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Synopsis

Small to medium diameter vascular grafts have met with little success over the past 50 years, in-
spite of increased research and available technology. This low success has been attributed to two
main areas, namely; surface thrombogenecity and anastomotic intimal hyperplasia (exuberant
muscle and tissue growth at the interface between host artery and graft).

The main factors believed to influence these areas are compliance mismatching between graft
and host vessel, and the graft’s inability to promote endothelialisation. Consequently, tissue
engineers are looking toward closely matched conipliant grafts which promote tissue ingrowth
through the prosthetic wall. Among these are compliant polyurethane (PU) grafts containing
well defined, interconnected pores which allow for cellular regeneration. Problems encountered
by such grafis under physiological conditions include high viscoelastic effects, ballooning, and
low burst strength. Thus, a support structure is required which does not adversely affect the
interconnecting pores. ,

Many reinforcing techniques have been investigated, most of which involve externally wound
or ring-type structures. Problems encountered by such methods include low compliance, high
stress, and wall compression. Thus, an external (adventitial) fabric support is proposed which is
highly porous, evenly distributes load along the graft wall, and displays nonlinear stiffening.

The work presented here is a collaborative venture between the Cardiovascular Research Unit
(CVRU) at the University of Cape Town (UCT) and Medtronic USA Inc., to design and develop
a porous PU graft which has an adventitial fabric support. Finite element methods and genetic
algorithms are used to facilitate the design process through the use of computational simulation
and optimisation.

A commercially available finite element software package is used to numerically model the
porous PU graft and adventitial fabric reinforcing. A hyperfoam strain energy material model
is used to represent the nonlinear isotropic elastic behaviour of the porous grafis, using relevant
experimental data, while a modified soft tissue material model is used to describe the general
mechanical characteristics of the fabric reinforcing. The fabric model coefficients are optimised,
using a genetic algorithm (GA1), to obtain a 6 %/100 mmHg diameter compliance (Cy), a 4.0 mm
diastolic diameter and nonlinear stiffening in a graft computational model. The fabric model so-
lutions obtained from GA1 are then used in circumferential and longitudinal tensile finite element
simulations to acquire mutually orthogonal (warp and weft) stress-strain characteristics for the
required reinforcing fabrics.

Validation of the fabric material model has been carried out using four distinct knit structures
with desirable characteristics such as high porosity and nonlinear stiffening. These knit structures
were physically tested in the warp and weft directions to obtain uniaxial tensile test data. A
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second genetic algorithm (GA2) in conjunction with an equivalent uniaxial tensile finite element
model was used to optimise the fabric material model to the obtained test data. It was found
that some of the solutions obtained from GA2 were weak. The weak solutions were not due to
a deficiency of the genetic algorithm, but rather the inability of the exponential fabric material
model to adequately describe the extreme differences between the warp and weft directions and
linear stress-strain relations.

It was not possible to develop and manufacture fabric structures with the desired warp and
weft stress-strain characteristics obtained from GA1 due to cost and time constraints, thus direct
correlations could not be made. Instead, two of the fabric reinforcing structures developed were
used. A third genetic algorithm (GA3) was utilised to gain the fabric model coefficients which
best described these reinforcing fabrics in the circumferential and longitudinal directions.

One of the fabrics was then physically tested on the porous grafts and compliance data ob-
tained. The fabric model solutions obtained from GA3 were used in the graft computational
model to obtain comparative numerical data. Close correlations between static pressure-diameter
numerical solutions and experimental results were observed. Correlations between numerical and
physical compliance were poor, where the numerical models predicted higher compliance values.
This was attributed to:

e the use of bead cast rods rather than graft samples to obtain the hyperfoam material models
used to describe the porous structures

e the inconsistent graft test samples used

e the high mechanical contribution of the luminal latex liner used to prevent pressure loss
through the porous grafts

e the error in analytically subtracting the latex liner from the static compliance curves obtained

o the error in assuming no compression through the porous graft wall to obtain internal diameter
measurements from external diameter data,

e and the failure of the obtained fabric models from GA3 to accurately describe the behaviour
of the fabric reinforcing samples. '

In conclusion, a fabric material model is utilised and tested and has been shown to describe
the general mechanics of coarse knitted fabrics. Optimised circumferential and longitudinal
tensile stress-strain requirements for adventitial fabric reinforcing structures were found by finite
element and genetic algorithm techniques for grafts of various pore sizes. The genetic algorithm
utilised found fabric model solutions quickly for the required compliance Cy, diastolic diameter
%, and nonlinear stiffening. Correlations were drawn from graft model solutions and physical
tests; however, these were not from the optimal solutions obtained from GA1 but rather from

available reinforcing fabrics.
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Chapter 1

Introduction

Arteries are complex blood vessels which not only carry blood to the various organs of the body
but also help maintain blood pressure and flow. With the increasing number of people suffering
from arterial problems, it is no wonder that vascular disease in medium to small diameter arteries
is of great concern.

The impediment of blood flow through arteries is either caused by occlusion due to a throm-
bosis (fibrous/cholesterol build up) or from aneurysm (acute dilation) of the vessel. Such im-
pediments in a vessel normally require reconstructive or bypass surgery. Reconstructive surgery
is either in the form of a synthetic or autologous (arteries and veins taken from the host or ani-
mal) grafts. Of the synthetic replacements it has been found that large diameter artery replace-
ments are successful where blood flow is high and resistance is relatively low [1], however in
the small to medium diameter range success has been low. Approximately 1.4 million surgical
procedures requiring arterial prostheses are preformed annually in the United States of America
(USA) where, most of these procedures concern small to medium diameter arterial replacement
for which synthetic graft materials are not generally suitable [2]. For this reason much research
is being conducted in the development of a reliable small to medium diameter synthetic graft.

Vascular surgery has developed rapidly over the last century from the first work published by
Carrel and Gutherie on the topic in 1902 [3]. Goyeses performed the first vascular graft surgery
in 1906 by using popliteal vein to replace a section of diseased artery, after which the reversed
saphenous vein became popular as an autologous graft replacement and was successfully shown
to replace femoral arteries by Kunlin in 1949 [3]. While Gross et al. worked on hetero- and
homografts (human or animal blood vessels), Voorhees in 1952 discovered that cells grew on
silk threads exposed to blood [3]. This encouraged the development of synthetic textile tubes as
arterial replacements.

Current materials used in vascular implants are natural blood vessels, textile tubes made from
Dacron® or e-PTFE. These grafis have a high success rate in large diameter artery replace-
ment [1]. However, with small to medium diameter grafts a significant proportion eventually fail
by occlusion due to thrombosis or intimal hyperplasia.

Although autologous grafts are still considered the best vascular prosthetics for small to
medium diameter arteries [4], they tend to be diseased or unsuitable for use. Up to 30 % of autol-
ogous veins are unsuitable in patients due to poor quality, or insufficient length [5]. In addition
20 % fail within the first year. Currently commercially available synthetic grafts (Dacron® and

e-PTFE) are also unsuccessful over long periods where 40 % thrombose within six months [3].
1



Chapter 11 Introduction 2

New porous polyurethane grafts are being developed and have shown to be initially compli-
ant [6-9], however the long term success of these grafts still remains to be seen.

The patency (long term indicator of a graft’s performance) of small to medium diameter grafis
has been shown to be unsuccessful over long periods, and although the mechanics behind these
failures 1s not well understood, it is clear that compliance mismatching and the thrombogenetic
nature play a large role in determining the success of a graft [10].

Work done by Burkel [3] and How et al. [11] showed that the thrombogenetic nature of the
graft material, surface roughness, the mechanical and hemodynamic properties of the replace-
ment graft compared to the host artery greatly influenced success. Although the failure of grafts
is not fully understood, it is generally agreed that compliance mismatch between artery and graft
plays a major role in failure [1,7,11-17]. To date current small diameter vascular prostheses,
which are not autologous, are greatly mismatched and require extensive medical treatment af-
ter implantation. This physical discontinuity between the artery and graft alters the blood fiow,
contributing to thrombosis and eventual failure [3,4, 14, 18]. Furthermore, compliance mismatch
between the host artery and the graft causes unnatural stresses to occur on the anastomotic sites
(proximal and distal points of graft attachment), thus enhancing the development of anastomotic
intimal hyperplasia. Therefore much emphasis has been placed on the mechanics of natural
arteries in the hope of finding a patent graft which would mimic the properties of the host ves-
sel [13,19].

It was shown by Burkel [3] that the ingrowth of endothelial cells on the inner surface of a
vascular prosthesis greatly increased patency by reducing the thrombogenetic reaction of blood
with the graft. Much of the current research in polymer grafts utilise biological coatings to
reduce this thrombogenetic reaction of the grafts’ luminal wall. One such method of inducing
endothelium growth on the luminal surface is to allow for cellular ingrowth through the graft wall,
leading to musculogenesis (re-growth of muscular cells), angiogenesis (arterioles development)
and the eventual endothelialisation [1,6,11,20]. One method of encouraging this is by utilising a
porous graft structure, which has defined channels and micro-pores to the luminal surface [6-10].

The control mechanism of the arterial tree is maintained primarily by the endothelium layer
where endothelial cells monitor shear and flow forces on the luminal surface. When these forces
change endothelial cells respond accordingly by releasing growth factors within the arterial wall,
controlling cellular growth and structure and thus blood vessel mechanical responses. Therefore,
when a vessel becomes diseased or blocked, or a replacement graft is implanted, blood flow pat-
terns are affected causing an eventual change in arterial wall structure and mechanical response.
This control mechanism, although there to control blood flow patterns and pressure within the ar-
terial tree under normal conditions, becomes the mechanism which reduces the success of grafis.
Thus, a graft with the same mechanical behaviour as the host vessel would ensure that blood flow
patterns are not affected.

Thus, the development of a long-term patent graft would have to allow for cellular ingrowth
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as well as display the right mechanical characteristic to ensure success. With this comes the need
to find fast, efficient and effective replacements for these vessels, which are readily available and
do not require great resources, expense or time. Ideally a synthetic vascular replacement would
not require preservation, would be readily available at any length, and have a high patency where
the host does not require extensive medication after implantation.

Much work has been done developing porous polymeric graft superstructures in the Cardio-
vascular Research Unit (CVRU) at the University of Cape Town (UCT) which has a defined
microstructure [9]. These structures however have been found to be too weak and display large
viscoelastic properties. Past research within the CVRU has considered ways of reinforcing these
structures. Work by MacKellar [21] and Hughes [22] investigated the effects of wound external
reinforcing. It was found that even though much of the wound reinforcing helped strengthen the
graft, it did cause compression through the graft wall and high stress concentrations in the re-
gion of the reinforcing. It was also shown that in most cases the wound reinforcing stiffened the
structure, excessively reducing compliance.

Thus, a better method of reinforcing is required, one which will not cause localised stress con-
centrations and hence excessive localised compression of the porous structure while still allowing
for tissue regeneration through to the porous structure.

It is proposed that a fabric structure be used to externally reinforce the porous graft. The
fabric construction and structure should be fine enough to ensure that stress concentrations are
not observed, while course enough to ensure that tissue ingrowth is allowed.

1.1 Aim of work

The aim of this work is to develop a method of finding the requirements of a fabric reinforced
porous prosthetic graft to give a specific dynamic diameter compliance (Cy), using finite element
methods (FEM) and optimisation techniques. Existing porous graft structures from the CVRU
are to be used, and the method should be general enough to be utilised for other porous material
properties and graft structures.

1.2 Specific objectives

The specific objectives of the work are to:

o develop a fabric constitutive relation and implement it in a general purpose finite element
package

e develop an optimisation routine which can interact with the finite element package and opti-
mise the fabric model coefficients for specific criteria

e use the developed fabric constitutive relation and optimisation routine in a graft finite element
model and optimise the fabric model coefficients to produce an externally reinforced fabric
graft which has a 6 %/100 mmHg dynamic diameter compliance and displays non-linear stiff-
ening characteristics
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e utilise the optimised fabric coefficients to find the warp and weft (mutually orthogonal di-
rections) mechanical requirements of the fabric reinforcing, by making use of computational
simulations of longitudinal and circumferential tests

o correlate the results obtained from the finite element models against experimental data

e develop the fabric reinforced graft using numerical, computational and optimisation tools.

1.3 Overview of dissertation

The work starts out in Chapter 2 by describing the structure and mechanics of natural arteries and
the requirements of a successful prosthetic graft. Chapter 3 reviews the mechanical characteris-
tics of polymers and fabrics. In Chapters 4 and 5 the relevant aspects of continuum mechanics
and the finite element method are examined. Chapter 6 is devoted to optimisation techniques with
specific reference to genetic algorithms (GA). Chapter 7 considers the various methods of mea-
suring the compliance of natural blood vessels and synthetic grafts. This chapter also describes
the method used to measure compliance in the work and makes a comparative study between
various groups and techniques. Chapter 8 sets out the constitutive material models, the approxi-
mations and simplifications used in the finite element simulations. Uniaxial tensile finite element
simulations are also considered for the validation of the fabric constitutive model.

Chapter 9 describes the particular genetic algorithms used in optimising the fabric model co-
efficients: GA1 for compliance and non-linear stiffening of the graft simulations and GA2 for
uniaxial tensile test data. This is followed by Chapter 10 which examines the validation of the
fabric, porous and latex continuum material models used in the finite element procedures. Chap-
ter 11 describes the optimised solutions obtained from GA1 and the graft finite element simula-
tions. The fabric model solutions from GA1 are then utilised in circumferential and longitudinal
tensile finite element simulations where the transverse mechanical requirements are obtained for
the reinforcing fabrics. Chapter 12 investigates the iterative development and manufacture of the
adventitial fabric reinforcing tubes by a medical fabrics specialist. A further genetic algorithm
(GA3) is utilised to find the fabric model coefficients to these developed reinforcings. Chapter 13
studies the physical compliance tests and results obtained for the non-reinforced and reinforced
grafts. These compliance results are compared to finite element model solutions using the fab-
ric coefficients obtained from GA3. Finally Chapters 14 and 15 conclude the work by discussing
the results of the previous chapters, drawing conclusions based on observations and making rec-

ommendations.



Chapter 2

The Structure and Mechanics of
Arteries and the Requirements of a
Prosthetic Graft

2.1 Introduction

The structure and mechanics of natural blood vessels are complex and vary according to the
position of the vessel within the body. Much work has been done [12, 23-36] to quantify the
mechanical characteristics of these vessels within the body.

This chapter reviews the constituent tissue and the various wall structures found in blood ves-
sels. It details the structure of large and small to medium diameter arterial walls and their varia-
tion, depending upon the location within the body. The chapter also discusses the requirements
of a good prosthetic graft and its relationships to these structures.

