reducing the unneces-
sary exposure time and physical contacts with growing tissues during tissue mounting
and harvesting procedures. It is therefore necessary to optimize the bioreactor for manual
assembly and disassembly operations to minimize the risk of contamination and possible

tissue damage.
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1.5

Objectives and Rationale

Current problems and challenges:

Compromised performance in traditional composite scaffolds. It is impossible to
achieve high mechanical strength and cytocompatibility at the same time with the
current scaffold design.

Precise fabrication of scaffold is difficult for tissues with sophisticated three di-
mensional shapes.

Poor manual assembly performance of an existing bioreactor could lead to cell
culture contamination, which not only leads to wasted money and effort, but also

causes unnecessary delay on implantation.

This study aims to:

Optimize the traditional composite nanofibrous membrane scaffolds for maximum
cytocompatibility and mechanical strength using the co-electrospinning method.
Fabricate scaffolds that mimic the twisted plywood structure found in lobster cuti-
cles using the new composite nanofibrous membrane, so that mechanical strength
could be further enhanced.

Make a human ear-shaped scaffold using the biomimetic scaffold with the aid of
CAD technology.

Improve the manual operation performance of BioReactor “In Breath” TYPE 807
using the DFA method within a virtual environment, so that the new bioreactor

can minimize tissue damage during handling.



Chapter 2

Literature Review

2.1 Tissue Engineering

Most tissues in the human body cannot regenerate spontaneously in the event of an in-
jury or disease. Even tissues that can regenerate spontaneously, bone and skin, for ex-
ample, may not be able to completely recover in large defects. Tissue engineering (TE),
a multidisciplinary science, has been developed to repair, maintain, or improve tissue
function (Langer & Vacanti, 1993).

The concept of TE emerged in the 1980s, and quickly became the subject of increas-
ingly intensive research. Compared to traditional biomedical engineering, TE is in-
volved with living cells (Viola, Lal, & Grad, 2003), and one of the most common strat-
egies is to reconstruct tissues with cell seeded polymeric scaffolds, which are biocom-
patible, biodegradable, and specialized to grow tissue-specific cells (Bhatia, 2010).
Scaffold-free TE strategy has also been developed to fabricate cell sheets, which could
be used to reconstruct three-dimensional tissues (Elloumi-Hannachi, Yamato, & Okano,

2010). Growth factor delivery is another important aspect of TE because it plays a crit-
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ical role in cell growth and differentiation (Lee, Silva, & Mooney, 2011). Electric
fields have also been used to manipulate cells in TE for better control during tissue re-
construction (Markx, 2008).

TE has its roots in clinical medicine because both fields are strongly application-
oriented. Tissue engineered products have been successfully used in clinical applica-
tions since 1997 (Table 2.1) and the number of commercial products are growing rap-
idly. Pre-clinical studies have already found many promising scaffolds and cell types
for TE (Evans, 2011; Wong, Rustad, Longaker, & Gurtner, 2010), the most recent suc-
cessful clinical application includes implantation of TE bladders (Atala, Bauer, Soker,
Yoo, & Retik, 2006) and tracheal segment (Macchiarini, et al., 2008). Further im-
provements have also been done on the tracheal implants to improve its functionality
(Ott, Weatherly, & Detamore, 2011). For another example, TE heart valve constructs
have the potential to replace traditional mechanical valves which suffer from high risk
of thrombogenesis (Apte, Paul, Prakash, & Shum-Tim, 2011).

Potential financial rewards greatly stimulates the growth of TE, by the year of 2040 a
quarter of the US GDP will be related to healthcare, and more than 8% of healthcare
spending will be related to organ replacement (Services, 2006). With large funding
from the government, industry, and private finance, it is very likely to over-engineer
the TE products and make them unpractical for clinical use (Place, Evans, & Stevens,
2009). In another word, laboratory approach should always match the clinical needs

(Ott, et al., 2011).
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Table 2.1 Highlights of selected commercial tissue engineering products.

Tissue Product Time Description
Skin TransCyte, Ad- 1997 Nylon mesh coated with porcine
vanced Bioheal- collagen, containing non-viable
ing human fibroblasts, with upper lay-
er of silicon
PriMatrix, TEI Bi- 2008 Decellularized fetal bovine skin
ociences
Bone INFUSE Bone 2002 Bovine type | collagen sponges
Draft, Medtronic soaked in rhBMP-2 in LT-CAGE
Lumbar
Bioset IC, Pioneer 2008 Human demineralized bone matrix
surgical with bovine bone chips in type |
collagen carrier
Carti- Synvisc, Genzyme 1997 Hyaluronic acid from chicken
lage combs
Menaflex, Re- 2008 Bovine type I collagen with hyalu-
genbiologics ronic acid and glycosaminglycans,
hydrated
Bladder Neo-bladder, Ten-  Phase Il |Poly(lactic-co-glycolic acid) seeded
gion with urothelial and smooth muscle
cells
Blood VascuGel, Pervasis  |Phase 1l Gelfoam procine gelatin foam
vessel sponges seeded with endothelial

cells

Tissue engineering uses biocompatible and biodegradable structures as implants; these

porous structures, usually called scaffolds, are capable of mimicking extracellular matrix

(ECM) to induce cell adhesion, migration, proliferation, and differentiation (Ma, 2008).

Scaffolds should have enough mechanical strength to maintain their original shape during

the healing process, so that a mechanical stable environment is available for new tissue

formation. Scaffolds should also have the ability to deliver biofactors like cells, growth

factors, and proteins, so that tissue regeneration is enhanced and the goal of tissue repair

can be achieved.
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2.1.1 Materials for TE scaffolds

Scaffolds can be divided into two groups based on materials: natural and synthetic. Natu-
ral scaffolds are mostly made of natural polymers like collagen (Phipps, Clem, Grunda,
Clines, & Bellis, 2012), fibrin (Liang & Andreadis, 2011), chitosan (Zhao et al., 2011),
silk (Y. Zhang et al., 2011), and gelatin (Hussain, Bessho, Takahashi, & Tabata, 2011).
These materials have excellent cell compatibility which is enhanced by their bioactivity
with related peptide sequences (Holzwarth & Ma, 2011). Synthetic scaffolds, such as
poly(lactic acid) (PLA) (P. Zhang et al., 2011), poly(L-lactic acid) (PLLA) (Schofer et al.,
2011), poly(glycolic acid) (PGA)(Choi, Choi, Park, Kim, & Min, 2010), and polycapro-
lactone (PCL) (G. H. Kim, 2008), lack bioactivity but have advantages in stability, flexi-
bility, and mechanical strength. Since both natural and synthetic materials have their own
advantages and disadvantages, composite scaffolds were developed to minimize the
drawbacks of both. In this study gelatin and PCL were used to fabricate composite scaf-
folds for bone regeneration due to the fact that they complement each other very well.
This combination of polymers was analyzed and evaluated in research with promising re-
sults (Chong et al., 2007; Jeong, Lee, Lee, & Shin, 2008; C. Y. Li et al., 2011; Xiang, Li,
Zhang, Chen, & Zhou, 2011). As a denatured form of collagen, gelatin maintains excel-
lent cell compatibility and biodegradability without causing potential immunological
problems (Harrington & Von Hippel, 1961; Langer, 2009). Although tougher than colla-
gen, its mechanical stiffness is still not high enough for bone scaffolds, so polymers with
better mechanical porperties like PCL are required as a co-electrospinning polymer. PCL

is also biodegradable within the human body, forming a naturally occurring chemical
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called lactic acid (Khaled, et al., 2011). Compared to similar materials like PGA and PLA,
PCL has the slowest degradation speed, which means it is capable of providing sufficient
mechanical support for a longer period of time. The fast-degrading gelatin results in a
rapid increasing in pore size, which is favorable for cell migration and differentiation,
while the slow-degrading PCL makes sure that the mechanical strength of the composite
scaffold is not sacrificed. It is hard for cells to attach on a pure PCL scaffold due to its
hydrophobicity, and the composite scaffold has much better cell adhesion because gelatin
is very hydrophilic. Another advantage of the gelatin/PCL combination is that both pol-
ymers can be fabricated into scaffolds effectively. The composite nanofibrous membrane
produced in this study took only 1 hour to electrospin, which is significantly faster than
polymers like chitosan and silk, and such advantage is critical for clinical translation
(Place, et al., 2009).