2.2 Biomechanics of the circulatory system

The human circulatory system consists of three major vessel types namely; arteries, veins and
capillaries. The arteries, in addition to supplying blood to the various organs from the heart, are
also responsible for controlling a steady blood flow and pressure distribution throughout the body.
Capillaries are responsible for distributing and allowing for the transmission of the nutrient-rich,
oxygenated blood to the various organs and cells. The veins are responsible for returning the
deoxygenated blood from the capillaries back to the lungs and heart. Figure 2.1 shows the major
arteries and veins of the human circulatory system.

2.3 Diastolic and systolic pressures across the body

Due to the pump action of the heart, a pressure pulse is set up within the vessels of the body. The
peak value is called the systolic pressure and the lower bound, the diastolic pressure. Figure 2.2
shows the typical pressure and flow waves experienced in the arterial tree for an average adult
human.

The shape of the pressure wave and the systolic and diastolic pressure values greatly depend
on the position of the vessel in the body. For an adult the systolic and the diastolic pressures of
the ascending aorta can range from 100-150 mmHg to 60-100 mmHg respectively [37].
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Figure 2.2: Pressure and flow waveforms in the human arterial tree [38]

Figure 2.3 shows the variation of mean blood pressure in both artenies and veins through the

hody. The bar on the right of the human fipure shows the variation of mean blood presswe up
the human body mn the vemns (leit scale) and the arteries (right scale) . The higher up the body, the

lower the mean blood pressure.
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2.4 Histology of blood vessels
The histology of blood vessels s an mmportant aspect to consider before studying synthetic re-

placements, which are intended to match the properties of the native blood vessel.

2.4.1 Tissue types found in blood vessels

Blood vessels consist of six major cell/tissue types. The cellular coniponents include endothehial
cells (ECY, smooth muscle cells (SMC), and fibroblasts. The extracellular components include
collagen, elastin, and ground substance. Each plays a specific role in the blood vessel and all but
the EC contribute ta the mechamecal properties of the artery.

Collagen (Stiffening) 1ypically forms long fibres, bound together in bundles which have a
serpigious {wavy) form. Collagen has a high elastic modulus about 1 GPa and a low extensibality,
where a maximum strain of 2-4 % can be observed. Due to the serpigious (wavy) form, length
change can be seen withoul sirain due to the iniiial alignment.

Elastin {Rubber-fike) 1= a typical protein which has a low elastic modulus in the region of
(.300-0.6 MPz and a high extensibility where strains of up to 130 % are commonly observed.
Elastin has similar properties lo that of rubber.

Smooth muscle ceils, SMC {Pre-tensioning and responsive) are the major cellular component
of a vessel wall and are gpindle shaped with typical iengths of 20-50 tm and diameters of 3-
10 pmi. This cell type helps pre-stress the blood vessel wall. Some smooth muscles respond to
the pressure wave by contracting periodically.

Crround substance (Nodufes) are mainly mucopolysaccharides and are cement-hke nodules
which hold components in some regular confignration. This 15 similar to the action of carbon in
steel.

Endothelial cells, EC (Resulating) are highly sophisticated cells, which have no apparent
elfect on the mechanical properties of the blood vessels apart from regulating the shear stress on
the lumen wall. The release of growth and response factors by the EC achieves this regulaiion,
controlling SMC contraction and wall tissue growth and structure.

2.4.2 Typical structures of various blood vessels

A typical blood vessel wall is composed of three major concentric layers (tunics). namely: tunica
adventilia {the oulermost layer or tumca external), tunica media (internal to the adventitia} and
the tumca intima {(found nearest the lumen). Separating these layers in some blood vessels are
¢lastic laminae, Figure 2.4 shows diagrammatically these lavers and their location within a blood
vessel wall,

The tunica intima {Endothelial Laver) is the layer of endothelium cells covering the lumen
as well as a basement membrane of sub-endothelial conneciive Lissue with fibroblasts and con-
nective lissue fibres, some of which run longitndinally. The ianer elastic lamina (1EL) is a layer
composed of an accumulation of elastic fibres. This 1¢ the oulermost component of the tunica
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intima and is found in arterioles greater than 62 ;¢m in size.

Tumca adveniitia
{Commective (ssne)

Extemnal clasiic
lamina

Internal elastic
Taming

Turmcg miima
Tunica media {cndothelium)

tsmoath muscle cells)

Figure 2.4: CGeneral siructure of blood vessels

The funica media is composed primarily of circumferentially arranged SMC and connective
tissue fibres, where fibroblasts are sometimes present. These fibres are formed by specialised
SMC . The extermad elastic famina (EEL) is a concentration of elastic fibres forming the outermost
component of the tunica media. While the tunica adventitia is the outermost layer composed
primarily of longitudinally-arranged, moderately dense, connective tissue, consisting of collagen

bundles Joosely connected by elastin.

2.4.3 Variation of vessel wall structure along the human circulatory system

The wall structure of blood vessels of different sizes (arterioles vs. arteries) and different types
{arteries vs, veins) vary. These variations are the result of quantitative variafions of the gen-
eral structure described earlier with the excepiion of the capillanes. These differences and ihe
percentage make-up of each layer within the vessel wall depend on the Jocation and size of the
vessel within the body. Figure 2.5 below shows a simple schematic of the human blood vessel
system with the vanation of wall structure along the circulatory system.

Arteries. Arteries can be classified in three groups: large elasiic arteries, small to medium-
sized muscular arteries, and arterioles. The transition between these groups is not sharp, so
intermediate types exist which possess the characteristics of two of the major types. In all arteries
the media has the most well-developed wall structure. An IEL is nearly always present and an
EEL is present in the larger vessels, Although some small arteries may resemble larger arteries
in composifion and vice versa, the following is a summary of the characteristic arrangement of
the vanous artery sizes, Large elastic arteries {¢=10-25mm, example: Aorta). The EC of the
intima may be polygonal, The sub-endothelial connective tissue is relatively thick with many
fibres, and the 1EL is not as distinct as b muscular artenies. The media contains SMC and
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has much elastic fibre forming many thin tbular elastic membranes (elastic lamina), The high
elastic content allows expansion to accommodate excess blood dunng ventricular contraction
and diminishes pulsatile delivery to the peripheral vessels. The EEL is indistinet due to the high
content of elastin in the media. The adventitia is thinner than the media, composed of loosely
arranged collagen bundles which spiral around the vessel. Overdistention of the intima and
media is prevented by the adventitia,

LARGE ARTFRIES

APIATT - PFTIN
VEIMS (e L-10 0 o)

==

ARVRNITITA
ELATTIC MENLL

RS CULAR MEBLA
VERT UIMEULAR MANA
IETIRA CAPLLARIFS

Figure 2.5: Variation of vessef wall properiies along cirentatory system [40]

Medium-sized muscular arteries (=0 5-10mm, example: Femoral). The intima of these
vessels has small amounts of sub-endothelial connective tissue present and the IEL is well devel-
oped and a prominent feature. The media is very thick and up to 40 layers of SMC can be seen.
Collagen may also be present. Smaller arteries in this group have a relatively low elastic fibre
content while the larger arteries have increasing quantities of elastin, Autonomic nervous control
of the SMC in the media helps regulate the distribution of blood flow to the various tissues and
organs. The EEL of these vessels 1s well developed. The adventitia of these vessels is usually
thinner than the media and comprises mainly of collagen with some elastic fibres present.

Arterioles (=0.05-0.5mm/. The intima is very thin with little or no sub-endothelial connec-
tive tissue, The TEL 15 not distinet and consists of a fibre network only. The media is usually one
to five layers of SMC and there is generally no defined EEL. Contraction and relaxation of SMC
n arterioles 15 also important in controlling bloed flow to the capillary beds and the regulation
of blood pressure. The adventitia of these vessels are usually thinner than the media and are not
well developed.

The largest artery in the human bedy is the aorta which in an adult has a diameter of £25 mm



Chapter 2; The Stuucture and Mechanics of Arteries and the Reguiremients of 4 Prosthetic Graft 1

and a wall thickness of 4-1.2 mm, while the smallest arteriole has a diameter of +£8 pom and a wall
thickness of £0.2 pim.

Veins. Veins can be classified as venules, stnall-medivnt veins, and large veins. Generally,
the boundarics between tunicae arc not sharp in {hese vessels. The lunica inlima i1s normally very
thin where smooth muscle may be present, arrnged longiiudinally. An TEL can only be seen in
larger veins. The media varies in size and tends {o lack definition. Vein walls generally have more
collagen than any other lissue component and are very thin compared with the lumen size. Very
little strooth muscle and elastic fibre (s present in veins and if found, they tend to be arranged
in a spiral fastnon. No distinel EEL 1s found, whereas the adventitia 1s thicker, consisting of
fibrous connective tissue where longitudinally or spirally-oriented bundles of smooth muscle can
be present. Medium-sized veins often have valves, which aid the movement of the blood under
low pressure. Although great variability cxists, the following is a summary of the components
charactenstically found in veins of various size. Large Veins (p=10-25 mny examples: Venu
Canvae, Portal vein). In the intima of these vessels, sub-endothelial connective tissue 18 nearly
always present as well as longitudinal smooth musele. A delicate IEL can be observed while the
media is generally very thin and has hittle or no cireumferential smooth muscle. The adventitia
is very thick m companson to both the intima and media, and in addition to collagen bundles it
consists of longitudinal or spiral smooth muscle bundies.

Small to medium veins (¢=02-10mm; example: Saphenous). In the miima the EC may be
polygonal where small amowunts of sub-endothehal conpective tissuc may be present. Longitu-
dinal or spiral smooth muscle fibres are also present, while elastic fibres, when present, form a
diffuse internal elastic membrane, The media is thin with spiral bundles of smooth muscle sepa-
rated by collagen. In the lower extremities of the body there 18 more longitudinal smooth muscle.
The adventitia in these vessels s well developed, where collagen and elastic fibres predominate.
Longitudinally or spirally-oriented smooth muscles may also be present near the media,

Venulesfé 0.2 mmy). The intima in thesc veins is composed predominantly of endothelium.
The media is very thin and contains one to three layers of SMC, where scattered elastic [ibres
are sometimes present. The adventifia is the thickest part of the vessel wall and 15 composed

primarily of langitudinal collagen bundles.

Comparison of arteries and veins of the same size. The lumen of an artery 13 always
smaller than that of the accompanying sized vein, while an ariery’s wall 15 always thicker and
contains more smooth muscie and elastic fibres. Vein walls tend lo conlain mare collagen, where
typical elastin-collagen ratios of some blood vessels are 2.0 for the intrathoracie aorta, 0.5 for
other artenes and 0.33 for vens [32]. An IEL 13 always present in arteries, while in smaller

diameter veins, valves are present.
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2.5 Mechanical properties of blood vessels

The mechanical behaviour of blood vessels is complex as a resull ol their complex composite
structure. Generally, blood vessels can be idealised as nonlinear, anisotropic and incompressible
elastic vessels. They are also pre-stressed, both longitudinally and circumterentially. Much work

has been done [32,41- 45] to quantify these mechanical properties; a summary follows,

Incompressibility, Carew ef of., Lawton, Dobrin and Rovick [46] have all shown that artery
deformation is approximately isochoric (the volume remains constant). Chounp and Fung [33)
measured fluid extrusion during the compression of rabbit aortic walls and reported that the com-
pression stiffness increased slightly due to small amounts of Auid being extruded. However, the
amount of fhod dispelled (compressibility} is dependent on the extent of the loading, The results
of these investigations have shown that it is reasonable to assume that artertes are incompressibie

under physiological loadings.

Pre-stressed state, Arteries have been obhserved 1o be in a pre-stressed state when no
internal pressure is present [23,47]. This is demonstrated in T'igure 2.6 which shows the pre-
stressed nature of a rat’s pulmonary artery and a human's ileal artery. Figure 2.6 (a) shows
the pressurised state {physiological pressure, rar & human), {(b) the non-pressurised states (the
arteries have a bunched-up, corrugaled appearance due to internal compressive stress), and (c)

the zero-siress state (when the vessel is sliced open longitudinally),

Pulmanary Artery Ial Artary
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Frgure 2.6 Invivo, no-foad and zero stress stares of a rats pulmonary and a humans Heal arieries
[23]

Arteries can be regarded geometrically as thick-walled cylinders. For a typical elastic thick
walled cvlinder with an internal pressure, the circumierential stress decreases through the wall
thickness to the outer surlace with the inverse square of the radius, while the axial stress is
constant throughout the wall, and the radial stress is a maximum com pressive stress on the inner
surface and reduces to zero at the outer surface [48].

To reduce the maximum circumferential stress experienced on the inner surface of a thick-
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walled cylinder due to an miernal pressure, one may pre-stress the inner section of a cyhnder.
This can gasily be demonsiraled in the case of a compound cylmder, where an ouler eylinder 15
shrank onto an inner siecve, thereby inducing compressive stresses on the inner slegve, under no
load conditions. When an internal pressure is applied, the stress distribution through the com-
pound cyhmder wall in the circumferential divection 1s reduced due to the inflnence of the imnal
pre-stressed state. This is seen diagrammalicaily for the circumierential stress in Figures 2.7
{a), (b} and {c). Thizs can also be ahserved in the longitudinal and radial directions, although
pre-stressing i the radhal dircction can only be observed at the interface of the compound cylin-
ders and does not help reduce the radial stress at the inner or outer surface, as demonsirated n
Figures 2.7 (d) and (g).

Therefore, the pre-siressed state of arteries helps reduce the peak intermal wall stresses and
helps create a uniform stress stale through the wall thickness, thus allowing the artery to operate
at a tower siress stare, similar to that obscrved at the interface of the compound eylinders
Figure 2.7.

A,

{a) Imlernal pressure onty () Slrinkage onty (¢} Combined shrinkage
and internal pressure

b
Vo Smmbnge
¥

{il) Hoop Stresses {e} Radial Stresses

Figure 2.7: The effects of pre-stressing and the difference in circumferential and vadial siress
through compound cylinder walls [49]

Much work has been done in the way of measuring and observing the pre-stressed states of
artertes [23,47,50]. The degree of pre-stressing 15 normally determined by the opening angles
made by the artery wall when sliced open longitudinally and in the zero-stress state. Figure 2.8
schematcally defines these angles,

Pre-stressing of the ariery is also found in the longitudinal direction. During growth from -
fancy arterics streteh longitudinally, causing lension, which helps regutate length changes during
the cardiac cycle due to pressure and viscous drag forces. The length mcrease of the abdomi-
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Figure 2.8: Angles uved ter measure pre-stressed states of blood vessels [32]

nal aorta is vsually 1% while the pulmonary and the ascending aorta increase by 3-11% dunng
the cardiac ¢ycle [50]. it should also be noted from the histology of the blood vessels that at the

extremities smooth muscles are longitudinally onentated to curb this response,

Nonlinear mechanical behaviour The mechanical behaviour of most biological tissue,
including blood vessels is nonlinear. Figure 2,9 shows the pressure-strain relationship of a typical
bload vessel and the existence of hysteresis as shown by the area between the loading and off-

Inading curves,

Smooth Muscle and Elastin  Collagen and Elasiin
| i

Pressure

S B

Figure 2.9: The nonfinear elastic and viscoelastic behaviour of blood vessel tissue and the friver-
action between collagen and elastin,

Since the mechanical effects of the intima can be considered neghgble in companson to those
of the media and adventitia, the blood vessel can be treated as a compound vessel of the media
and the adventitia (a5 shown 1n Figure 2.7).

Due to its high collagen content the adventitia has a higher elastic modulus than the media
with its predominant elastin content. In the physiclogical pressure range, arteries are under
cyclic loading between 10.6-16.0kPa {80-120 mmHg), where the response of the artery can be
regarded as largely linear and the energy is absorbed mainly in the elastin and smooth muscles

of the media. At higher pressures the lead is seen to transfer to the adventitia and the stress-
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strain curve becomes steeper. This energy transfer from the media to the adventitia is achieved
through the alignment of the wavy bundles of collagen fibres. As the vessel distends the collagen
bundles in the adventitia re-orientate and align themselves circumferentially. This re-orientation
and alignment of the collagen bundles causes the adventitia to play a larger role in the mechanics
of the artery at higher pressures, making the vessel circumferentially stiffer and resulting in
a nonlinear response. This effect helps prevent aneurysms (over-inflation) occurring in blood

vessels.

Anisotropic behaviour. The behaviour of arteries is anisotropic (the mechanical behav-
iour is different in different directions). It is reasonable to assume transverse anisotropy, with
orthogonal planes of symmetry corresponding to the circumferential, radial and longitudinal di-

rections.

Viscoelasticity. In the absence of active SMC, arteries exhibit hysteresis under cyclic load-
ing (as shown in Figure 2.9), stress relaxation under constant extension, and creep under constant
load. These all point to the viscoelastic nature of arteries. Fung [51] found that arteries exhibited
a delayed response to loading and that the stiffness increased with increased load rate. He also
found that the change in strain rate had little effect. From test data of canine aortas Fung pos-
tulated a simple continuous modulus function for arterial behaviour that used a linear response,
where viscoelastic parameters vary insignificantly with varying strain. Studies by Hutchinson
[52], Newman [53] and Greenwald [54] were in agreement with Fung [51]. However, more re-
cent works by Langewousters ef al. [31,43] have shown that the human arterial wall tissue has a
nonlinear response in which viscoelastic parameters vary significantly with varying strain.
There now appears to be a consensus in the literature [25,35,36,55,56] that the true viscoelas-

tic behaviour of biological soft tissue is nonlinear.

2.6 Factors in the design of a prosthetic graft

The success of a graft depends on the mechanical matching of its behaviour with the host artery.
Much work has been done in graft design to increase patency, the grafi’s long term ability to
function in the circulatory system. Factors that affect patency include the promotion of endothe-
lialisation on the luminal surface, the correct matching of compliance to the host vessel, the
reduction in stress energy across the anastomosis, the reduction of the blood flow disruptions,
and the biological reaction of the host to the graft. Apart from the biological reactions, the
above-mentioned factors affecting patency are dependent on matching the mechanical properties
of the graft to the host vessel. Factors which affect patency are:

Compliance. Compliance matching of the graft is an important part of graft design [13,17,
57-59]. The correct matching of the graft’s compliance to that of the host vessel helps blood flow,
reduces thrombotic build up, allows for a steady transfer of the pressure pulse and windkessel
effect [60] (the elastic return of arteries aiding the steady flow of blood) and reduces the elastic
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stress-strain difference between the graft and artery. Compliance is the inverse of stiffness and
is widely used in the medical field to describe the mechanical properties of arteries [61]. Two
forms of compliance are generally used: diameter compliance (C;) and volume compliance (C,,).
These are defined by

1= 75 x 100 x 100 mmHg (2.1)
AV
Cy = VAP x 100 x 100mmHg 2.2)

where d and V' are the internal diameter and internal volume of the vessel respectively, AP is
the pressure difference (static or dynamic), and Ad and AV the change in diameter and volume
induced by this pressure difference. It can be shown that C, is twice Cj, assuming no change in
vessel length and second order changes in diameter are negligible (see Appendix G for deriva-
tion). Compliance is expressed in percentage change of diameter or volume over 100 mmHg
pressure (%/100 mmHg). Table 2.1 below shows the variation in compliance for grafts and nat-
ural blood vessels.

Description Diameter Compliance Type Compliance | Reference
mm Diameter Cy/Volume C,, | %/100 mmHg

Human Femoral Artery — Cu 5.9 [62]

Human Common Femoral Artery - Cy 14.1 [63]

Human Popliteal Artery - Cq 4.7 [63]

Human Common Carotid Artery - oF 6.6 [64]

Human Saphenous Vein - oF 4.4 [62]

Human Superficial Femoral Artery - Cy 1.8 64]

Human Fixed Umbilical Vein - Ca 3.7 62]

Woven Dacron® 10 Cy 0.08 [65]

Knitted Dacron® 8 Ca 2.0 [65]

Reinforced PU with PET Fibers 4-6 Co 0.31 — 0.43 [65]

Expanded PTFE 6 Cq 1.2 [66]
Polyurethane Grafts

PU| 3-8 Cy 7.0 — 19.0 [66]

PU _ Cy 8.1 [67]

PEUU | 3-8 C, 2.8 —4.8 [68]

Tecoflex 804 | 3-6 Co 4.9 [69]

PU/Siloxane copolymer 4 Cy 13.2 [70]

Biomer 4 - Cy 10.3 [71]

Chronoflex 56 C, 5—10 [72]

static
Segmented PU | 4.9 — 5.2 Cc,dgyn ji : g?{ [73]

Table 2.1: Compliance values for various grafts and blood vessels

There are a further two ways of characterising the compliance of a vessel, namely static (C****)
and dynamic (C%™) compliance. Static compliance testing entails the step-wise, incremental
increase in internal pressure and a corresponding diameter change. The advantage of this method
is the ease with which a pressure-diameter relation can be found for a vessel and characterised
over the full pressure range of the vessel. The drawback to this method however is that it does
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not take into account strain rate effects on the vessel, which may have a large influence on
compliance. If the material is highly viscoelastic, at higher strain rates the material will appear
"stiffer”, due to slow strain response [74].

Dynamic compliance is carried out under pulsatile pressure conditions over a period of time;
thus a more realistic response is observed, where physiological conditions are taken into account.
Research has shown that compliance is strain rate dependent [75], where at higher strain rates
(pulse rates), arteries show a decreased compliance. MacWilliams et al. [76] also showed that
compliance varies within the pressure pulse while Hamiltons® group [67, 77] have done step-
wise dynamic compliance testing over a pressure range, showing that compliance is pressure
dependent. Conti et al. [78] showed that in latex tubing, compliance decreased by nearly 50 %
when tested at 72 and 1600 bpm, however, it was also observed to increase at higher frequencies
(strain rates). It was postulated that possible instrumental harmonics or the material’s natural
frequency cause complex relations between material properties, strain rate and compliance.

Pressure strain elastic modulus (X). The pressure strain modulus K is the inverse of

diameter compliance, and is defined by

K= ié—f . 2.3)

This is measured in mmHg or Pa.

Nonlinear stiffening index (8).  The nonlinear stiffening effect of an artery is important and
helps prevent aneurysms occurring in blood vessels. Figure 2.9 shows the stress strain relation
between collagen and elastin and its role in the mechanics of arteries. A stiffness index 3 has
been defined by Hayashi et al. [79], and is given by
_ _In(P/R)
gaeErayr
where d is the diameter of the vessel at a pressure P, and d is the diameter at a standard pressure

(2.9

Py (100mmHg). Hayashi et al. showed that 3 was a constant in the physiological range of
pressure. This was modified to 8’ by Kawasaki et al. [80] to include the diastolic and systolic
pressures (P, and P,,,) and diameters (dg, and d,,,) where,
h’l(P 3 / Pdia.)
- L] ]
5 - 6 (dsys - ddia) /ddia

Kawasaki ef al. showed that the modulus K increased linearly with systolic pressure, while 8

(2.5)

values remained independent of arterial pressure. Thus 3’ values can be regarded as a reliable
measure of elasticity within the physiological pressure range.

Porosity and gel fill. It has been shown by Burkel [3] that the ingrowth of EC on the
inner surface of a vascular prosthesis greatly increases the patency of the graft by reducing the
thrombogenetic reaction of the blood with the graft. A means of increasing such ingrowth is to
induce cellular ingrowth through the walls of the graft, leading to the eventual endothelialisation
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of the inner surface [1, 6, 11,20]. Therefore, maximising this endothelialisation of the lumen
surface would greatly increase the success of the graft. This may be achieved by increasing
porosity and introducing defined micro-channels to the lumen surface through the graft wall. By
filling these pores with growth matrices, further tissue ingrowth can be promoted. Thus a highly
porous graft with defined channels from the outer surface to the lumen will greatly promote the
grafts self-healing abilities and increase patency.

Thrombogenecity and surface treatment.  Thrombogenecity refers to the nature of a vessel
to thrombose (i.e. the build-up of blood clotting). This is related to the surface smoothness of
the lumen wall and the shear stress at those points. As mentioned earlier, EC are responsible
for regulating the shear stresses on the lumen by controlling the response and structure of the
vessel wall. At high shear stresses EC try to slow the blood flow by making the smooth muscles
dilate, while, if low, they induce the SMC to contract. In cases where muscular response does
not curb the change in shear stress, growth factors are released, changing the tissue make-up
and structure of the vessel wall, and thus its mechanical properties. This tissue growth can
however be excessive at the anastomosis where sharp mechanical changes occur, and where
blood flow is disrupted and invariably turbulent, so that high shear forces occur. The perturbed
endothelium reacts by releasing substances which aid thrombosis. Therefore, to ensure that
the thrombogenecity of a graft is low, a covering endothelium should be present on the lumenal
surface, and the disruption of blood flow patterns at the anastomosis should be minimised.

Kink resistance. Small to medium sized arteries in the human body tend to be located at the
extremities of the body. These parts of the body are continually in active motion (for example at
the knee and elbow). Therefore, if a replacement graft is to be successful it would need to be kink
resistant. Novel ideas for increasing kink resistance include the placement of external support
rings or the use of corrugated structures, which prevents the vessel wall from collapsing.

Suturability. The suturability of a graft pertains to the ability of the graft to resist suture
(stitch) pullout. Due to the active nature of both the host and the blood vessel, a graft once
implanted needs to remain intact. A graft which pulls out will cause massive hemorrhaging and
various complications.

Geometry. The geometry of the replacement graft is significant. Traditionally grafts
with a larger diameter than that of the host artery have been found to have a higher patency. A
diameter of 1.5x the host vessel was found to be optimal in small to medium diameter grafts [81].
However, this work is based on using currently available synthetic grafts which do not match the
mechanical characteristics of the host vessel, where a large diameter vessel would smooth out
blood flow and reduce turbulence. An exact match of wall thickness and vessel diameter should
be attempted as far as possible.
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2,7 Prosthetic grafts

Two groups of prosthetic grafls, biological and synihetic, arc currently available. The ments of
bialogical grafts far outweigh those of the svnihelic in terms of patency and success; however,
biological grafts arc often difficult to obtamn. Figure 2,10 below shows the grafl types and the
trend towards combining the two distinct groups to obtain a combined biosynthetic grail.
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Fignre 2.10: Prosthefic grafl types

2.7.1 Biological grafts
The body of biological grafts include; autografis {veins or artenes obtained from the host), ho-

mogralts (veins and artcries obtained from another human being), helerografts (veins and artcries
obtained from mammals). and tissuc engineered urafts {cultured). Autografts currently have the
highest success; however, as described earlier itis not always {easible to obtain good undiseased
samples from the host in the right length [5]. Homo- and heterografts tend to be rejecied by
the host unless the host is heavily treated against biological reactions. Allografls and xenografts
ar¢ crosslink treated or fixed homo- and heterografis, giving a more biostable graft. This fix-
ing, however, causes a reduction in graft patency as cross-linking causes stiffening and a marked
reduction in compliance.

Recent biclogical graft developments include the novel! tissue engincered (TE) grafts. These
were pioneered by Weinburg and Bell [82] who cultured SMC and bovme collagen in annular
molds over one month with an external Dacron® sleeve. lurther work includes that of Alger er
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al. [83,84], who utilised a compietely biological approach where SMC from the umbilical cord
and fibroblasts from adult dermis (skin) were combined. The SMC and collagen were cultured
and then wrapped around a mandrel in sequential layers. This was then placed in a bio-reactor
for further culturing, taking a total of one to two months to manufacture. Figure 2.11 shows
the biclogical graft produced by Auger et al. and the three distinct lavers of lamina, media and
adventitia through the wall.

Figure 2. 11 lissue engineered grafi; (o) complete specimen and (b) wall cross-section showing
distinct layers of leaning, media ond adventitia [84]

These grafts have well structured lavers and orgamised coliagen and elastin which resemble
those of & natural vessel. Preliminary tests on dogs have shown that these grafts are suitable
for suturing, and exhibit & 50% patency after seven days when inter-layer blood infiltrations are
observed {small blood vessel integration through the wall structure} [84]. The compliance of
these grafts has been found to be high, but less than that of saphenous veins. However, these
tissue engineered grafts are costly, require great lengths of time to manufacture, and need to be
carefully stored, making them undesirable,

As can be seen, biological egrafts have a high patency, unfortunately they are not readily avail-
able. The cross-linking of naturally occurring biological grafts causes a drastic reduction in
compliance. With the advanced state of tissue engineered grafts and the initial results, these
show great promise, however, manufacturing time and cost is high.

2.7.2 Synthetic grafts

Dacron™, e-PTFE (expanded Teflon®), Nylon, and other biomedically stable polymers form the
body of synthetic grafis, The advantages of synthetic over biological grafis are, they are readily
available, can be manufactured to any length, and can be varied in strength and structure by
varying their specifications. However, so far these grafis have shown limited success if used as
small diameier conduits. Manufacturing technology and a detaiied understanding of blood vessel
mechanics is lacking Dacron®, e-PTFE and polyurethane structures form the majorily of the
synthetic group. Figures 2.12 a), b) and ¢) show the micro-structures of each of these synthetic
graft groups.
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Figure 2.12: Various synihetic graft micro-striciures

Expanded Teflon grafts. Expanded Tefllon® (e-PTFE) is an exceptionally strong, chemi-
cally incrt, gas permeable, hydrophobic and hiocompatable material, making it useful as a syn-
thetic graft. Expanded Teflon™ grafts were first introduced in 1975, and were produced by
extruding PTFE tubes which arc then cxpanded at high temperature, resulting in a highly porous
graft structure. The porous structure consisis of a series of solid nodes of PTFE with inter-
connecting small fibrils (scc Figure 2.12 a)). The pores are elliplical splines with a dimension
of 5-10 pm wide and 5-100 sm long with interconneeting fibrils having a diameter of less than
(1.5 pm. This microstruciure leads to an aniseiropic matenal behaviour which is strong in tension
while weak in compression. The pore structure ig crcated during the expansion process, where
orientated pores are produced in the direction of expansion. Initial problems with e-PTFE grafis
included material creep and dilation; these were overcome by reinforcing or increasing the wall
thickness, which invariably reduced compliance. These grafis are somctimes sceded with EC to
help reduce the thrambogenetic nature of the graft surface.