In order to further improve the mechanical strength of the scaffold, the twisted plywood
structure (Figure 2.1) was found in the cuticle of lobster Homarus americanus, and it
greatly increases the stiffness of the cuticle while maintain a very low weight (Nikolov et
al., 2010). Such structure can be mimicked by stacking layers of aligned nanofibrous
membranes to create a scaffold with enhanced mechanical strength to provide a more

mechanical stable environment for bone regeneration.
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twisted plywood of honeycomb-like mineralized
Homarus americanus multilayer cuticle chitin-protein planes chitin-protein plane

IIITITIIT
TITITII

~200 nm

VI

N-acetyl-glucosamine a-chitin chains chitin nanofibrils chitin-protein fibers in
molecules wrapped with proteins mineral-protein matrix

Figure 2.1 Hierarchical structure of the lobster cuticle: 1) N-acetyl-glucosamine mole-
cules, I1) antiparallel chains of a-chitin, Il1) chitin—protein
nanofibrils, 1V) chitin—protein fibers in a mineral—protein matrix (not shown), V) cuticle
with pore canal system (in-plane cross-section),
VI) twisted plywood structure, and V1) three-layered cuticle.
Source: Nikolov, et al., 2010. Used with permission (12/04/2011), © Svetoslav Ni-
kolov.

After electrospinning, the nanofibrous membranes need to be cross-linked to maintain the
morphology of gelatin nanofibers. Genipin and Glutaraldehyde (GTA) were used as gela-
tin cross-linkers in previous studies and both showed promising results (Chang, Chang,
Lai, & Sung, 2003; Qian, Zhang, Chen, Ke, & Mo, 2011). The method of GTA vapor
cross-linking is chosen in this study due to the fact that the process is less time consum-
ing.

Lots of bone tissue engineering related research immerse scaffolds in Simulated Body

Fluid (SBF) to deposit calcium, phosphorous, and magnesium ions , which are favorable
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to the bone formation (Bigi, Bracci, Cojazzi, Panzavolta, & Rubini, 2004; X. Liu, Smith,
Hu, & Ma, 2009; J. Lu et al., 2011; Ren, Tsuru, Hayakawa, & Osaka, 2002), so this
treatment is used to further enhance the bone repair function of our new composite scaf-
fold. It is also possible to physically or chemically add drugs (Wei, Li, Mugishima,
Teramoto, & Abe, 2011), growth factors (Du et al., 2012), enzymes (D. Lu, Cardiel, Cao,
& Shen, 2010), or proteins (Zou et al., 2011) to nanofibrous scaffolds for controlled drug
release or better mimicking of the cellular environment.

The main limitation of the electrospun nanofibrous membranes is its pore size, which is
usually too small for cells to migrate into the scaffold so that they can only grow on the
surface. With gelatin/PCL composite scaffold, larger pore size was achieved upon gelatin
degradation, but the improved pore size only allows cell penetration up to 0.1 mm (Zhang,
Ouyang, Lim, Ramakrishna, & Huang, 2005). In order to overcome this limitation, mem-
branes were seeded with cells first, then stacked together to form the twisted plywood

structure with cells between each layer.

2.1.2 Fabrication methods of TE scaffolds

Many scaffold fabrication methods have been developed in tissue engineering; the
most common ones are cross-linking (Van Vlierberghe, Dubruel, & Schacht, 2011),
self-assembly (Nowak et al., 2002), freeze-drying (Santin et al., 1996), salt-leaching
(Wu, Jing, & Ding, 2006), gas-foaming (Murphy, Peters, Kohn, & Mooney, 2000), and
electrospinning. Compared to other methods, electrospinning is a highly versatile tech-
nique that offers better control over scaffold composition and morphology. When it

was first proposed as a viable fiber fabrication method in the early 1930s (Subbiah,



2.1 Tissue Engineering 15

Bhat, Tock, Parameswaran, & Ramkumar, 2005), electrospinning didn’t get much at-
tention. During the past few years, due to the rapid growth in nanotechnology, lots of
studies have explored the relationships between electrospinning parameters and struc-
ture features.

As shown in Figure 2.2 the basic setup of an electrospinning system consists of a high
voltage power supply, a syringe mounted on a syringe pump, and a rotating drum col-
lector. Electrostatic forces created by the high voltage difference between the syringe
tip and the collector act on the polymer solution, and form a jet once the force is larger
than the surface tension. As the jet travels, solvents evaporate and leave nanofibers on

the collector.

High voltage power supply Syringe Electrospinning jet Collector

Syringe pump

Figure 2.2 Basic setup of an electrospinning system.
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Parameters of electrospinning process include solution properties, controlled variables,
and ambient parameters (Doshi & Reneker, 1995). Solution viscosity has the biggest
impact on fiber size and morphology among solution properties. It is very convenient
to adjust viscosity by altering the polymer concentration, and higher concentration
leads to larger fibers. As the driven force of electrospinning, field strength is the most
important parameter among controlled variables. Higher applied voltage means higher
field strength and leads to smaller fiber diameter. Ambient parameters include factors
like temperature and humidity. Temperature affects the fiber size by changing the solu-
tion viscosity, and high humidity results in small circular pores on the fiber surface.
Since it is relatively hard to control ambient parameters, it’s more practical to adjust
solvent properties and controlled variables instead.

Besides adjusting electrospinning parameters, it’s also possible to modify electrospinning
setup to produce fibers with unique morphologies. Aligned fibers were fabricated using a
rotating drum collector, and the degree of alignment could be adjusted by changing the
rotatory speed of the drum collector (Chew, Wen, Yim, & Leong, 2005). Such aligned
nanofibers could be used to produce scaffolds that mimic native tissues; it could also be
used to manipulate the mechanical properties of scaffolds. Hollow nanofibers were pro-
duced by using a co-axial, two capillary spinneret (Li & Xia, 2004), and they could be

used for drug release.
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2.2 Design for Assembly

Assembly is an important activity in product manufacturing and maintenance. Based on
statistical data, assembly can take up to 50 per cent of product manufacturing cost
(Mathew & Rao, 2010). Assembly-related design problems have been explored by engi-
neers and researchers for decades. DFA evaluates product design to make it suitable for
an assembly process. The published work has introduced design guidelines and heuristic
rules for qualitative evaluation. Desai and Mital discussed a comprehensive design meth-
odology for ease of assembly (Desai & Mital, 2010). Gerdemeli et al. used DFA in a re-
design process of the glass block holder for an automation machine used in the glass pro-
duction industry (Gerdemeli, Fetvaci, & Kayaoglu, 2011). Khan discussed DFA im-
portance in print circuit board design, fabrication, assembly and test (Khan, 2010). Park
et al. proposed an assembly strategy to satisfy basic assembly requirements of the Toka-
mak device. The assembly is designed based on assembly plan, available space, cost,
safety, easy operation, and efficient maintenance (Park et al., 2010). Demoly et al. sug-
gested a method of DFA for Assembly Process Engineering (APE) and Product Lifecycle
Management (PLM). Assembly constraints were considered in the early product devel-
opment for the need of concurrent engineering (F. Demoly, Gomes, Eynard, & Rivest,
2010). Tavares et al. considered alternatives for fasteners used in airframes to simplify
the design for manufacturing and assembly process (Tavares & de Castro, 2011). Xu and
Li implemented the assembly variant design for complicated task planning. They used a

dimension constraint network among parts at the dimension level (Xu & Li, 2010).