Dacraon grafts. Following the discovery that cells grew on silk threads exposed to blood
by Voorhees in 1952, woven and knitted grafls wete introduced in the carly 1970°s [3], Dacron®
grafts are part of the textile grafis available and arc formed from polyester muliifilament yamns.
Two forms of textile grafis are available, viz. woven and knitted. Woven Dacron® grafts tend to
be stiff both radially and longitudinally and are thus structurally sound, bul their compliance 1s
poor. These woven grafts tend to have a low porosity and therefore do nol reguire pre-clofting,
Woven grafis tend to fray and have a low sunirability.

Knitted Dacron®™ grafis tend to be highly porous compared to woven graits and thus require
pre-clotting before use. The size of yarn and type of koit define porosity and with this variation of
knit structure a certain amount of variation in the mechanical responsc can be achieved. Knitted
erafts tend to be mere compliant and do net fray to the extent ol woven structurcs, this makes
them highly suturable.

Table 2.2 comparcs the characteristios of woven and kmtted Dacron® grafts to a typical artery.

Novel designs in the line of texsile grafis include a solution spinnming technique used by
Cooman e/ af. [85] to create an orientated fibre porosity, Ze Zhang ef al. [86] developed a fi-
brous prosthesis made from a polvearbonate urethane. The technique creates communicating
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Tuble 2.2: Properiies of various groit wall structires

pores in the wall structure but no orientation. Lyman ef al. [37] produced 4 Dacron® reinlorced
porous prosthesis using a coagulation process. Gupta et of, [63] developed a hybrid woven textile
oraft; the graft had a two-layer construct made from two different elastic materials: an inner fab-
ric layer of low clastic modulns pobrrethane yarn and an ouler layer of high modulus polyester
yartL.

Figure 2.13 shows a comparison of load-elongation curves for Dacron® and ¢-PLFE grafis,
and natural blood vessels. As can be seen. current Daeron® ynd Teflon™ grafts arc highly non-

compliant, thus reducing patency.

er:rﬂn
/|'II Teflon Abdoemimal acrta
Lo
/ Femaoral artery
Elongation

Figure 2,13, Comparisim of synthetic grafis with natural blood vessels
Polyurethanc grafts. The most recent developments in prosthetic design include porous
polvmer grafts, These gralls are advantageous, since well-developed, orientated pore struchues
can be produced relatively casily. Early work in porous prosthetics includes that ol Hayashi ¢f
ol [6] where g polyurcthane porous prosthesis was produced using sihicon rubber additives; a
phase scparation technique was used to form the pores und a polyester net externally reinforeed
the structure, Lyman | 57] used a precipitation method in the formation of a polyurethane foam,
and a polyester mesh was introduced lo reinforee the structure, This graft structure showed a lin-
ear clastic response with a relatively tow elastic modulus compared to other svnthetic grafis. The
wall thickness thus had to be increased o oblain the correet compliance and an external rein-
foreing added to ensure the gralis integnly. Polyurcthane prafts are advantageous as they can be
moulded into any lorm wilh a high degree of porosity (up to 90 % |87]), giving gredter compli-

ance and making them well-suited for small vessel replacement, However, they are structurally



Chapter 22 The Structure and Moechanics of Artertes and the Requirements of a Prosthetic Gralt 23

weak and invariably require some form of strengthening.

2.8 The adventitial graft

The various factors in graft design described above and the current failure of commercial grafts to
incorporate all these factors demonstrates the need for further research into small diameter pros-
thetic graft design With these factors in mind, a porous polymer structure with well-established
channels has been developed, in the hope of producing a self-healing synthetic graft [9]. How-
ever, the structure has been found to be weak and requires strengthening, Wound reinforcing was
imitially investigated by MacKellar [21] and Hughes [22], where regions of concentrated stress
and compression were observed. This reduced the grafts compliance and locally affected the
porous scaffold. To ensure that the prosthetic scaffold remains highly porous and retains its well-
defined channels to the lumen surface, an adventitial style grafi is proposed, in which a loosely
attached, highly porous fabric supports the porous structure externally. It is hoped that this fabric
structure will mimic the mechanical behaviour of the natural host vessel and distribute the stress
uniformly ever the porous scaffold.

This thesis 15 concerned with the development of such a reinforcing structure, Figure 2,14
shows the concept, in which a well established 1nner porous structure with little mechanical
strength provides a scaffold for tissue regeneration, and the fabnc externally reinforees this scaf-
fold, providing the graft’s integrity and mechanical requirements, while permitting cellular ac-
tivity to take place through it.

The “Adventitial” graft Fabtic remforcement
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Figure 2. 14 The fabric reinforced adventitial graft concepr



Chapter 3

The Structure and Mechanics of
Polymers and Fabrics

3.1 Introduction

The mathematical description of a material requires a sound understanding of the material and
its structure. In this Chapter the physical characteristics of polymers and fabrics, including struc-
ture and mechanical properties, are described.

3.2 Polymers |
Polymers have been utilised in the medical field since the 1960s. Yet, the extent to which all

polymers integrate with and affect the body is still poorly understood. Extensive testing is thus
required before a polymer can be safely implemented in the human body. Many biomaterials,
especially heart valve and blood vessel replacements, are made from polymers like Dacron®,
Teflon® and various polyurethanes.

Polymers are materials containing a large number of repetitive parts, chemically bonded to-
gether to form a solid. Polymers are divided into two groups; natural and synthetic (Figure 3.1).
Examples of natural polymers are protein chains such as collagen, sugar chains such as cel-
lulose, and natural rubbers. Examples of synthetic polymers are polyethylene, Nylon® and
Teflon®. From these, polymers with properties optimised for strength, stiffness, abrasion re-
sistance, density and creep requirements can be produced. The following sections describe the
various polymers available and their properties.

3.2.1 Polymer morphology

The molecular shape and the arrangement of the molecules in a polymer are important factors
in determining its properties. Crystalline and amorphous structures coexist in polymers. Amor-
phous structures are random, while crystalline structures are ordered and orientated. Figure 3.2
shows a polymer with the molecules in this dualistic state.

24
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Figure 3.2: Crystalline and amorphous structures

3.2.2 Synthetic polymers

Synthetic polymers can be subdivided into two groups. namely, thermoplastics and thermoesets.
Due to the difference in structure and chemical bonds, thermoplasties and thermosets display
different mechanical properties. Eldstomers, which can be either thermoplastics or thermosets,
are rubber-like materials which are highly elastic,

Thermoplastics. Thermoplastics are those polymers which soften on heating and harden
on cooling. These pracesses can be repeated many times without changing the polymers™ chem-
ical and mechanical properties once cooled. Thermoplastics agcount (or the majority of plastics
available, examples include polyethyiene, PTFE {Teflon®), PET (Dacron®) and Nylon® Ther-
moplastics are extremely ductile, have a high strain 1o (atiure, have good impact and chemical
resistance and a low friction coefficient. however. they have a low creep resistance and are diffi-
cult 1o form.

Thermosets., In contrast 1o thermoplastics, thermosets flow and cross-link upen heat-
ing, forming a ngid palymer structure which after cooling cannot be softened by further beating.
These plastics are produced from a two-stage chemical procedure: the first stage produces large
molecules while Lthe second cross-links these molecules under heat and pressure  This process
makes thermosets suitable for moulding, These polymers are quite rigid due to the strong bonds

produged beiween the molecular chains from cross-linking. Thermosets are not affected by rem-
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perature once cross-linked, have a low shrinkage, adhere well to fibres and show high static and

dynamic strengths, yet they are not easily reformed. Table 3.1 shows the variation of properties

between thermosets and thermoplastics.

Description [L Thermoplastics | Thermosets
Processing poor excellent
Adherence nil high
Shelf Life indefinite definite
Shrinkage low fair
Cure Cycle short long
Solvent Resistance fair - excellent good
Re-processability good nil
Creep Resistance low. good

Table 3.1: Comparison of thermosets and thermoplastics

Elastomers. Elastomers are rubber-like materials which can be classified as either ther-
mosets or thermoplastics, of which rubber is the most well-known. They consist of very long
amorphous chain-like molecules which are cross-linked and cured in a vulcanisation process, in
which natural rubber is cross-linked by heating it in sulphur. Cross-linked elastomers can un-
dergo large elastic deformation and regain their original shape on unloading. This is achieved
through the uncoiling of these amorphous molecular chains, which orientate and align them-
selves, and upon unloading return to their original form due to the cross-links. Examples of
elastomers are natural rubber, Lycra® (Spandex®) and elastomester.

Forming processes. Polymer products are formed through a variety of processes, such
as injection moulding, blow moulding, compression moulding, melt cast, thermo-forming, and
extrusion. In injection moulding, the polymer (only thermoplastics) is heated above its glass
transition temperature (flow melted) and then forced into a mould. Blow moulding and thermo-
forming are techniques which expand a polymer into a mould by making use of blowing agents.
Blowing agents are dissolved gases which expand into bubbles through pressure reduction or by
utilising chemical reactions within the molten polymer.

Compression moulding and melt cast are processes where the molten polymer (normally in
paste form) is compressed or heat pressed into shape. Pores are introduced into these processing
forms either through a forming process such as blow moulding, or by utilising a solid fill within
the molten polymer, which is then dissolved off once the polymer has cured (hardened).

Glass tramsition (7;) and melt temperatures (7). When a polymer is cooled, it
passes through a certain temperature at which it changes from a viscous rubber-like material
to a hard, brittle material. This point is known as the glass transition temperature (7). Glass
transition occurs predominantly in amorphous polymers. Polymers can either be used above or
below this glass transition temperature. Plastics like perspex are used below their glass transition
temperature and so are hard and brittle, while rubber elastomers like Lycra® are used above their
glass transition temperature and so have a rubber-like formable nature. The melting temperature
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(T'»r) of a polymer is the transition which occurs in a highly crystalline polymer, where the
molecular chains move from a dominant crystalline structure to an amorphous structure.

3.3 General mechanical properties of polymers

Many polymers can be described as isotropic elastic materials which display viscoelastic behav-
iour. The elastic and viscoelastic behaviour varies depending on the glass transition temperature,
the operation temperature, the load rate and time scale. A polymer’s elastic properties can either
be almost linear, in the case of polymers which are used below their glass transition temperature
(Perspex®), or highly nonlinear, in the case of polymers which operate above their glass transi-
tion temperature (Elastomers). This variation in elasticity can be seen in the different stress-strain
curves obtained for a polymer with increasing temperature (Figure 3.3).

Load

Elongation

Figure 3.3: Stress-strain properties of polymers [21]

The viscoelastic (creep) nature of polymers depends heavily on time scales, load rates, tem-
perature, and the glass transition temperature [88]. This can be seen in Figure 3.4, where with
increased temperature a polymers viscoelastic properties vary.
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Figure 3.4: Creep properties of polymer with increased temperature [21]

At low temperatures and high frequencies (load rates) a polymer may display glass-like char-
acteristics (low breaking strains and high elastic modulus), and at higher temperatures and low
frequencies it displays rubber-like qualities (large strains and low elastic modulus), while at nor-
mal temperatures it acts like a viscous fluid. These characteristics make a polymer’s behaviour
difficult to describe generally and therefore each has to be categorised individually as either a
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brittle-glass-like polymer, a highly deformable rubber-like polymer, or a highly viscous polymer,
depending on the structure and conditions under which the polymer is used.

3.4 Textiles

Textile structures have been utilised in the medical field for centuries in the form of bandages and
sutures, with the discovery that cells grew on silk threads exposed to blood by Voorhees et al. [3]
in 1952, textiles have been used for arterial and skin grafts. Fibres and fabrics have great scope
in the medical field, not only for their mechanical similarities to biological tissue but also due to
the ability to be formed with desired characteristics by simply altering the fibre construction and
assembly.

Fibres and filaments. Fibres and filaments are formed from polymers, and like poly-
mers, can be divided into two groups, namely, natural and synthetic. Examples of natural fibres
are cellulosics (linen, cotton, rayon, acetate) and proteins (wool, silk). Examples of synthetic
fibres are polyamides, polyester, vinyls, acrylics, PTFE, polyphenylene sulfide (PPS), aramids
(Kevlar®, Nomex®) and polyurethanes (Lycra®, Pellethane, Biomer). Each has different me-
chanical properties; Lycra®, for example, is an elastomer which is highly deformable and can
be compared to elastin, while polyester is highly stiff and can be compared to collagen. The
manufacture of synthetic fibres is achieved by extrusion through wet, dry or melt spinning; these
fibres are then processed to obtain the desired fibre size, shape and texture. Through the careful
control of morphology, fibres can be manufactured with specific mechanical properties. Tensile
strengths of fibres can vary from 2-30 grams/denier, while most industrial fibres range between
2-6 grams/denier. The breaking strain can vary between 10 % in standard textile fibres to 500 %
in elastomeric fibres. The denier system is employed internationally to measure the size of silk,
man-made fibres and filaments and indicates the weight in grams of 9000 m of fibre or filament.
The higher the denier value the coarser the fibre; for example, a 15 denier fibre is finer than a
100 denier fibre.

Yarns. Yarns are fibres or filaments which are twisted into larger sections to improve
strength, abrasion resistance, and handling. Yarn properties (y) depend on the fibre or filaments
properties (f) and the twist angle (o) of the yarn; for example the Young’s modulus and strain of
a yarn in terms of the filament properties is given by

E, = E;cos’a . (3.1)

The formation of fibres and yarns is shown in Figure 3.5.

The denier system described earlier is not convenient for the measurement of a yarn’s weight
per unit length, as their greater weight would mean large denier values. Therefore the Tex system
was developed for yarns; it is also applicable to fibres and filaments, and is based on the weight
in grams of 1000 m of yarn.
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Figure 3.3 Fibre and varrn construction

3.4.1 Fabrics

Fabrics are yarns which are imterlaced together in various forms to produce a desired structure.
Yarns are interlaced either in woven, kmtted, braided or non-woven stracturcs. Weaves, knits
and hraided siructures are atl made from yamns, while non-woven structures can be directly spun
from libres. The propertics of a fabric depend on the characlenistics of the yam used and the

geometry of the formed strucnre. The following describes the vanous fabrication techniques.

Weaves., Weaves are sets of yams interlaced ai right angles lo each other: the yarns ahgned
lenpthwise are warp yarns and perpendicular to these are the weft yvarns. Figure 3.6 {(a) shows
the basic weave struclure. Weaves tend to be very sitff and structuraily sound, and due to the
tight interlaced vams these tend fo be less porous than other structures. A disadvantage of woven
fabrics is their tendency to fray and unravel at the edges, which greatly reduces the suturability
of these structures. However, a weave known as the leno weave, wherg two warp threads twist
around a wetl, substantizlly reduces fraying and unraveling. Many weave variations are possibie,

some of which are shown in Figures 3.6 (b) and (c).

e
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Figure 3.6: Weave constructions: (a) plain, (b} twill and (c) satin

Knits. Knits are fabrics where yarns are inter-meshed through the use of loops, Generally,
knitted structures are not as stiff as their woven counterparts and are highly porous. Knitted fab-
rics encompass two groups, namely wefl and warp knits {Figures 3.7 (a) and (b) respectively).
Warp knits are highly complex compared to weft, many of the medically nmplanted fabrics are
warp knits, Wefi knit structures tend to be highly extendable but are structurally unstable, un-
less interlocking occurs. This interfocking tends to reduce extensibility but does help with elastic
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recovery. Advantages ol knitled [abries include their flexible, comfortable nature, and their ten-
deney nol to fray and unravel at the edges. Many knit patterns are possible. Figures 3.7 (¢) and
(d) show two variations in knit construction.

Figure 3.7; Kair comsgructions: fa) weft, () warp ffricot), {c) warp kit wirh underlaps and (d)
wenrp ket with wefl inserted porns

Braids. Braids are a simple method of forming fabrie structures involving three or more
vams crossed over each olther sequentially at 45 degrees. These are typically used in cords and

sutures but gre nol extensively used as labnes lor medical purposes.

Non-woven. These fabrics are formed by tanghing fibres and/or varns mto fabric form.
They can be processed directly from fibres and are needle-telted, hydro-emtangled or bonded
through thermal, chemical and or adhesive metheds. Non-woven properties are determined di-
recthy from the fitwe, the vams, and the bonding process between them. Polyurethane-based
non-wovens produce a product that resembles a collagenous material in both structure and me-
chanical appheation. The potosity of these structures can be contiotled directly by the manufac-

LTI Process,

3.5 General mechanical properties of textiles

In general, [abrics possess mechanical properties that are nontincar, anisotropie, and inclastic.
Figures 3.8 (a). (b) and (¢} show the typical responses of fabrics under various deformations.
From these it can be seen the behaviour of [abrics is complex compared to conventional engi-

neering matenals.

Stiffness and sirengih. Stfiness and strength covern the handline characteristics and the
conlormability of a fabric, which is critical in medical applications. A low stiffness is penerally
requircd. Factors affecting stiffness are fibre shape, modulus, linear density, and specific pravity.
Generally, the higher the denier, the higher the stiffness. Monolilament {abrics tend (o be stiffer
than multifilament; with alf lactors being the same, the bending stifTness of a monolilament of
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Figure 3.8; Fabric siress-strain curves in, (a) tensile, (b} bending and (o} sheor | 89|

denicr T, will be roughly » times greater than a mulitilament with n filaments and depicr 7.
The ratio of a yarn’s bending stiffness compared to that of a sohd rod of the same diameter can
be shown Lo be |89

alri (33

where o is the ratio of summed area of fibres to the varn's cross-section. [t the radius of yam,
and v 1s the radius of vam’s constiluent bres. This makes it possible to produce thick yars with
a high degree ol llexibility. Coupled with the fact that fabrics are very thin, this makes a fabrie’s
bending stiffness much lower and sometimes insigniticant compared to its tensile strength, Fab-
rics generally have a high stiffness in ension, while their shear stiffness i3 low, and in bending,
much lower, For example, a typical fabric in tension s 30MPa, while in shear, (.4 MPa and i
hending, 0.001 MPa.

Larue deformability. Figure 3.8 {a) shows a typical tensile stress-strain curve for a
fabric, and shows that large sitains arc achicvable under small loads. This is achieved by the
alignment of crimped yarns within the fabric structure, At larger de{ormations this diminishes
when alignment of ibre and yarn s achieved and the stress 1s luken up 0 straming the yvams. An
inttial tensile modulus of a fabric is of the order 10 MPa. which compared to steel {2 x 107 M)
is arders of magmiude smaller. Fabrics display even greater compliance in bending. Fabrics
can under their own weight deform considerably and buckle at very small in-plane compresgive
stresses, Tl i3 (his highly deformable nature that gives labrics the requiregments of homan body

movement and physiological cffects.

Nonlincar clastic behaviour. The stress-sirain relation of 4 fabric i3 highly nonlinear in
the low stress region and then becomes lingar alter a critical point, This ¢nitical point varies from
fabric to fabric and the vatious de{ommnation modes, and is dependent on a number of factors:
fibre material, the number af fibrcs in a varn, varn density and fabric structare, TTowever, this

critical point is generally high in tension and low in bending and shear. This nonlinear behaviour
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is also atiributed to the porous, crimped and looscly connceted construction of fabrics. Under
tension, the crimped yams straighten under small stresses, while at the higher strains, where
deenmping is complete, inter-libre [riction increases and the fabric structure becomes onentated,
Thus at these higher strams the stress-strain relation becomes almost linear. For bending and
shear, when stresses arc low, infer-fibre friction canses a lngh mnitial resistance, but as the applied
siress 1s increased, this friclional resistunce 18 overcome and yam slippage oceurs which causes

a reduction in stiffness [90]. This behaviour 15 shown in Figures 3.8 (b) and {c).

Inelastic and viscoelastic behaviour. From Figures 3.8 (a}, (b} and {c} hysteresis loops
accur where, generally, permancnt deformation occurs upon unloading, This demonstrates the
inelastic nature of the fabne. Conventional engineering materials show plasticity after a plastic
lirmt 1s reached where yielding occurs and permanent deformation achieved. With fabries an
elastic limit is rcached where the kinking of yams becomes permanent, and Lhis elastic Innit can
be directly related lo the bending stiffness of a fabric’s constitutive yam [89]. Thus, the inelastic
and viscoclastic properties of a fabric can easily be reduced by simply utilising ibres with a high
elastic content or a low modulus, such as Lycra®™. Such materials have heen successfully used
in the garment imdustry to provide elastic fabries which conform to the boady and can extend to
strains of 200 % without suffering from permanent deformation, cxamples are cyeling shorts and
tights.



Chapter 4
Continuum Mechanics

4.1 Introduction

In this chapler a review of those aspects of continuum mechanics that are relevant to the devel-
apment of a mathematical model for desceribing the mechanical behaviour of fabrics and gralis
is given, l'or more details on the subject the reader is referred to the works by Lal ef af, 91],
Malvern 192] and Holeaple] 193],

4.2 Kinemaftics

Figure 4.1 Motion of g contimious body

Consider the motion of a continuous body, denoted in Figure 4.1, A maternial particle imtially
located at some refercnce position X will move to a new position x: this may be deseribed hy a

anc-to-ane, invertible mapping v, so that
= x(X,1). @.1)

A
X = M ety (4.2)

Thus, ficld quantities such as density and velocity can be given as funetions of X and £, known as
the material or Lagrangian description, or of » and £, known as the spatial or Eulerian deseription.
Consider two neighbouring particles £ and @, localed at X and X -+ X i the relerence
configuration. The bedy undergoes a displacement «, so that x = X + w( X, t) [or pont P and
r+dr - X —dX —u(X +d4X, 1) for point &, Subtracting these two cquations, we obtain

de = dX + (VU] dX (4.3)
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where VU is the displacement gradient; that is,
611,@'
(VU )ij =

ax;

4.4)

Alternatively, one has

dz = FdX (4.5)

where F' = Vz = I 4+ VU, I is the identity tensor, and F' is the deformation gradient tensor;
that is,

_om
80X,

Both F' and VU characterise local deformation. The deformation gradient F' contains informa-

Fi (4.6)

tion on both rigid body motion and deformation. If F is a proper orthogonal tensor (i.e. F*F = I
and det ' = +1) then it corresponds to a rigid body motion only (translation and/or rotation),
and no deformation occurs at X.

The Jacobian J, defined by

J=detF >0, 4.7)

describes the ratio of current to reference volume at a point.
Any real tensor F' with a non-zero determinant can be decomposed according to

F=RU=VR, 4.8)

where U, V and R are unique, U and V are positive definitive symmetric tensors, and R is a
proper orthogonal tensor. Equation (4.8) is known as the polar decomposition theorem, where
motion is decomposed into pure stretch and rotation; U and V' are the right and left stretch tensors
which contain information about deformation, and R is the rotation tensor.

From equation (4.8) it follows that:

U=RTVR. 4.9
Also
FTF = (RU)T (RU) = UTRTRU = U"U, (4.10)
so that
C=U*=F"F. (4.11)
It can also be shown that
B=V?=FFT, (4.12)

U? or C is known as the Right Cauchy-Green deformation tensor and V2 or B, the Left Cauchy-
Green deformation tensor; these are measures of deformation only.
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The principal invariants /1, I and I3 of a second-order tensor A are given by

L{A) = t(A) (4.13)
BA) = {((4)) - u(4)) (“.14)
I(A) = detA (4.15)

If A 1s symmetric it possesses three real principal values, or eigenvalues Ay, Aa, A3, and

L(A) = M+X+As, (4.16)
L(A) = MAg+Ads+ A3k, 4.17)
I3(A) = MAds . (4.18)

Strain is a measure of deformation and is independent of rotation K. Various strain measures
exist; for example,

Green Lagrangian strain

E= %(UZ—I), (4.19)
Eulerian strain
e= %(I —-VY, (4.20)
nominal strain (Biot strain)
e=U-1, (4.21)
and logarithmic strain
e =In(U). (4.22)

The velocity v of a material particle is defined by
Oz
=5
The time rate change of a quantity associated with a material particle is known as the material

v (4.23)

time derivative or material derivative and for a quantity f(z,t) is given by

; _Df _of
e 2 . , 4.24
f=H=diwvys (424)
The velocity gradient L is defined by
L=Vv= 9y . (4.25)
Oz
By using the identities dv = Ldx = LFdX , as dr = FdX, it can be shown that
F=LF. (4.26)

L can be decomposed into symmetric and skew-symmetric or antisymmetric parts according to

L= %(L +L7) + %(L - L7, 4.27)
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The rate of deformation D is defined to be the symmetric part of L, and the spin tensor W is the
skew-symmetric part; that is,

1
D=z(L+1"), | (4.28)
1 T
W=§(L—L ). (4.29)
For the Green (Lagrangian) Strain E, we have
.1 .
E o= — T T
- (F F+F F) (4.30)
or, using (4.26),
. 1
E= 5 (FTLF + F'L"F) . 4.31)
Therefore,
E=F'DF. (4.32)

4.3 Stress measures

Consider a continuous body 2y with a plane I'y passing through an arbitrary point () which has
a unit normal vector ng in the undeformed state, and in the deformed state (2, I' and n, as shown

in Figure 4.2.

() Initial undeformed state (b) Deformed state

Figure 4.2: Initial undeformed and deformed stress states of a body

Cauchy (true) stress. The Cauchy stress tensor o at point () is defined through Cauchy’s

relation
t=on, (4.33)

where t is the traction (force per unit area) in the deformed position acting on the surface I' with

normal n at point ().

Kirchhoff stress. Another form of stress measure is the Kirchhoff stress 7, defined by
t=17ng. (4.34)

The Kirchhoff stress can be thought of as the force per unit area related to the material’s unde-
formed state, and is a useful stress measure in the development of constitutive models for large
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elastic strain [94].
First Piola-Kirchhoff (Lagrangian) stress.  The first Piola-Kirchhoff stress P is such that
ty = Py, (4.35)

where tg is the traction (force per unit area) in the undeformed position.
Second Piola-Kirchhoff stress.  The second Piola-Kirchhoff stress S is defined by
S=JFloFT=F'P, (4.36)

This is commonly used in constitutive models and is a convenient stress measure as it is the con-
jugate stress (see Section 4.5.4) for the Green (Lagrangian) strain, E, which is readily interpreted
physically. It is also useful from a numerical point of view as it is a symmetric tensor and the
Green strain is directly computed from the deformation gradient, /'. The different stress tensors
are related by functions of the deformation; these relations can be obtained by using (4.33) to
(4.36) and Nanson’s relation [92] which relates the deformed normal n to the undeformed normal
ng by

ndl' = Jng F~1dly . (4.37)

The relations between the stress forms are
T=Jo (4.38)

and the Piola transformation
P=JocFT=FS. (4.39)

4.4 Corotational coordinate framework
With deformations involving rotations, it is often difficult to work with a fixed coordinate system.
This is especially true when material properties are non-isotropic and are highly dependent on
the orientation of the body. Thus, it is often simpler to work with a coordinate system which
rotates with the body; such systems are called corotational coordinates. The components of the
base vector e in the corotational system are related to the global components by

é@ = Rjiej (440)

where R is the rotation tensor and the superposed "hat" indicates the corotational components.
The components of Cauchy stress and the rate of deformation in the corotational system are then
given by

6','3‘ = RkiO'kgjo (441)

and

~

D;; = R, Dy Ry; (4.42)
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4.5 Conservation equations

The conservation or balance equations relevant to isothermal mechanical behaviour are the con-
servation of mass, momentum, angular momentum and energy.

In the derivation of the conservation equations we need Gauss’s theorem, which states that for
a piecewise continuously differentiable function f(x,t),

/Vf i = /nfdr (4.43)

where 2 denotes the domain and I its surface, with unit outward normal n. This can be used to
relate a volume integral to a surface integral as in (4.43), or an area integral to a contour integral.

Reynold’s transport theorem. Reynold’s transport theorem is also required. Reynold’s
transport theorem states that the rate of change of an integral over a material volume is equal to
the volume integral of the rate of change of a variable f(z, t), keeping the material domain fixed,
plus the surface integral of the rate of the variable moving due to surface velocity. This is given

i = / fd0 = / 4 + / fondl (4.44)

where v is the velocity.

4.5.1 Conservation of mass
The mass m(§2) of a material domain  is given by
m(Q) = / p(X, 1) A2 (4.45)
0

where m(Q) is a constant greater than zero and p(X, t) is the mass density with respect to the
current configuration. Mass conservation requires that the mass over a material domain remains
constant; thus

Dm D
dQ = 4.4
Dt Dt palt=0. (446)
Using Reynolds transport theorem it can be shown that
Dp
Y +pdive=20, (4.47)

which is the equation of mass conservation, or the continuity equation.