2.2 Design for Assembly 18

In the early product design stage, it is desirable to produce a number of potential solu-
tions to help designers fully explore possible solutions based on design for manufacture
and assembly heuristics (Poppa, Stone, & Asme, 2010). Different approaches have been
proposed for assembly design, process, and operations, such as assembly oriented product
design and optimization; integration of assembly evaluation, assembly process planning
and assembly system design; computer-aided assembly systems using assembly features
supported by an agent paradigm; the decision support of parts’ assembly sequences; the
fuzzy DFA decision support system; and the DFA approach based on system modeling
language paradigm considering an assembly oriented product structure (Frederic Demoly,
Yan, Eynard, Rivest, & Gomes, 2011).

Mathematical models can be used to describe DFA heuristic rules and assembly pro-
cessing for an assembly oriented design framework. They provide guidance to assembly
planning and product structure (Frederic Demoly, et al., 2011). The trade-off, or solving
conflict is an important process in assembly design. Trade-off parameters must be bal-
anced to achieve design optimization. Li used an analytic hierarchy process (AHP) to aid
in alternatives selection. TRIZ and AHP were integrated for the assembly design selec-
tion. TRIZ converts a complex design problem into a contradiction matrix. AHP decom-
poses the decision process into a hierarchical sequence to determine the relative im-
portance of each alternative through pairwise comparisons (T. Li, 2010).

Liu used a variant design method of assembly to improve design efficiency of the product
(F. Liu, Lu, & Kuang, 2011). Wang et al. used a class-diagram based assembly model in
the aero-engine assembly for assembly planning, operation simulations and evaluations

(Wang, Yu, & Zhang, 2010). Huang and Kong’s research on product assembly consid-
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ered both product and the manufacturing system applied. Uncertainties were discussed
for process capability and product usability affected by users’ capability (Huang & Kong,
2010).

Some ergonomic studies have found that due to improper designs, defective parts, vari-
ance in assembly system, and operating errors, failures related to operator-induced as-
sembly defects can occur. Many researchers have discussed assembly complexity. DFA
can evaluate a design based on modeling assembly difficulty, which can be measured
based on component complexity and assembly complexity (Su, Liu, & Whitney, 2010).
Therefore, DFA provides useful guidelines for an optimal product design. However, its
effectiveness may not be immediately tested until the product is made. VR is an ideal tool

for the purpose of saving time and cost on making the actual prototype.

2.3 Virtual Reality (VR) and Applications in DFA

VR provides a sense of presence in virtual environments. It is a useful tool for simulating
human-machine interactions. Using virtual assembly simulations, designers can improve
DFA in virtual environments. Assembly evaluation can be performed in the early product
design stage. A conceptual design can be optimized using VR simulation.

Besides offering the ability to visualize the product assembly process, complex human in-
teractions can be analyzed in virtual simulations to identify assembly-related problems
such as tools and parts accessibility, operation ability, handling ability, operation direc-
tions and angles required during assembly. VR can also provide a good training platform

for users to perform assembly tasks.
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As VR provides a cost-effective tool to evaluate designs without actual production, VR is
widely used to support research and industrial applications. For example, Kang and
Peng’s application of VR in DFA analysis, used VR in product design and manufacturing
simulation to address both geometric and subjective evaluations required in an assembly
operation (Kang & Peng, 2010). Liu discussed the digital virtual assembly process and
the assembly simulation using process modeling and simulation technology (H. Liu, Shen,
& Fan, 2010). Jin et al. introduced a 3D analysis model to evaluate the different assembly
schemes (Jin, Cali, Lai, & Lin, 2010). 3D CAD modeling allows the visual inspection of a
design and identification of any potential problems in product assembly (Thomas, Legoy,
& Amann, 2010).

Yip-Hoi analyzed product assemblies using modeling techniques and assembling mecha-
nisms for training purposes. The simulation was applied toward both assembly modeling
and collaborative assemblies (Yip-Hoi, 2010). Chen developed an assembly model in a
virtual assembly system based on assembly constraints using object-oriented hierarchical
structures (Chen, Wu, & Yang, 2010).

Ergonomics related design is important for product assembly, which can also be evaluat-
ed in VEs for working postures and physical workloads in assembly (Alzuheri, Luong, &
Xing, 2010). Although assembly-related issues have been explored by industrial engi-
neers and academic scholars for several decades, operator-induced assembly defects have
not been fully addressed (Su, et al., 2010). VR provides an ideal interface for the evalua-
tion of operator-induced assembly. Seth reviewed various VR applications and technolo-

gies for DFA (Seth, Vance, & Oliver, 2011).
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Therefore, VR is an ideal tool for simulating tasks that require frequent and intuitive
manual interaction. We propose an assembly modeling approach to meet the VR simula-
tion by improving and integrating existing methods. A virtual environment, Eon Studio
(Eon Reality, 2011), is used. The proposed method provides an optimal product design

for bioreactor operators to manipulate the device accurately and efficiently.



Chapter 3

Methods

3.1 Biomimetic Scaffolds for Bone TE

3.1.1 Experiment design

The experiment is divided into two phases as shown in Figure 3.1. The first phase on the
left side of the flow chart is fabrication of new composite nanofibrous membranes, and
the second phase on the right side of the flow chart is fabrication of the biomimetic twist-

ed plywood structure.
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Figure 3.1 Flow chart of the experiment design for biomimetic scaffold.
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3.1.2 Fabrication of aligned gelatin/PCL nanofibrous membranes with

layered structure

Pre-electrospinning polymer solutions were prepared 1 day before electrospinning and
stirred with magnetic bars overnight. PCL particles were added into 2,2,2-trifluoroethanol
(TFE) to create 10% w/v PCL solution. Type A gelatin powder was dissolved in the wa-
ter-based co-solvents containing 60% v/v acetic acid and 10% v/v ethyl acetate to pro-
duce 20% wi/v gelatin solution (Song, Kim, & Kim, 2008). Syringes loaded with each
pre-electrospinning polymer solution were mounted on two syringe pumps that were
placed at opposite sides of the aluminum-foil-wrapped rotating drum collector (Figure
3.2). A voltage of 20 kV was applied on the two 20 gauge syringe needles to create an
electrostatic force field for electrospinning, and a rotation speed of 1000 rpm was applied
to the grounded drum collector to fabricate aligned nanofibrous membranes. The flow
rate of gelatin and PCL solutions used for electrospinning are indicated in Table 3.1 to
create membranes with layers of different compositions (Figure 3.3). The inside layer
contains 70% PCL for maximum mechanical strength (M. S. Kim et al., 2010) and the
outside layers contain only 10% PCL for better cell compatibility.

The fabricated membranes were removed from the drum collector with aluminum foil
and dried under vacuum at room temperature overnight to fully evaporate the remaining
solvent, followed by vapour crosslinking with glutaraldehyde (GTA) in a sealed chamber
for 3 days, and then the membranes were vacuumed again before immersing in Simulated
Body Fluid (SBF) for two days for mineral deposition. The steps of preparing SBF are

shown below:
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1. Add 500 ml of ion-exchanged and distilled water into a 1L bottle, and stir with a
magnetic stirrer.