4.5.2 Conservation of linear momentum

Consider a domain € with a boundary I', and subjected to body force b and surface traction t, the
total force f is given by

f(t) = / pb(z, ) dQ + / (z,t) dT, (4.48)

2 r



Chapter 4:  Continuum Mechanics 39

and linear momentum p is given by

= / pu(z,t) dY, (4.49)
Q

where puv is the linear momentum per unit volume.
The momentum conservation principle for a continuum states that the material time derivative
of the linear momentum p equals the net force. This gives

Dp(t) D
fit) = —t = —— dQ) . .
(t) Dr = Dpi | ™ (4.50)
Q
Using (4.48) we get
D
E/pvdﬂz/pbd(l—i—ftdl‘. (4.51)
Q Q r
Using Reynold’s transport theorem, Cauchy’s relation and Gauss’s theorem it can be shown that
Dv
et — di =0, .
/(Dt V.o pb)Q 0 (4.52)
Q
Since {1 is arbitrary,
Dv
l—ﬁ_v o+ pb=divo + pb. (4.53)

This is the equation of conservation of momentum.
In many problems loads are applied slowly and so inertia forces are small and can be ne-
glected. Thus, the acceleration term in (4.53) is neglected giving the equilibrium equation

V.o+pb=0. (4.54)

4.5.3 Conservation of angular momentum

The balance of angular momentum states that the rate of change of angular momentum must be
equal to the total torque applied; that is,

gt/mxpv df) = /xpr dQ+/:cxtdF (4.55)
T

From this it can be shown that the conservation of angular momentum requires that the Cauchy
stress be a symmetric tensor; that is,
o=oT. (4.56)

Therefore the Cauchy stress tensor has six distinct independent components in three-dimensional
problems.

4.5.4 Conservation of energy

The principle of conservation of energy states that the rate of change of total energy is equal to
the rate of work done by the body forces and surface tractions plus the heat energy delivered
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to the body. The internal energy per unit volume is denoted by pw™™ where w*™ is the internal
energy per unit mass. The heat flux per unit area is denoted by q, and heat source per unit volume
is denoted by ps. Conservation of energy then requires that

Pint + Pkinetic . Pemt + Pheat (457)
where
pint = 2 pw'™ dQ) (4.58)
Dt ’
Q
i D [1
Pkmetzc - - s )
i | 3PV dsl (4.59)
)
Pe‘“=/v'pbdﬂ+/v-tdl‘ (4.60)
Q r
pheat — / ps d§) — / n-qdl 4.61)
0 r
By using Reynold’s theorem, Cauchy’s law and Gauss’s theorem one can show that
D'wim" Dy
/(p D —D.0+V-q-—ps+v-(p—E—E—V-U—pb>) dQ=0. (4.62)
Q

The last term of the integral can be recognised as the momentum equation (4.53), thus, using the

fact that () is arbitrary, we have

Duw'™
Dt

which is the equation of energy conservation. In purely mechanical processes the heat flux and

P =D:o—-V-q+ps, (4.63)

heat source terms vanish thus leaving
D,wint
"Dt
It can be seen that the internal power is given by the inner product of the rate of deformation with

=D:o. (4.64)

the Cauchy stress. These are said to be conjugate quantities or work conjugates. Work conju-
gacy is useful in the development of weak forms of the momentum equations. Other conjugate
pairs can be derived from (4.64) [95]; for example, the first Piola-Kirchhoff stress and rate of

deformation gradient
Dwz’nt

P Dt E]R}z , (4.65)
and the second Piola-Kirchhoff stress and rate of Green strain
D int .
p—=— = E,;S;; . (4.66)

Dt
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4.6 Frame-invariance, objective rate formulations

The components of Cauchy stress in a fixed coordinate system will change during pure rotation.
Thus, to account for the change in stress due to this rotation in a constitutive equation it is
necessary to use an objective or frame invariant stress rate. Three invariant rates are presented:
the Jaumann rate, the Truesdell rate, and the Green-Naghdi rate.

Jaumann rate.  The Jaumann rate of Cauchy stress is given by

Do,
¥ = S — Waow; — oW . (4.67)
Dt
This can be written in the form
DO’,"
—-b—tJ = JZJ e (Wikdkj -+ Uiijk) (468)

Thus the material derivative of Cauchy stress consists of two parts: the rate of change due to
material response and the change of stress due to rotation. With the objective rate, material
rotations are taken into consideration.

Truesdell rate and Green-Naghdirate.  Two other common objective rates are the Truesdell
rate and Green-Naghdi rate. These are similar to the Jaumann rate, however they use variations
in the measure of rotation; the Truesdell rate uses velocity gradient (L) and the Green-Naghdi
rate uses the angular velocity ({2;; = RikRjk). These are defined as follows:

Truesdell rate:
T Daij y
% = o T divv oy — Ligokj — oLk (4.69)
Green-Naghdi rate:
DO’@'
J,Z-G == DtJ — Qikakj - O’ikﬂjk . (470)

4.7 Constitutive equations

4.7.1 Hyperelastic materials

Elastic materials for which a stored energy function exists are said to be hyperelastic. This
behaviour is observed in most rubber-like materials. For a hyperelastic material with a stored
(strain) energy function 1 (F), the stress is given by
_ Op(Fy)
Py = aF, - 4.71)
It can be shown that 1 = 1(C') and that alternative forms of (4.71) are
_ () _ duw(Eyj)
Sij =2 aC, - 0By 4.72)

When this energy is written as a function of Green strain £, we use the notation w, where the
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relation between ¢ and w is
w(Ey;) = ¢(2E; +1). (4.73)

Hyperelastic materials provide a natural framework for frame-invariant formulations of anisotropic
material properties by simply embodying this anisotropy in w. With the stored energy formula-
tion it can be seen that the work done on a hyperelastic material is independent of deformation

path, since
Eint

W = / S,;j dEij = '(.U(Eend) - ’U)(Eint) . (474)
Eend
Isotropic hyperelastic materials. For isotropic hyperelastic materials the stored strain

energy depends on the principal invariants I;, I3 and I3 of the right Cauchy-Green deformation
tensor, C' [92]. Thus, for an isotropic material,

Y

Dij — _-u_acij (475&)
_ oY oI, Oy 8, Oy Ol
=2 (611 8C; T 81, 8C;; T 8L, 60, ®)
o oY 8¢ oY
2(611 +11612) 8120“4—21381 Cij (©)
From this we can see that S has the same principal axes as C.
Neo-Hookean materials. A special case of isotropic hyperelastic materials is the Neo-
Hookean model. The stored energy function for a compressible isotropic Neo-Hookean material
is given by
1 1
Y (C) = 5)\0(111 J)? = wylnJ + Ho (tr(C)-13), (4.76)
where Mg and y, are the Lamé constants. From equation (4.75a) the stress is given by
Sij = Ao (In J) Cgl + o (Ii; = C31) . 4.77)
The tangent modulus K 5F can be expressed as
0585, P _
456'—: = ukz = Xo (Cijlokll) + (o = Ao1n J) (Ciklcj + Cllck) ) : (4.78)
Mooney-Rivlin materials. Rivlin and Saunders [96] developed a hyperelastic material

model for the large deformations of rubber. The model is incompressible and isotropic. For an
incompressible material J = det F' = 1, and therefore, I5 = det C = J? = 1. The strain energy
can then be written as a series expansion of I; and I, in the form

Y = (I, 1) ZZC’J L =3 (I -3y, 4.79)

=0 i=0



Chapter 4:  Continuum Mechanics 43

where &;;, are constants and oo = 0. Mooney and Rivlin [97, 98] showed that the simple form
Y=v ), L) =c Iy =3)+ ¢ (Io — 3) (4.80)
closely matched experimental results.

Other hyperelastic material models. Other hyperelastic strain energy functions range
from high order polynomials such as the Swanson model [99], to exponential and logarithmic
forms such as the Alexander [100] and Blatz-Ko [101] models. The use of these high order
models improves the correlations between experimental and model results for a wide range of
rubber-like materials. Their disadvantage is the greater number of coefficients to be fitted to
experimental data. Other forms of strain energy functions involve the use of the principal stretch
or stretch ratios );, rather than the invariants. One such model is the Ogden model [94], given
by

N N

2 T -ai
= (A, A, Rg) = §;.a£; (& 4 A% + A% — §: (Ju— 1) (4.81)
i=1 4 =] t

where A; = J~3 A, J,; is the elastic volume strain and D;, p, and o; are temperature dependent
material parameters.

Hyperfoam material models fall into the category of hyperelastic materials. However, they
have been developed for foam structures which display high compressibility, so that J = Ay Ay A3 #
1. A strain energy function for hyperfoam materials, due to Stordkers [102], is given by

N
0= (ada k) =302 | (7 55 4 55 =) 43 (7 - 1) + - (5o - 1))
= (4.82)
where 3, are temperature dependent material parameters. If all 3; are equal to a constant value
3, one can define the effective Poisson’s ratio

(4.83)

4.7.2 Elasticity tensors

Expressions for fourth order tensors which relate stress rates to relevant strain rates are required
in the linearisation of the governing equations. These are known as elasticity tensors, and their
form depends on the particular stress and deformation pair used.

First elasticity tensor. The first elasticity tensor \Il 15 obtained by taking the time
derivative of the nominal stress N, which is the transpose of the first Piola-Kirchhoff stress P.

Since
Ow

3F, (4.84)

Nij =
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we have
. 6N%J 82’11) 1)
i =yl .
where 2
o _ _gW 4
\I,Ukl aFjiaﬁ‘lk y ( 86)

This elasticity tensor has the major symmetry \IIS,)d = \If,(c}gj, but does not have minor symmetry

. 1 1 1

Second elasticity tensor. The second elasticity tensor \I’SJ,)C, is obtained by taking the time

derivative of the second Piola-Kirchhoff stress S. Using
ow

Sij = E@; , (4.87)
we have
Yoo 63;'3‘ : 8210 s a2 g
Sij = OFy B = OE;;0Ey B = Wi B (488)
so that
32
U = o = KB (4.89)

OE;0Ey = -
This elasticity tensor has both major and minor symmetries.
Third elasticity tensor. The third elasticity tensor is obtained from the relationship between
the first two elastic tensors. From N;; = SiFj, the time derivative of the nominal stress N
gives
Nij = SuFi + S Fix . (4.90)
Thus, substituting for S from equation (4.88) and using equation (4.30) and the minor symmetry
of K% we obtain

Ny = U3 Fy = (KSE Fj Fip + Sudys) Fie . 4.91)
The third elasticity tensor is then defined from the push-forward of IV, that is,
FyN,; = F, (Ko5 FinFyp + Suby;) Fi, (4.92a)
= (FimFjnFipFgKSE, + FimFenSmni;) Luk (b)
= ULy . ©)
Thus
U = FunFjnFipFlKSE + Fim FinSmny; - (4.93)

Fourth elasticity tensorn This is given by the first term in equation (4.93), that is
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4
\Ilgj’)"l = F‘m'F:?”FkPEqunpq (4943.)
= FimFjnF kalq‘I’ijkz . (b)

It should be noted here that the second part of the third elasticity tensor is the Kirchhoff stress,
so that

3

‘I'EJ,)C, = \I/,J,c, + Tirlyj (4.95)

The minor symmetry of \Ilg,)d allows us to write
U Ly = U8, Dy + raisLus - (4.96)
The fourth elasticity tensor \I’z ki I0 equation (4.96) is the material tangent stiffness and the term
involving 7;,0;; is the geometric stiffness. In the linearisation of the updated Lagrangian discreti-
sation, the relation between the convected rate of the Kirchhoff stress and the rate of deformation
is useful, where the convected rate of Kirchhoff stress (or Lie derivative of Kirchhoff stress) is

given by

bt = FaSuFy (4.97a)
= 7'¢, (b)

Using this and the relation Eij = Fy; Dy Fy;, we have

by = Ukszz ; (4.98)
where

ikl = RmFJanPEQKriﬁ:pq = \IIS?I)CI : (4.99)

Thus, in terms of the Truesdell rate of Cauchy stress we have
crij = J Tif (4.100a)
= J- IEmFJanPEQKmnpq (b)
= J° I‘I'sz:z (©)
= J 'K}y » (d)

The elasticity tensors play an important role in stability and uniqueness of solutions in finite
strain elasticity.
4.7.3 Relations between tangent moduli

In this section we show how the same constitutive can be written in terms of the various tangent
moduli. Using equations (4.67) and (4.69), we have

oy’ = K°D-Do—-oD"+tr(D)o (4.101a)
= (K’ -K'+0®I)D (b)
= KD, (©)
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where
K'D = Do +0oD . (4.102)
Thus, the relation between the elasticity tensors is
KT = K'-K+o®I (4.103a)
— KD’J — K‘* , (b)
where
K=K -0®1I, (4.104)
or .
:jkl = -2' ((51;;90'3'[ -+ 5il(7jk -+ ija'u -+ 5_,‘;0'“3) —_ aijdk; . (4.105)

We see that if K°7 is constant, the tangent moduli K°7 is not constant. K’ also has major
symmetry, while K* does not, as 0;;0x; % 8:;0.

The relation between Truesdell and Green-Naghdi rate moduli is obtained from the Green-
Naghdi rate of Cauchy stress; thus,

o7 = oV — (L - Q)o —o(L - Q)T + tr(D)o (4.106a)
= K°CD-(L-Qo -0 - +u(D) (b)
K°¢.D—~Dg - oD — (W =Q)o — (W - Q)T + (D)o, (c)

where Q = RRT is the angular velocity tensor. Through a complex derivation [103] we can
show that

K°T = K°C — K* — K7™ | (4.107)

where K7 is a function of the left stretch tensor V and the Cauchy stress, and is defined by
K™D = (W = Qo +o(W — )T, (4.108)

4.7.4 Incompressibility
In an incompressible material the volume remains constant. Therefore,

det F=J=1, (4.109)

and
divo =20 4.110)

since J = 0 and J = Jdiv v.
The stress and strain measures may be formulated in terms of the deviatoric and hydrostatic
(volumetric) parts, according to

1
o = 0% + "¢ where: o™ = gtr(a)l (4.111)

S = 8% 4 S ywhere: S = —;’-(S:C’)C’“‘1 (4.112)
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and
D = D% 4 D" where: D”"’:%tr(D)I (4.113)
E = E®* 4 E* where: E""‘:%(E:C‘l)C (4.114)

The deviatoric and hydrostatic/volumetric parts of a tensor are orthogonal, that is, o"¥¢: Ddev =
gev: D¥o = (), and S™d: Fdev = Gdev. fvol — (), the power can thus be split into deviatoric and
hydrostatic parts: that is,
p = o0:D=g%:D% 4 ghvd. pvol (4.115)
b = S:E = 8% flev 4 ghud. fpvol (4.116)

A multiplicative decomposition is used to separate the volumetric part of the deformation, ac-
cording to

F = Fvolpdey, 4.117

where Fv°! = Ji] and F% = J=3 F. The determinant of the deviatoric part of the deformation
gradient is unity, i.e. det(F9') = 1; therefore, any function of F%" is independent of the
volumetric deformation.