2. Add 7.996 g of NaCl.

3. Add 0.350 g of NaHCO:s.

4. Add 0.224 g of KCI.

5. Add 0.228 g of K;HPO,4-3H,0.

6. Add 0.305 g of MgCl,-6H,0.

7. Add 40 mL 1M-HCI.

8. Add 0.278 g of CaCl..

9. Add 0.071 g of Na,SO,.

10. Add 6.057 g of (CH,OH)3CNH,.

11. Put the bottle in a water bath to adjust the temperature of the solution to 36.5°C.

12. Add 1N-HCL to adjust the pH value to 7.40.

13. Add ion-exchanged and distilled water to adjust the total volume to 1L.
The treated membranes were punched into small partial disks (Figure 3.4) for cell seeding,
and the asymmetrical shape was used to indicate the orientation of the nanofibers.
By replacing the drum collector with a smaller diameter mandrel, tubular composite scaf-
folds with layered structure (Figure 3.5) were created. Such scaffolds were made for re-

pairing microvessels after cell culture in BioReactor “In Breath” TYPE 807.
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= |
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Figure 3.2 The co-electrospinning setup.
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Figure 3.3 Schematic view of the cross section of gelatin/PCL composite nanofibrous
membrane.
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Table 3.1 Detailed feed rates used to fabricate of a new composite scaffold.

Time 0—20 min 20 — 100 min 100 — 120 min
PCL (10%. m/v) 0.11 ml/h 2.33 ml/h 0.11 ml/h
Gelatin (20%, m/v) 0.5 ml/h 0.5 ml/h 0.5 ml/h

Figure 3.4 Partially punched membrane disk for indication of alignment direction.
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Figure 3.5 Tubular scaffolds for small-caliber vascular graft.
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3.1.3 Cell culture

Preosteoblasts were purchased from American Type Culture Collection (ATCC) and cul-
tured with Alpha Modification of Minimum Essential Medium supplemented with 10%
fetal bovine serum and 1% penicillin, at 37 <C and 5% CO,. Cells were harvested by add-
ing 0.25% Trypsin in Balanced Salt Solution followed by quenching with medium to re-
suspend the cells. Nanofibrous membranes were pre-treated for seeding by incubating
with Phosphate-buffered Saline (PBS) overnight and dried on filter paper immediately
prior to cell seeding. Cell suspension was centrifuged at 3000 rpm for 8 minutes, then the
cellular concentration was adjusted to 5 >10° cells mL™. Each nanofibrous membrane
was incubated for 3 hours after cell seeding with 20 pL of cell suspension to allow cell

attachment, then culture medium was added and changed every 2 days (ATCC, 2011).

3.14 Fabrication of paper-stacked biomimetic scaffold with twisted
plywood structure

The twisted plywood structure (Figure 3.6) is obtained by stacking multiple aligned
PCL/gelatin nanofibrous membranes with a clockwise twist in alignment direction of 15
degrees after one week of cell seeding. In order to track the alignment direction after cell
seeding, membranes were punched into partial disks (Figure 3.4) as mentioned in section
3.1.2. Each twisted plywood scaffold was made of five layers of membranes, and they
were cultured in multi-layer scaffold holder as shown in Figure 3.7, such holder makes
sure the scaffolds maintain their twisted wood structure during cell culturing by sand-

wiching them between autoclavable stainless steel meshes.
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Figure 3.6 The twisted plywood structure.
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Figure 3.7 The multi-layer scaffold holder during cell culture.

The downside of the scaffold holder in Figure 3.7 is that precise insertion is required dur-
ing assembly and contacts with gloves are unavoidable, causing high risk of contamina-
tion. The new design of the scaffold holder (Figure 3.8) is made of only two pieces of
stainless steel meshes that automatically clamp together when the top piece is pushed
down, and this operation could be done using autoclaved tweezers to prevent contamina-

tion.
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Figure 3.8 The new design of multi-layer scaffold holder.

3.1.5 Mechanical testing

Tensile tests on biomimetic scaffolds, pure PCL scaffolds, and pure gelatin scaffolds
were performed on a Zwick Z005 testing machine. In order to eliminate failure caused by
griping force, nanofibrous membranes were cut into dog-bone-shaped specimens, which
are 70mm >20mm overall in size and 40mm > 10mm in the gauge area (Figure 3.9). For
the biomimetic scaffolds, samples were made of 6 layers with a twist angle of 30 degree
and a total thickness of 0.5mm. For the nonwoven pure PCL and gelatin scaffolds, the
same thickness of 0.5mm was used. A stretching rate of 4mm per minute was applied un-

til the load drop below 60% of the maximum load.
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Figure 3.9 Dog-bone-shaped specimen for tensile tests.

Compressive tests were performed on the same testing machine Zwick Z005 with a com-
pression rate of 2mm per minute. Samples were punched into small discs with diameter
of 6mm and thickness of 1mm. Cyclic compression tests were performed first to bring the
samples to a stable condition for the large loading tests. During cyclic compression tests,
samples were compressed until 15N of resistance was achieved, then the testing machine
removed all the loading before next compression cycle. 3 cycles were performed before

the samples were compressed to a maximum strain of 0.9 for the large loading tests.
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3.1.6 Scanning Electron Microscopy (SEM)

After 1 week of cell culturing, sample scaffolds were fixed with 4% paraformaldehyde
for 24 hours then dehydrated in graded concentrations of ethanol (10 min each in 30, 50,
70, 90, and 100%, followed by two more times in 100% ethanol). The dehydrated scaf-
folds were gold coated and observed under the SEM under an accelerating voltage of 20

kV.

3.1.7 Confocal Laser Scanning Microscopy

After 1 week of cell culture, scaffold samples were stained in the following steps for con-
focal laser scanning microscopy:

1. Wash with PBS for 3 times to remove cells from the culture medium.

2. Add 4% paraformaldehyde to fix the cells for 10 min.

3. Wash with PBS once.

4. Add bovine serum albumin and immerse for 10 min

5. Add Triton X-100 and immerse for 5 min.

6. Wash with PBS once.

7. Add phallacidin to stain cytoskeleton for 20 min.

8. Wash with PBS twice.

9. Add TO-PRO-3 to stain cell nuclear for 20 min.

10. Wash scaffolds with PSB twice to remove excessive stains.

11. Wait for stained scaffolds to dry then fix them between microscope slides and top

slips for observation under confocal laser scanning microscopy.
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In order to view the cross section of paper-stacked scaffold under confocal microscopy,
cryosection was performed after performing the staining procedures mentioned above.
The stained samples were transferred into embedding molds filled with tissue freezing
medium then froze at -80<C overnight. Slices with thickness of 10 micrometers were cut
using the cryostat LEICA CM3050S for observation under confocal laser scanning mi-

croscopy.

3.1.8 Von Kossa Stain

Sample scaffolds were treated in the following steps to verify calcification:
1. Incubated with 1% silver nitrate solution in a clear glass coplin jar placed under
UV light for 20 minutes.
2. Wash with distilled water twice.
3. Add 5% sodium thiosulfate to remove un-reacted silver for 5 minutes.
4. Wash with distilled water once.
5. Counterstain with nuclear fast red for 5 minutes.
6. Wash with distilled water once.
7. Dehydrate through graded alcohol and clear in xylene.
8. Wait for stained scaffolds to dry then fix them between microscope slides and top

slips for observation under optical microscopy.
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3.2 Reconstruction of Human Ear
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Figure 3.10 Flow chart of the experiment design for human ear reconstruction.
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The experiment design is shown in Figure 3.10. Due to the fact that fabrication process of
the biomimetic scaffold has already been discussed in the previous section, this section

will focus on VR technology and mold fabrication. A human ear model was used for this

study to provide consistent measurement (Figure 3.11).

Figure 3.11 The ear model used for this study.
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3.2.2 Laser scanning of the human ear model

ShapeGrabber 3D laser scanner (Figure 3.12) was used in this study to capture the geo-

metric data of the human ear model. The scan resolution was set to 0.05mm to match the

maximum resolution of the 3D printing system used later on.

Figure 3.12 The 3D laser scanner.

A single scan can only digitize part of the ear model from one angle as shown in Figure
3.14.a. In order to construct a complete 3D CAD model, a total of 9 scans of the ear mod-

el were captured from different angles using the 3D laser scanner.
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3.2.3 Construction of CAD models

The work flow used in this study is shown in Figure 3.13. All data gathered by the 3D la-
ser scanner are in point phase, and need to be combined (Figure 3.14.c) in Geomagic Stu-
dio to create a rough 3D model. The rough model is then transformed into polygon data
for further optimization. After repairing holes and smoothing the surfaces of the initial

polygon model, the completed 3D positive human ear model is obtained (Figure 3.14.d).

[Point Phase

Warp <
V

[Polygon Phase

Export <
vV

[STLfHe

Figure 3.13 The basic workflow of Geomagic Studio.
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(b)
(d)

Figure 3.14 Construction of the 3D positive ear model. (a) a single scan; (b) two scans
combined; (c) nine scans merged together to form the 3D model; (d) the final 3D positive
ear model after optimization.
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After the 3D CAD model of the ear was finished, 3D CAD models of the negative molds
were constructed by subtracting the positive model from cuboid shaped bases. As shown
in Figure 3.15, the base before subtraction is represented in blue, the base after subtrac-
tion is represented in black, and the ear model is represented in gray. The geometric fea-
ture of three regions was lost after subtraction as indicated by yellow arrows. This is
caused by the incomplete contact between base and ear models when the front half of the

ear model is immersed.

Figure 3.15 Missing features caused by subtracting the ear model from a cube.
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In order to solve this problem, modifications on the contact surface of the base are neces-
sary. By adding an extension that covers all the region of feature loss (Figure 3.16), com-
plete contact between base and ear models was achieved to eliminate any feature loss af-

ter the subtraction operation. The final 3D CAD model is shown in Figure 3.17.

Figure 3.16 The modified base with half-immersed ear model before subtraction.
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Figure 3.17 The final negative mold after subtraction.
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324 Rapid prototyping of negative molds

The negative molds were exported into binary STL files for rapid prototyping using a
SLA 3500 solid imaging system. Molds were fabricated in layers of 0.05mm for maxi-
mum 3D printing resolution.

The SLA 3500 is loaded with 3D Systems Accura® Sl 10 resin, which has the following
typical Post-Cured Material Properties (U of M, 2011):

* Tensile strength of 62-76 MPa (9010-10940 PSI)

* Flexural strength of 89-115 MPa (12900-16600 PSI)

» Hardness 86 shore D

« Elongation at break of 4-5%

3.3 Novel Design for Bioreactor

Assembly modeling is an extension of geometric modeling that facilitates construction,
modification and analysis of complex assemblies. In assembly modeling, a product model
is created to represent a product with several smaller components. Parts and components
are added to an assembly by specifying mating conditions or constraints. Therefore, an
assembly model includes not only components, but also relationships among them. To
describe a product, the elementary components and their relationships should be defined.
A component that cannot be further divided into smaller components is called a single
part. A group of components merged together is called a sub-assembly. The installation

of sub-assembly and components forms the final product.
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3.3.1 Product representation

The liaison graph and assembly matrix are commonly used in assembly modeling to indi-
cate a product structure. For a multi-level assembly process, a product can be described
by components and their connections. An example is shown in Figure 3.18. An assembly
model represented by a typical liaison graph is shown in Figure 3.19, where lines repre-
sent connections between components denoted as 1 to 7. Based on graph theory, the rela-
tionship in a graph can be mapped one-to-one into an adjacency matrix R, as shown in
Figure 3.20. It is a 7x7 sized matrix. In the matrix, R; =1 indicates a connection be-

tween components i and j; Rj; =0 means no connection between parts i and j.

(b) §

Figure 3.18 (a) Assembly and (b) components view of the sample product.
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6

7

Figure 3.20 Adjacency matrix of the liaison graph.
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Product assembly complexity is the degree of individual parts or subassemblies that have

geometrical attributes to cause difficulties or problems during assembly processes. Prod-
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uct complexity directly affects the performance of DFA. Identification and measurement
of assembly complexity will support DFA to guide designers toward creating a product
with low assembly difficulty.

An analytic DFA model is the description of assembly relationships between assembly
components with constraints such as assembly features, component types and their se-
guences, engineering constraints such as assembly operations and assembly tools. Based
on the method developed by Boothroyd et al. (Boothroyd, Dewhurst, & Knight, 2002),
DFA provides a guideline for product design with the easy assembly. Dimensions of the
DFA evaluation shown in Figure 3.21 include processing setup time, part insertion diffi-
culty, fastening operation, positioning difficulty, handling difficulty, labor skills required,
and assembly tools required. Evaluation criteria of the bioreactor product assembly com-

plexity can be identified based on these dimensions.

e Processing setup time
e Part insertion difficulty
e Fastening operation HN DFA

e Positioning difficulty S Evaluation
e Handling difficulty

e Labor skills required

e Assembly tools required

Figure 3.21 Design for assembly evaluation dimensions.
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Table 3.2 Criteria of product assembly complexity.

Criterion

Complex level

Part geometry Part size:

(1) Easyto handle -1
(2) Too small - 4

Alignment for assembly:

(1) Easy — natural resting - 1

(2) Locator reference required - 3
(3) peg insertion - 5

Part symmetry:

(1) symmetric - 1

(2) semi-symmetric - 2
(3) Non-symmetric - 4

Handling difficulty:

(1) one hand - 1

(2) two hands - 2

(3) fixture or tool required - 4

Features may cause jam and tangle
(1) yes-3
(2 no-0

Process complexity Fastening type:

(1) Integrated with assembly (snaps etc.)- 1
(2) Rivets, staples and adhesive - 3

(3) Screws and nails - 5

(4) Multi-pieces (nuts and bolts) - 5

Parts’ connection ways
(1) shaft-hole-fit - 2

(2) plane-oriented-fit - 1
(3) screw-joint - 5

(4) key-slot-joint - 4

(1) yes-0
(2) no-3

Enough space for assembly operations
(1) yes-0
(2 no-3

Interference with other parts
(1) yes-3
(2) no-0

Chamfers to reduce resistance of a part insertion

DFA guides a design for simplifying of parts and operations in the assembly process. It

requires investigating design details for assembly operations, such as any hand or fixture
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required to hold parts, parts assembly order, tools required, accessibility of parts, tools or
hands, visibility of mating surfaces, and part position for alignment and rotation.

The assembly complexity consists of design-based complexity and process-based com-
plexity (Su, et al., 2010). We set difficulty levels based on time required for handling the
part and in operations of the assembly. Different connection structure needs different
time to complete an assembly. Commonly used methods in bioreactor operation and dif-
ficulty levels are collected in Table 3.2.

Based on DFA analysis, the shape of parts greatly affects the operator’s ability to grasp,
orient, insert and fasten in assembly operations, reducing an individual part’s complexity
will result in simplifying product assembly. The assembly complex is classified into two
groups: the part complex based on product design, and the process complex based on as-
sembly operations. In Table 3.2, average difficulty levels are listed using empirical data.
The total difficulty or complexity of an assembly is the sum of all the parts’ complexity
levels. For example, the adjacency matrix in Figure 3.20 can be extended into a complex

matrix based on data in Table 3.2, as shown in Figure 3.22.
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Complex=| 0 0 10 0 10 0 0

0 0 0 0 7 0 7

0 0 0 0 7 7 0

Figure 3.22 Complex matrix of the sample product.