4.8 Mathematical modelling of soft tissue

Numerous researchers have focused on the development of constitutive relations to describe the
behaviour of soft tissue, including blood vessels [12,26, 32, 104]. Their models are expressed
in terms of strain energy functions. Three forms of strain energy functions have primarily been
used to describe the behaviour of blood vessels: exponential, polynomial and logarithmic.

Fung et al. [32] proposed the exponential strain energy function

w(E) = g—exp(alEgg + ayE?, + 204 EgE,,) . 4.118)
Vaishnav er al. [104] have proposed the polynomial function,
w(E) = a,E3% + agE?, + a4EpE., , (4.119)
and Takamizawa and Hayashi [12] the logarithmic function,
w(E) = -Cln(l - %alEge o -Zl-azEfz —a3EZ) . (4.120)

In (4.118) to (4.120), 6 and 2 are the circumferential and axial coordinates in a cylindrical system
and C, a;, ay, as and a4 are material coefficients which are determined experimentally.

Figure 4.3 shows the influence of increasing a; on the stress-strain relation in the 8 direction.
In a similar manner a; describes the stress-strain behaviour in the z direction, while a3 describes
the shear relation and a4 the transverse coupling.
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Figure 4.3: Fffect of increasing coefficient o, on the siress-strain relation

4.9 The mathematical modelling of polymers (rubbers & foams)

Substantial work bas been done in the development of constitutive relations for nubber-like elastic
polymers (Ogden [95], Mooney-Rivlin [97,98] and Treloar [105}). Mathematically the material
behaviour of polymers is commonly referced to as byperelastic or byperfoam behaviour (see
Section 4 7.1). Various relations have been proposed singe the 19405 in the form of a strain
energy potential {/ and formulated in terms of strain invariants, [, [, and ;. The simplest
of these is the Neo-Hookean model {(equation (4 76)) proposed by Treloar in 1943 [105] and
defined in terms of a single parameter Mooney and Rivlin [97, 98] provided a strain energy
function (eguation (4.79)) in terms of two parameters and showed that results compared well with
experimental data for uniaxial deformation modes. Ogden [95] proposed a strain energy function
in terms of principal stretch ratios A; rather than strain invanants {cquation (4.81)), and a number
of coeflicients dependent on the order of the function . This function can be reduced in special
cases to form the Neop-Hookean and Mooney-Rivlin models. Hyperelastic materials deseribe
generally incompressible materials, while byperfoam models describe compressible polymers.

4.10 The mathematical modelling of fabrics

The study of fabric mechanics dates back to the first work done by Hass [106] in 1917 on the
development of fabrics for airships. lowever, the first real mode! for fabric forces was presented
by Perice [107] who simplified the structure of a woven fabrc as ideal rods. His work has led
the way for theortes on the geometrical and mechamical behaviour of fabrics.

Much work has been done in forming mathematical relations tor maodelling the tensile de-
formation of fabrcs: for example, Kageyama and Kawabata [[08], Hu and Newton [109],
Hearle [110]), Grosberg et af. [111] and Alsawaf [112]. Kageyama and Kawabata [108] looked
at a lineanisation method in two zones to describe the tensile behaviour of fabrics. The predicted
stress-strain relation presented by Hearle ef @/ [113] was based on strain energy principles,
solving two systerns of equations (geometric and mechanical} with physical yam properties.
Grosberg and associates presented a function which displayed an imtially high modulus, vet lit-
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erature does not confirm this. Alsawaf [112] characterised the tensile behaviour of fabrics into
two straight segments, one with an initially low modulus where decrimping occurred and another
with a ligher modulus representing yam extension which occurred after a critical point Figure
4.4 shows the variation m tensile stress-strain behaviour for each proposed model.

4 !

-~ Grosberg et at :_.' 4
=== HeardePostle _//
— Alsawaf _.a-

Stress

Strain
-
Fignire 4. 4: Proposed fabric tensile stress-strain relations [ 109]

Polynomial functions have also been used to describe nonlinear stress-strain tensile behaviour
of fabrics [114]. However, the use of high degree polynomials for function fitting has given rise
to polynomial "wiggling” [115], where a number of maxima and minima are ohserved. Due
to this, alternate functions have been proposed, such as exponential and logarithmic functions,
which de not suffer from polynomial "wigghng”, Hu and Newton [109] established a number of
exponential constitutive equations for woven fabrics under tension, of the form:

A | _
*’ﬁ o=¢*—1and o =ac". (4.121)

These exponential expressions used one or two parameters to describe fabric bebaviour The

T =

resulting solutions compared well with experimental data. However, only simple tensile tests
were modelled; thus these models only represent 4 specific deformation state. They also use two
separate sets of parameters for the warp and weft directions, and hence do not include coupling
effects between the fabric warp and weft behaviour. Since the garly 19803 advancement in this
field has slowed due to the complex nature of the mathematical expressions needed to describe
fabric behaviour

Work by Bias-Singh ef «f. [116, 117] looked at modelling the non-uniform defermation of
spun-bound fabrics under uniaxial and biaxial tension, where a bilinear relation similar to that
proposed by Alsawaf [112] is utilised, and which shows good comparisons with experimental
data.

Other researchers such as Collierefal [ 8], Kim [119], Gan e/ gl [120], Yueral [121] and
Kang ef al [122] used an orthotropic linear elastic material models to analyse drape tests [123].
Collier et af. and Kim showed good correlations to experimental data, while Kim gave quanti-
tative compar sons where predictions vaned by 10%. However, drape tests exhibit small strains
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and large deflection deformation which is not ideal for the larpe strain tensile deformation modes
needed.

Due to the complexity of the problem these models have laken specific deformation modes
inte consideration and have ignored others, Thus, much work still needs to be done before an

accurate and reliable model is developed to model all the deformation modes [89],

4.11 Proposed constitutive relation for coarse knit fabrics

Large sirain constitutive relations are needed when modelhng coarse knit fabnies under tension.
Since the nunlinear stress-strain characteristics of fabrics and soft Ussue are similar, it is pro-
poscd that ['ung’s model {equation (4.118)) be adapted and used to describe the gencral tensile
behaviour of coarse knit fabrics.

Since a fabric’s thickness is considerably smal! in companson W its other dimensions it can
b considered a membrane, and subject to plane stress conditions. By including shear and pre-
senting the model 1n a general two-dimensional form, and increasing the order and the number
of coellicients nsed to desenibe the fabric behaviour, the following strain energy function is ob-
tained

w( k) = %Cxp[ffq[ﬁm +as(E) + g B + By ) + adl Bn Ena) — a5(E7)) + a5 E3,)
— a7 (B, + E3) 4 as( B Far) — ag(Eu B3, )] (4.122)

Since the knitted fabrics are highly compressible, incompressibility will not be coforced.
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The Finite Element Method

5.1 Introduction

As stryctures become increasingly complex, not only in design but also in material use, pure
analytical methods begin to fail in describing their behaviour. Essentially, analylical methods
are rendered impossible, Thus, compuier aided mathematical techniques have been developed
to obtain approximaile numerical solutions te these complex systems. One such numencal tool
developed aver the past 50 years i3 the finite element method {FEM}),

A brief description of the finile element method and the underlying mathematics is described
in this chapter. For more detailed texts on the subject one may consult Cook e af [124], Bur-
nett [125], Cnsfield [126] and Belytschko ef e, [127], for example.

5.2 The finite element method

Problems in solid mechanics generally take the form of systems of partial differential equations
defined in terms of the spatial coordinates and time, as seen in Chapier 4. The finite element
method 15 useful for solving such partial differential equaiions in cases inveolving complex geom-
etry, boundary condrhons, nenlinear behaviour, and contact.

The key feature of the fitute element method 15 that of discretisation (Figures 5.1 and 5.2). The
domain is partitioned into smaller regions of simple shapes. These are known as finite elements,
and designated poinis in the elemenis are called nodes. A finite element solution is approximated
inside (he elements by interpolation functions or shape functions which are normally polynomial

in form. Usually continuity of the field variables is enforced across neighbouring elements.

Figure 5.1 Discretisation of a sefid into elements and nodey

Interpolaiion or shape functions are used to represent the field variables such as displace-
meni and stress. The order of the interpolation functions is linked to the number of nodes in the
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Figure 3.2: Discrerised aortic heart vaive (coloured clements represent different regions)

element. Accuracy of the solution normally increases wath an increase in the order of the in-
terpolation function. Figure 5.3 demonstrates how an exact selution er continuous field may be

approximated by a piecewise tinear interpolation over three elements, in the space dimension,

—  Taacl Saldian

&= - % piacowica Finite Elereent Solution

xr Ty #y

Figure 5.3 Finite clement piccewise approximation for an exact sofution

5.2.1 Spatial discretisation; Lagrangian and Eulerian meshes

Lagrangian meshes, are where the elements and nodes move with the material. Finite element
discretization using these meshes can be classified as updated and total Lagrangian formulations.
The updated Lagrangian formulation involves derivatives and integrals taken with respect to the
Eulerian coordinates x, while the total [.agrangian formulation is formulated with respect to the
lLagrangian coordinates Y. The develoepment of both formulations are similar, and expressions in
either formulation can be transformed to the other using transtformations and mappings. Eulerian
meshes on the other hand do not deform with the matenal, thus, Fulerian elements relain their
shape.

The development of the Eulenan and updated Lagrangian formulations uses the principle of
virtual power, while the development of the total Lagrangian formulation uses the principle of
virtual work. These are termed weak forms as the differential requirements of the variables
are reduced or weakened, We shall only consider finite element discretisations using updated
Lagrangian meshes.
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5.2.2 Governing equations

The governing equations for the mechanical behaviour of a continuous body are the conservation
of mass, momentum (linear and angular) and energy, a measure of strain (strain-displacement
equation) and the material constitutive equation. These have been considered in Chapter 4.

In Lagrangian meshes the conservation of mass (4.46) is used in its integrated form

p(X, 1) J(X,t) = po(X)Jo(X) = po(X) . (5.1)

A material’s constitutive equation when it is expressed in rate form in terms of a rate of Cauchy
stress, requires a frame-invariant rate such as the Jaumann and Truesdell rate. It is however, not
necessary for the constitutive equation to be expressed in terms of Cauchy stress or its frame-
invariant rate in the updated Lagrangian formulation. For example, a constitutive relation can
be expressed in terms of the second Piola-Kirchhoff stress S and then transformed into Cauchy
stress. The strain-displacement equation; or the measure of strain or strain rate used depends on
the constitutive equation. Common strain-displacement equations used are Green strain (4.19),
and the rate of deformation (4.28). We shall assume that the constitutive equation is in a frame-
invariant rate form and is a function of the rate of deformation D and Cauchy stress o.

Other governing conditions include the boundary and initial conditions. The boundary condi-
tions for the tractions and velocities are described by

on = t on I, (5.2)
v = 7 on [y, (5.3)

where
I,AT,=¢ and UL, =T. (5.4)

Prescribed values are designated by a superposed bar, and I, and I, are the traction and velocity
boundaries. It should be noted that displacement can also be considered as it is the time integral
of velocity.

The initial conditions are given as

v(X,0) =vp(X) and o(X,0)=0o(X) . (5.5)

Another consideration is the traction continuity condition, which requires that

[on] =0 on T, (5.6)

where [on] designates the jump in on, i.e. [f(X)] = lim[f(X +¢&)— f(X —¢)] ase — 0,
and I',, is the union of all the surfaces on which thé stresses are discontinuous in the body.

In the discretisation and the enforcing of the above equations and conditions the continuity of
the dependent variables must be considered. A function f is C™ continuous if the n** derivative
is a continuous function. Thus for a C* function the first derivative exists and is continuous,

while a C? function is continuous, however, its derivative is not.
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5.2.3 Principle of virtual power

In this section the weak form of the momentum equation (4.52) is developed. From (4.52) the
dependent variables are the velocity v(.X, t) and stress (X, t). The trial functions v;(X,t) and
test functions dv;( X)) are such that

vi(X,t) € § S={v|uelCX), v=uvol,}, 6.7
51)i(X) & %0, Gy = {5Uz ' dy; € CO(X), 5’07; = on F%} . (58)

It should be noted that displacement u,(X, ) can also be considered as the trial function as it is
the time integral of the velocity.
Integrating the product of a test function dv; and (4.52) over the current configuration gives

/51}, ( pi;z-) dQ=0 . (5.9

Using the product rule, Gauss’s theorem, and the traction continuity and boundary conditions it

f& 6"” ]mt,dr fgm) i dQ (5.10)

Substituting this into (5.9) gives the weak form of the momentum equation, the traction boundary

can be shown that

conditions and the traction continuity conditions in the form

/ aéi”‘) 0 ;A0 — / T / §vipb; — / Svipti d2 =0 . .11)
3
Q2

The first term in (5.11) can be manipulated using (4.27)-(4.29) and (4.55), to give

f 6((9(:;,;_) 0ji il = /5L,-joﬁ d) = /(5!9«53' + 6Wij)o4: dd = /Dijaji dQ = /6Dij0ij dQ.
J
Q2 Q o

(5.12)

Thus (5.11) can be rewritten and physically interpreted in the form
(Spint . 5Pext + 5Pkinetic =0 (513)

where (s
§Pint = / (0%) . dor — / Do dY (5.14)
6373'
0

Pt = /5v - pbdQ2 + fciviii dar , (5.15)
§ pPrin — /5v-pq> a , (5.16)

and 6P, § P, §P*" are the virtual internal power, virtual external power and the virtual
kinetic power, respectively. '
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5.2.4 The updated Lagrangian finite element discretisation

Assume a domain () is subdivided into elements ().. Let the nodal coordinates in the current
configuration be denoted by z;, where the uppercase subscript denotes the nodes i.e. 7 = 1 to
ny, and ny is the number of nodes in an element. The motion z is approximated by

z=Y Ni(X)z(t) , (5.17)
I=1

where N;(X) are the global interpolation or shape functions, and z;(t) is the position vector of
node [ at time £. The nodal displacements u are defined as

ur(t) = z;(¢t) — Xy . (5.18)
Thus the displacement field is
ny
= zuz(t)NI(X) - (5.19)
=1

The velocities and accelerations are obtained from the material time derivatives of the displace-

ments where

w(X,t) =v(X,t) = Zu; #Ni(X) (5.20)

N
(X, ) = ()N (X) = ) or(t)Nr(X) . (5.21)
The velocity gradient is obtained from (5.20) and (4.25), where

ny
L=> uVN;. (5.22)

I=1
The rate of deformation D is then the symmetric part of L.
The test function is not a function of time; thus we can approximate the test function as

dv(X) = dviNy(X) , (5.23)
where dv; are the virtual nodal velocities. This is then substituted into (5.13) giving
: N,
§P" = §u; ‘z faﬂ dQ (5.24)
S Pt = dv;r / N]pbi dS) + dv;y / NI_'C-.L dr , (5.25)
and
S PRmetic — 5o, / N;pi; dS2 (5.26)

The stresses in (5.24)-(5.26) are functions of the trial velocities and displacements and dv; = 0
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onI'y,. From (5.24) the internal nodal forces are given by
; ON.
fint = [ —Lod02 . (5.27)
ij
Q
These are internal as they represent the stresses in the body. The external nodal forces are ob-
tained from (5.25) and are given by

£t = / Nipb; d) + /N,rﬁ- ar . (5.28)
Q T,
The inertial nodal forces are obtained from (5.26) and are
fhinetic / Nipv; dS) . (5.29)
Q

Using (5.21) for acceleration and substituting it into the above gives

fhinetic / pNiN;dQ 0,5 . (5.30)
o

These inertial nodal forces are usually defined as a product of a mass matrix and nodal accelera-

tions, i.e.
fhinetic = My v (5.31)
where the mass matrix is defined as
M1y = 6ij/pN[N_] aq . (5.32)
Q

Thus the discrete approximation to (5.13) can be re-written as

SvT(f — ' 4 Ma) =0, (5.33)

where v, a, ™ and £*** are column matrices of the unconstrained virtual velocities, accelerations
and nodal forces, and M is the mass matrix of the unconstrained degrees of freedom. Thus,

™ — % L Ma=0 or f= Ma (5.34)

where f= '™  (5.34) are the discrete momentum equations or the equations of motion,
and are a system of ng, ;s ordinary differential equations in time, where ng . ; is the number of
degrees of freedom. These are often termed semidiscrete, as they have been discretised in space
but not in time.