Therefore, DFA analysis is converted into a process to reduce the sum of the complex or
difficulty level of a product based on the complex matrix. DFA evaluation and improve-
ment are described in the flow chart in Figure 3.23. The process starts based on the model
structure of a product. A liaison graph is formed based on the product design. The adja-
cency matrix is developed from the liaison graph. The product geometric complexity and
process complexity are added into the matrix for complexity calculation. The product is
then evaluated based on product complexity to arrive at the product difficulty level,
which will be used as a reference for product improvement. The DFA improvement looks
at the component with the higher difficulty level in three aspects: possibilities of compo-
nent combination, part redesign, and alternative assembly methods. The possible search is
constrained by part types, functions, manufacturing methods and cost. A threshold is set
based on product feature and manufacturer capacity. Related data and knowledge are
stored in a database. A user interface is provided for users to interact with the system to

finalize the feasible solution.
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Figure 3.23 Flow chart of the design process based on DFA.
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333 DFA analysis of the current bioreactor product

The bioreactor analyzed in this study is commercially available from Harvard Apparatus
GmbH and its product name is BioReactor “In Breath” TYPE 807. Components of this
rotating double-chamber bioreactor are shown in Figure 3.24. The detailed functions of

major components are listed in Table 3.3.

9 10 11 12 13 14 1516 17
\ | g |

Figure 3.24 Components of the BioReactor “In Breath” TYPE 807.
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Table 3.3 Bioreactor’s components and functions.

No. Name Function
1 Motor and | Provide rotatory motion, and secure the culture chamber in place
Base
2 Cover Protective cover for the culture chamber
3 Culture External chamber of the bioreactor to culture cells on the outside
chamber | surface of a tubular shaped scaffold
4 Cap Screw cap for component 6
5,7,10, | Orings Increase friction of insertions to hold parts together, and prevent
15,18,19 leakage of culture medium.
6 Inlet/outlet | For the inner chamber connecting to the scaffold holder
8 Scaffold For positioning scaffold, it rotates with the input shaft. There is a
holder hollow inside as the inner chamber with holes connecting the in-
ner chamber to the lumen of scaffold to transfer oxygen and nu-
trition
9 Mixer On the input shaft being slid to secure/unsecure the scaffold

holder. It rotates with the input shaft to provide a turbulence en-
vironment in culturing medium and preventing cell attachment to
the surface of outer chamber

11,12 Input shaft | Connect the motor shaft and scaffold holder
13 Seal Preventing the leakage of culture medium
14 Holder For the dynamic seal and also providing a passage for the input
shaft to penetrate the base
16 Cap Screw cap for component 14
17 Input shaft | Secure the input shaft, attached to the input shaft using the fric-
ring tion force

Assumptions used in the bioreactor DFA analysis are as follows:

« The parts will be assembled one by one, there is no parallel operation considered.

« Manual operations are applied. There is no automatic device or robot used in the as-
sembly.

« Product functions cannot be affected when any design change is made.

The product can be built by a set of components that are linked together by a set of de-

tachable fasteners. The product must be assembled in the final step of production. It is
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necessary to have an optional structure for the product to be assembled easily with mini-
mal time and operations.

The DFA objective is to minimize the number of products assembled, or improve the part
design to make the assembly easy, and to minimize the time required in the assembly. For
the bioreactor, the parameters shown in Table 3.2 are used to evaluate the assembly com-
plexity following the flow chart shown in Figure 3.23.

Liaison graph of an existing product is formed in Figure 3.25. Its complex matrix of as-

sembly shown in

Figure 3.26 has a size of 19 by 19. Following the process described in Figure 3.23, a new
design is proposed based on the data in Table 3.2 to reduce the difficulty levels of the

components in structure and operations.

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19

1 3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19
h —
3,45,6,7,9,10,11,12,13,14,15,16 | 8 17,18,19

3,11,12,13,14,15,16 17 1] 18 1] 19

3 11,12 13,14,15,16

11 | 12 13,14,15 16

13|} 14 || 15

Figure 3.25 Liaison graph of the BioReactor “In Breath” TYPE 807.
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Figure 3.26 Complex matrix of the BioReactor “In Breath” TYPE 807.

334 Design verification using VR

The new designs were verified in a VR system, Eon Studio. The processing is shown in
Figure 3.27. Simulation models were built based on both existing and improved bioreac-
tors, and the software used was SolidWorks 2010. All CAD models were assembled in
SolidWorks first before exporting into STL files, so that all parts were perfectly posi-
tioned after importing into Eon Studio. During importing STL files, a size ratio of 0.1

was used to ensure proper display of bioreactor models.
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Eon prototype “TextBoxButton”, a clickable text box, is used to develop the user inter-
face that provides interaction between operators and models. Eon prototype “ObjectNav”,
a navigation tool, is used to let operators freely drag, rotate, or zoom in/out to review the
model. A close-up view is also developed using the “resetting view camera” function of
ObjectNav. Eon node “Place”, a movement controller, is used to simulate the disassem-
bly and assembly processes. Eon prototype “SmoothOperator”, an opacity controller, was
used to gradually change the opacity of some components of the model for better demon-

stration of joints and connections.
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Figure 3.27 Flow chart of the VR simulation.

The simulation route shows the detailed relations of the product components and opera-
tions. As shown in Figure 3.28, two textboxes are used to initiate the disassembly and as-
sembly process of the existing product and the new conceptual design. The movements
are controlled by Place nodes, and the simulation results are displayed using textboxes.
Figure 3.29 demonstrates routes for close-up simulations, which is also initiated by text-
boxes. During the close-up simulation, the camera position and angle are reset, and the

opacity of related components is reduced.
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Figure 3.28 Simulation routes for assembly and disassembly processes.
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Chapter 4

Results

4.1 Biomimetic Scaffolds for Bone TE

4.1.1 Mechanical testing

Bone is a porous composite material mainly made of calcium hydroxylapatite and Type |
collagen nanofibers. The goal of using composite scaffold is to mimic collagen nano-
fibers to allow cell growth then induce calcification, and the calcium hydroxylapatite
produced can significantly increase scaffold stiffness. Mechanical strength is important in
clinical applications because it not only provides a mechanical stable environment for tis-
sue repair, but also makes handling and suturing easier.

Figure 4.1 shows loading curves of pure PCL, pure gelatin, and biomimetic scaffolds un-
der tension. PCL scaffolds have higher breaking strength and elasticity than gelatin scaf-
folds. Biomimetic scaffolds have the highest breaking strength, and its stiffness is signifi-

cantly higher than PCL scaffolds.
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Figure 4.2 shows loading curves under cyclic compressions. All samples are able to
maintain their mechanical strength under repeating pressure of 530 kPa. PCL and biomi-
metic scaffolds have very similar performance while gelatin scaffolds have a slower re-
sponse, indicating higher compressive stiffness in PCL and biomimetic scaffolds.

Figure 4.3 shows loading curves of compressive testing samples under large loadings,

and the compressive moduli of the biomimetic scaffolds are between 6 and 8 MPa, which
are higher than 1 — 3 MPa found in traditional chitosan based bone TE scaffold (Tanner,
2010). Biomimetic scaffolds have higher resistance than PCL and gelatin scaffolds under
the same strain, but the difference is not significant compared to their tensile strength.
This behaviour can be explained by the fact that nanofibrous membranes were vertically
positioned for tensile tests and horizontally positioned for compressive tests, so that the
angle between the direction of fiber alignment and the direction of loading is different.

Theoretically, maximum mechanical strength occurs when the angle is 0° and minimum
mechanical strength occurs when the angle is 90° . During compressive tests, this angle

is always 90° , which means the advantage of aligned structure was not fully revealed.
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Figure 4.1 True stress-true strain curve of different scaffolds under tension.
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Figure 4.2 Cyclic compression results of different scaffolds.
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Figure 4.3 True stress-true strain curve of different scaffolds under compression.
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4.1.2 SEM images

The alignment of nanofibers was observed in all samples, and the degree of alignment
was enough to guide cell growth while maintaining appropriate pore size. Figure 4.4
shows that gelatin nanofibers can maintain their morphology in culture medium after va-
pour crosslinking. Figure 4.5 shows nanoparticles depositing on the composite membrane
after immersion in SBF for 2 days, such nanoparticles contain calcium, phosphorous, and
magnesium ions (J. Lu, et al., 2011), which can increase mechanical strength of scaffolds
and mimic environment for bone growth to enhance osteogenic differentiation (X. Liu, et
al., 2009). Figure 4.6 and Figure 4.7 show cells attached on the nanofibrous samples.

Fiber diameters observed before cell seeding vary from 500 nm to 800 nm, some of the
fibers remain the same diameter after cell seeding, and the rest has increased diameters
up to 5000 nm. The increase in fiber diameter is caused by swelling of gelatin fibers after
exposure to culture medium, and such behaviour is beneficial to cell migration due to the

fact that pore size is increased at the same time.
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Figure 4.4 SEM image of vapour crosslinked gelatin/PCL composite scaffold.
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Figure 4.5 SEM image of SBF deposited gelatin/PCL composite scaffold.
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Figure 4.6 SEM images with different magnifications of preosteoblasts seeded traditional
gelatin/PCL scaffold after 1 week of cell seeding.
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Figure 4.7 SEM images with different magnifications of preosteoblasts seeded new gela-
tin/PCL composite scaffold after 1 week of cell seeding.
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4.1.3 Confocal Laser Scanning Microscopy images

The green color was stained by phallacidin, which is a fluorescent dye for actin cytoskel-
eton (Barak, Yocum, Nothnagel, & Webb, 1980). The red color was stained by TO-PRO-
3, which is a fluorescent dye for nuclear counterstaining (Ploeger, Dullens, Huisman, &

van Diest, 2008).

Position

Figure 4.8 Confocal microscopy image of preosteoblasts on traditional gelatin/PCL scaf-
fold 1 week after cell seeding.
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Position

Figure 4.9 Confocal microscopy image of preosteablasts on new gelatin/PCL composite
scaffold 1 week after cell seeding.

For all scaffold samples, cells were observed to be growing in the same direction under
confocal microscopy, which confirms the fact that aligned nanofibrous membranes fabri-
cated by electrospinning can effectively guide the direction of cell growth. More cells
were observed on the new gelatin/PCL composite scaffolds, thus we could conclude that

the composite scaffolds have better cytocompatibility compared to traditional scaffolds.
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Position

Figure 4.10 Confocal microscopy image of the paper-stacked biomimetic scaffold 2 week
after cell seeding, a cross-section view.

In Figure 4.10, nanofibrous membranes are shown in green color due to the residual stain
on scaffolds, and cells are shown in red color due to the cell nuclear stain. Cells are ob-
served between the layers of membranes, and the empty space marked by the blue arrow
is caused by the small piece been cut from the circular disk for keeping track of align-

ment direction (Figure 3.4).
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4.1.4 Von Kossa Stain images

The black color indicates calcium salts, the purple color indicates cell nuclei, and the pink
color indicates cytoplasm in Figure 4.11 and Figure 4.12.

The majority of bone is made of the bone matrix, which consists of Type I collagen based
organic part and carbonated hydroxyapatite based inorganic part. Hydroxyapatite is a
mineral form of calcium apatite, and osteoblasts are cells that specialize in calcification

of the bone matrix. Von Kossa stain can quantify calcification in scaffolds to confirm

bone formation.

Figure 4.11 Von Kossa stain result on preosteoblasts seeded traditional gelatin/PCL scaf-
fold after 1 week of cell seeding
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Figure 4.12 Von Kossa stain result on preosteoblasts seeded new gelatin/PCL composite
scaffold after 1 week of cell seeding

For all scaffold samples, sign of calcification was shown, and cells were observed to be
growing in the same direction under optical microscopy, which confirms the fact that
aligned nanofibrous membranes fabricated by electrospinning can effectively guide the
direction of cell growth. More pink color was observed on the new gelatin/PCL compo-
site scaffolds, thus we could conclude that the composite scaffolds have better cytocom-

patibility compared to the traditional ones.
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4.2 Reconstruction of Human Ear

4.2.1 Fabricated negative molds

Negative molds (Figure 4.13) are fabricated by the SLA 3500 solid imaging system with
a resolution of 0.05 mm. The original ear mold fits tightly with the negative mold, which

confirms the accuracy of the fabrication method used in this study.

Ll 2
CENTIMETRES

Figure 4.13 Negative molds fabricated by the SLA 3500 solid imaging system.
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Figure 4.14 The ear model fits tightly with the negative mold.
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4.2.2 Nanofibrous scaffold in the shape of human ear

The ear-shaped nanofibrous scaffold (Figure 4.15) is obtained using the negative molds
to compress the biomimetic scaffold. This scaffold maintains its shape after removing the

negative molds.

Figure 4.15 Human ear shaped nanofibrous scaffold.
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4.3  Novel Design for Bioreactor

43.1 The final design of bioreactor

Following the process described in Section 3.3, a new design is proposed based on the
data in Table 3.2 to reduce the difficulty levels of the components in structure and opera-

tions. The number of components is reduced from 19 to 12 as shown in Figure 4.16.

9::10::11 12

Figure 4.16 Final design of the bioreactor.

The mandrel holder has also been redesigned for the vascular scaffolds with small diame-
ters (3-5 mm). With the addition of a slidable mount, the new scaffold holder fits scaf-

folds with variable lengths (30-90 mm), as shown in Figure 4.17.
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Figure 4.17 Scaffold holder designed for microvessels.

4.3.2 Evaluation with DFA

The Liaison graph (Figure 4.18) and Complex matrix (Figure 4.19) are evaluated for the
new design. Comparing to the existing design, the total difficulty level is reduced from

196 to 115, which is a 41% improvement.
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Figure 4.18 Liaison graph of proposed product.
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Figure 4.19 Complex matrix of the proposed product.
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433 Evaluation with VR

From the main menu of Eon simulation, users can choose to start the disassembly opera-
tion or one of the two close-up simulations, assembly or disassembly simulation. The

starting view is shown in Figure 4.20. The disassembled view is shown in Figure 4.21.

Figure 4.20 Operation interface of the evaluation simulation, both bioreactors were fully
assembled at the beginning of the simulation.
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Figure 4.21 The disassembled view of both bioreactors.
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Using the close-up simulation, users can have a detailed view of the point of interests to
compare the performance between the two designs. Figure 4.22 shows the connection be-
tween the motor shaft and input shaft, where the input shaft has been modified to auto-
match with the motor shaft. Figure 4.23 shows the connection between the input shaft and
scaffold holder, where both components have been modified to auto-locate the alignment

and prevent slip.

Figure 4.22 Close-up simulation of the connection between motor shaft and input shaft.
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Figure 4.23 Close-up simulations of the connection between input shaft and scaffold
holder.



Chapter 5

Discussion

5.1 Biomimetic Scaffold for Bone TE

Although the traditional composite scaffolds have no apparent shortcomings, they lack
excellent properties, since all performances are averaged between different polymers. For
example, the traditional gelatin/PCL composite scaffold with a fixed composition always
has lower cell compatibility than pure gelatin scaffolds and lower mechanical strength
than pure PCL scaffolds, and improvement of one of the properties always results in
compromise of the other. In order to overcome such constraints we designed a new com-
posite scaffold with layers that contain different ratio of materials (Figure 3.3). With
higher gelatin percentage on the surfaces and higher PCL percentage in between, the new
composite scaffold has better cell compatibility and mechanical strength than the tradi-
tional one.

In order to fabricate such a scaffold, electrospinning method was used due to its ability to
construct nanofibrous membrane in a layer-by-layer fashion. Other fabrication methods

like freeze-drying, salt-leaching, and gas-foaming all lack the ability to produce layers
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with different compositions. The electrospinning method is also highly flexible, thus ran-
dom or aligned nanofibrous membrane could be obtained with different rotary speed of
the rotating drum collector; membranes with different thickness could be created with
different electrospinning duration; nanofibers with different diameter could be electro-
spun with different voltages; and the ratio of gelatin and PCL could be modified with dif-
ferent flow rate of the polymer solutions. For this study a rotary speed of 1200 rpm was
used to fabricate nanofibrous membranes with an appropriate degree of alignment to be
able to guide cell growth but not to promote significant reductions in pore size and inhibit
cell migration.

Depending on the pattern of collagen fibers, bone can be divided into two groups: woven
or lamellar. Woven bone contains randomly organized collagen fibers and it is mostly
created after fractures in adults. Lamellar bone contains layers of aligned collagen fibers
and its mechanical strength is higher than woven bone. Since gelatin is biologically simi-
lar to collagen and the aligned nanofibrous structure is observed in lamellar bone, the
new composite scaffold should be able to recreate an ideal environment for bone repair.
SEM, confocal microscopy, and Von Kossa stain results all demonstrated the fact that the
alignment of nanofibers can guide the direction of cell growth. Such mechanism should
further improve the scaffold because aligned cells are found to increase mechanical
strength in its direction of alignment. For example, smooth muscle cells in blood vessels
are aligned in the circumferential direction to withstand circumferential pulsatile stretch
caused by blood flow (Hashi, et al., 2007).

Both confocal microscopy and Von Kossa stain has shown more cells on the new gela-

tin/PCL nanofibrous membranes compared to the traditional ones, indicating better cell
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compatibility of the new composite scaffold. The SEM images also exhibited positive re-
sults on vapour crosslinking with GTA and SBF immersing. All evidence indicates that
the newly designed composite scaffolds with layered structure are superior to the tradi-
tional mono-ratio ones.

The paper-stacking approach ensures that cells are inside of the scaffold at the very be-
ginning of cell culture, so that cell migration is no longer a problem for electrospun scaf-
folds. However, it is important to ensure that each membrane is thin enough to allow nu-

trition transportation to occur between the sandwiched layers.

5.2 Reconstruction of Human Ear

The shape of the human ear is complicated, and traditional fabrication methods of nega-
tive molds have their drawbacks. Hand carved molds are very experience dependent and
clearly lack accuracy; impression casted molds can only been used to duplicate the shape
of the normal ear which is a mirror image of the damaged ear. With the introduction of
CAD technology, the shape of ear can be quickly captured using a 3D laser scanner.
Once the 3D CAD models are constructed, the precise creation of mirror images and neg-
ative molds is made convenient.

The main source of error is the process of assembling the 9 individual scans into a com-
plete 3D body. Multi-point registration is used in Geomagic Studio for maximum accura-
cy, but picking identical points on different scans is a manual process that can result in

erroneous execution. In addition, the process of constructing the 3D ear model and nega-
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tive molds is very accurate and computerized, and the same approach can be used for
other tissues with irregular shapes.
Due to the financial constraints, the ear-shaped scaffold is not cell seeded for biological

evaluations and further research is required.

5.3  Novel Design for Bioreactor

The existing design of the bioreactor is not optimized for manual assembly, causing ex-
cessive operation time while mounting and harvesting scaffold from the bioreactor. Alt-
hough gloves are spread with 70% ethanol for disinfection in the cell culture lab, there
are still risks that touching the bioreactor can contaminate the scaffold. Unlike steriliza-
tion, disinfection does not eliminate all microorganisms. Contamination bears severe con-
sequences — it is not only a waste of money, time, and effort, but can also lead to contam-
ination of the entire incubator and damages of others’ cell culture work.

By applying the DFA method, every assembly process was analyzed based on part geom-
etry and process complexity. After decreasing the component number and modifying the
part geometry for more stable connection between parts, the new bioreactor designed
achieved 41% reduction in difficulty level.

When importing 3D models from SolidWorks to Eon Studio, it is recommended to as-
semble the parts in SolidWorks because the same process is more time-consuming in Eon
Studio. It is also important to set the proper size ratio during importing FTL files so that
all components are visible in the simulation window. The actual value depends on the

size of the model, so it is a trial and error process.
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VR provides an easier tool to compare the performance of a new design with the existing
product. VR-based simulation can guide and verify the design step-by-step in the process
of design improvement with less time and cost compared to the traditional prototyping

approach.



Chapter 6

Conclusions

6.1 Conclusion Remarks

This study optimizes aligned composite gelatin/PCL nanofibrous membrane by altering
the composition ratio to form a sandwiched structure. Compared to traditional composite
membranes, the new membranes demonstrate performances in both cell compatibility and
mechanical strength. In order to further improve mechanical strength, the new composite
membranes were paper-stacked to bio mimic the twisted plywood structure observed in
lobster cuticles. The paper-stacking method ensures that cells are presented inside the bi-
omimetic scaffold to overcome the poor cell migration performance of traditional electro-
spun scaffolds. Due to the fact that the fabrication method with electrospinning is highly
flexible, nanofibrous membranes with different thicknesses, composition, and layers can
be produced simply by altering the respective electrospinning parameters.

The newly designed biomimetic scaffold was then used to reconstruct the human ear.

With the aid of CAD technology, precise negative molds were fabricated using a 3D laser
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scanner and 3D printer. The final scaffold produced is capable of sustaining its original
shape after removing the negative molds.

In order to minimize tissue damage during handling, DFA methods and VR simulation
has been successfully integrated to improve the BioReactor “In Breath” TYPE 807. The
new design optimizes the manual assembly and disassembly to ensure the quality of tis-
sue growth, and the VR evaluation shows significant improvements in operation difficul-

ty level.

6.2 Contributions

All test results suggested that the optimized composite nanofibrous membrane combined
with the paper stacked biomimetic scaffold not only enhances cytocompatibility and me-
chanical strength, but also solves the problem that the pore size of electrospun scaffolds
is too small for cell migration. In conclusion, this study has developed a promising ap-
proach to fabricate a new generation of scaffolds for a wide range of tissue engineering
applications.

This study also demonstrated how to precisely construct human ear-shaped scaffolds, and
this approach can be used in any application that is related to the reconstruction of human
tissues with a complex and irregular shape.

As for the bioreactor project, this study combined DFA and VR for systematic improve-
ment of the existing bioreactor and fast evaluation of the new design. This is a promising

approach to extend functions and applications of other bio-medical related products.
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6.3 Future Work

Future work should focus on evaluating the biomimetic scaffold for gene expression to
confirm osteogenesis. If the rate of cell growth is too low between the inner layers of the
paper-stacked scaffold, a specially designed bioreactor should be developed to enhance
nutrition transportation by applying constant culture medium flow through the scaffold.
Live/dead assay should also be performed to check cell viability.

Mechanical tests should be performed after cell culture to explore the effects of cell
growth on the scaffold’s mechanical strength. For the human ear-shaped scaffold, it is
recommended to evaluate its shape after cell culture by 3D scanning and compare with
the original model. Proper skin TE products could be also used to fully reconstruct hu-
man ears.

Finally, a prototype of the new bioreactor should be constructed to verify the DFA/VR

solution proposed in this research.
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Appendix A:

SEM images of vapour crosslinked gelatin/PCL composite scaffolds.
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Appendix B:

SEM images of SBF deposited gelatin/PCL composite scaffolds.
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Appendix C:

Confocal microscopy images of traditional composite scaffolds.
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Appendix D:

Confocal microscopy images of new composite scaffolds.
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Appendix E:

Stress-strain curves of tensile tests.
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