5.2.5 Isoparametric element formulations

Instead of defining global shape functions for an element €., it is convenient to define local shape
functions on a reference element, or isoparametric element Qe. The element coordinates are then
mapped or transformed to the reference element using a transformation function. This allows for
the use of simple interpolation functions on the reference element to describe the internal field.
Isoparametric elements are particularly useful as they make it possible to generate elements that
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are non-rectangular and have curved surfaces. They also offer computational advantages when
performing numerical integration (see Section 5.2.6). The term "Isoparametric” means same-
parameters, and comes from using the same transformation function to interpolate between nodal
values for both the coordinates and field variables. The transformation maps an element in one

space, ryz to another, £n(, and is represented by
N
5(€) = > z(t)N:(8), (5.35)
I=1

where « represents either coordinates or a field variable and N; (¢) the reference interpolation
function at node /. In one space dimension the reference element is defined on the domain
—1 < € < 1, and there is a one to one or unique transformation from the reference space to the
actual space. The Isoparametric transformation is illustrated in Figure 5.4 for a four node plane
element which is mapped onto an arbitrary quadrilateral shape.

Isoparametric mapping
77 axis £=0 ¢
X =x(m)
(' 1 3 l) (1 ] 1)

4 3

£ axis

3 2
(-1-D (1-1)

Reference element

x axis Actual element

Figure 5.4: Isoparametric mapping for a four node plane element.

The interpolation function N7 is a continuous function, and is defined to be equal to one at
node [ and zero at all other nodes; that is,

Ni(€)) =61, = {

1if I=J } ’ (5.36)

0 otherwise

where & is the set of coordinates of node J on the reference element. The reference shape
function N (&, ) is illustrated in Figure 5.5 for a four node linear isoparametric quadrilateral.

—Swxis N, =11+ EE1+n,m)

Figure 5.5: Shape function M (&,n) for a four node linear isoparametric quadrilateral.
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The derivative of the mapping is called the Jacobian matrix J, and is given by

Oz;
Jyj = %E(ji) =€) . (5.37)

Given the mapping between ), and €., the chain rule and the Jacobian it is possible to evaluate
the interpolation functions and their derivatives on {), where for the two dimensional case

¢ L= &% £ } - J{ &5 } . (5.38)
To find the derivatives of N7, (5.38) can be inverted
AN Ny 1 % 8 Ny
& }=J_l N = . o { it } - (5.39)
{ b o det J f%-n— & 5L

The determinant of the Jacobian matrix must be positive over the isoparametric element, that is

detJ>0. (5.40)

5.2.6 Numerical integration (quadrature)

Integration on elements is done using numerical integration, or quadrature. There are many
quadrature methods such as Simpson’s and Gauss’ rules [115, 128]. The integral of a function
¢(&) on the interval —1 < € < 1 is approximated by evaluating the function at set sampling
points &;, more commonly referred to as Gauss points with appropriate weightings w;, where

1 n
I=[s@ =y wo) . (5.41)
-1 1=1

The number of Gauss points n, is determined by the rule that n Gauss points will integrate exactly
a polynomial of degree (2n — 1). Figure 5.6 illustrates the Gauss rule for n = 1 and 2.

6 $=4O p

\

|
4 ¢,
| :

i

B

¥ -1 G 0 S
[0z = 3 wg&) = (8O =3 (&) = mh +mgy

-1 0

Figure 5.6: Gauss quadrature to compute area under curve ¢ using one and two Gauss points

The number of sampling points is determined by the order of integration, which is dependent
on the order of the function being integrated. If the order of integration is less than required to
provide the exact integral of all terms used, then this is referred to as "reduced integration”.
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Because of isoparametric mapping, it is convenient to carry out integration on the reference
element. The Gauss rule for three dimensions is given by

11 1 Cmy e
I:/ / / (&, m Q) dedndC 2y D Y wiwwed (€., C) - (5.42)
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5,2.7 Time discretisation

Let the time domain of a simulation be subdivided into n/\t increments or time steps, where n
is the number of time steps and /At is the size of the time step. Discretising (5.34) in time gives

Ma" + f™(d™, t") = £=4(d™, t") , (5.43)

where the superscript n denotes the time step and d” is the displacement at time step t™. In order
to step from time ™ to time "}, a numerical time integration method is required. This can either
be implicit or explicit.

Implicit time integration. Implicit time integration has the form:

d = f(dmt d dr dr A L) (5.44)

Thus the calculation of d™+! requires the time derivatives d"*! and d"*! which are unknown.
Most implicit methods are unconditionally stable, thus they have no restriction on time step size,
unless required for accuracy. A common unconditionally stable implicit method is the Trape-
zoidal rule or average acceleration method. This relates displacements, velocities and accelera-

tions according to

"t =g~ 4 -AQ—t(d" +d™hy (5.45)
and
m+1 m At 1
&t =dt+ (" +dM) (5.46)

Equations (5.45) and (5.46) are obtained from a Taylor series expansion of d"*! about time t"
and d™ about time t"*!. Equations (5.45) and (5.46) can then be used to solve for d™*! and
d™*! in terms of d", d”, d" and d"*. These are then substituted into the discretised equation
of motion (5.43) at time t"*! to form a set of simultaneous equations which are then solved by
iterative methods to obtain d™*.

Explicit time integration. Explicit time integration has the form:
"t = f(d, drdr,d Y L) (5.47)
The main advantage of explicit time integration is that it only requires information from previous

time steps to evaluate d"*!. This makes this methods computationally faster and easier to work
with. A common explicit method used is the central difference, this approximates the velocity
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and acceleration by

mo_. - 1 =1
d" = I) (" —d" ), (5.48)
and .
mn o +1 -1
d" L (d" 2d" +d"7) . (5.49)

Equations (5.48) and (5.49) are obtained from a Taylor series expansion of d"*! and d"~! about
time t". These can then be used directly into the discretised equation of motion (5.43), at time
t™ to form a set of equations where d"*! is unknown. The central difference method is second-
order accurate and thus any error is proportional to 2At?. Compared to implicit methods, explicit
methods are easy to implement and are computationally attractive as it is not necessary to solve a
set of simultaneous equations. The draw back with explicit methods is that they are conditionally

stable and require that the time step not exceed a critical value At i.e.

At < Aty = —2— (5.50)

max

where W,y is the maximum frequency of the linearised system (see Section 5.2.9). This can be

a disadvantage when modelling long time periods.

5.2.8 Static and dynamic problems
When accelerations are neglected the system is said to be in equilibrium, thus from (5.43)

fint(dn+1’tn+1) L N femt(dn+1,tn+1) ) (551)

Equilibrium problems described by (5.51) are called static problems. In static problems, time
t does not need to be real time when the material constitutive equations are rate-independent.
Problems in which the accelerations are not negligible are termed dynamic.

5.2.9 Nonlinear iterative methods

The discretised nonlinear equations of motion require iterative procedures in order to be solved.
Writing (5.43) at time step n + 1 such that

0= T(dn+1’tn+1) - Man+1 + fint(dn+1’tn+1) . femt(dn-i-latn-f-l) (552)

where the column matrix r(d"1,¢"*1) is called the residual, we require to solve (5.52) such that
r(dH1, 7Y = 0,

Newton’s or Newton-Raphson Method is commonly utilised to solve this system of nonlin-
ear equations. This is an iterative procedure to find a better approximation to d"*! such that
r(d™*1, ") = 0. Using the subscript ¢ to indicate the iteration number so that d72*" is the dis-
placement in iteration ¢ and time step n + 1. This is done by using a Taylor expansion of the
residual about dg* land ignoring the higher order terms such that
Br(dit, i)

0= r(dpti, ™) = r(dpt, ") +
ad,

w0

Ad, (5.53)
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where Ad = d{;ﬁ — 2+l Equation (5.53) is the linearised model of the nonlinear equations.
The matrix T%’E;‘_l 15 called the system Jacobian matrix or tangent stiffness modulus. Figure
5.7 shows the linearisation and iterative procedure using Newton’s method for a single degree of
freedom system.

Linear Modes
{Tangent}

Sotien
r\[\/
J d
-
d?"" dﬂ-:' \

Figure 3.7: Newion-Raphson method for nonlinear iferative procedures

Nonlinear iterative methods also include the Modified Newton-Raphson and the Quasi New-
ton’s method. The Newton-Raphson methed described above recalculates the tangent stiffness
modulus at each iteration as shown in Figure 5.7, The Modified Newton-Raphson method cal-
culates the tangent stiffness modulus at the start and subsequently uses this in the following
iterations, thus the tangent stiffness modulus 15 not updated at each iteration. The Quasi New-
ton’s method starts an increment by iterating twice using the Modified Newton-Raphson method,
it then forms a secant through these two iteration residual solutions to obtain a solution to a third
iteration, Successive iteration solutions are then obtained by forming secants through the previ-
ous twa iteration residual solutions.

With large systems of nonlinear equations the time for a particular method to converge on a
solution becomes important. 1t has been found that the Newton’s method has a better convergence
rate for highly nonlinear probiems [94].
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Optimisation and Genetic Algorithms

6.1 Introduction

Optimisation techniques refer to those methods directed toward finding the parameters of a prob-
lem which maximise or minimise a certain function, such as weight, strength and dimension.
These techniques require a measure of grading the effectiveness of a solution to a problem,; this
is commonly in the form of a mathematical expression known as a fitness function. This mathe-
matical model takes the form of a parametric description and gives a measure of the effectiveness
of the solution based on the parameters.

Traditional optimisation techniques, known as hill climbing techniques, require relations be-
tween the variables and the quantity to be optimised. If these relations are linear then these
problems can be solved directly. However, iterative searches have to be used to find the solutions
where they are nonlinear. One such iterative scheme is nonlinear regression. However, these non-
linear traditional hill climbing techniques have been found to be problematic when three or more
nonlinearly-related variables are solved for, or when the relations between the variables cannot
be explicitly defined [127]. This has led to new methods of optimisation such as genetic algo-
rithms (GA), which do not require explicit differential relations between the variables. Instead
they require a single objective function which describes whether a set of parameters is converg-
ing to an optimal solution. This therefore makes GA a powerful and useful optimisation tool
where relations between the variables cannot be defined.

The chapter starts by briefly reviewing traditional optimisation techniques, this is followed
by a review of the GA method, implementation, theory and constraints. The chapter ends by
comparing traditional methods with GAs. Details of the GAs used in this work and their imple-

mentation with the finite element approximation are given in Chapter 9.

6.2 Traditional optimisation techniques

The analogy of a blind man climbing a mountain is useful when explaining traditional optimisa-
tion methods. By feeling the gradient of his surroundings, he takes a step in the direction of the
steepest slope. If he continues in this manner he shall reach a point where he can no longer pro-
ceed, thus reaching a point where all around him the slope tends downward. This point could be
considered by the blind man as the top of the mountain.

In a similar manner traditional optimisation or hill climbing techniques start at a single point

62
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and use local information (local gradients) to look for the best direction in which to move (i.e.
they take a step at a time). Having taken a step in a particular direction, new local information
is collected and the process continued until a maximum is found. Thus these methods require
derivatives of all the variables in order to be used. They are also path dependent and rely on a
good starting position.

Probably the most famous of all the traditional optimisation techniques is Newton’s method,
which starts off at a position and then utilises the gradient and a linear-extrapolation to find its
next solution and continues until a desired minimum/maximum is obtained. Other methods in-
clude those of Runga-Katta and Gauss [128]. A major problem with these techniques is stability.
Some hill climbing techniques do not converge upon a solution, instead they bounce back and
forth. More advanced methods such as the Levenburg and Marquard method [126], have tried to
circumvent these problems by adjusting their step size or distance of travel taken along their path
by relating this to the slope of the surface.

6.3 Genetic algorithms

6.3.1 Introduction

Genetic algorithms were invented by Holland in the 1960s with the aim of formally using adap-
tation as it occurs in nature and applying it to computer systems [129]. A GA is a method of
moving from one population of chromosomes (a string of genes, or bits) to a new population by
using a kind of natural selection, or selection, together with genetic operators such as crossover,
mutate and inversion. Each gene has a particular allele (one or zero). Selection is the process
of deciding which of the chromosomes in a population are to be used to produce a new gener-
ation. This is usually decided by ranking the population of chromosomes according to a fitness
function and choosing the best candidates. Crossover is where a new chromosome is created by
exchanging subparts of two chromosomes, similar to biological recombination. Mutations are
spurious changes to the allele values of genes in a chromosome, and inversion reverses the order
of a gene subset in a chromosome. As can be seen from the terminology, GAs are based on ge-
netics and the principles of reproduction, hence biological terms such as generation, population,
chromosome, crossover and mutation are used.

When used in optimisation, a GA manipulates a population of chromosomes using the genetic
operators to produce a new generation with the intent of generating chromosomes which produce
better solutions, based on previous generations. The members, or chromosomes of a population
act as a memory for the GA, and selection is used to bias new generations toward optimal solu-
tions. An objective function ¢(z) defines whether a solution obtained from a generation member
is effective, while a penalty function p(z) defines whether a generation member violates any con-
straints that may be imposed in the problem. The fitness function f(z) is generally a function
of the penalty and objective functions, i.e. f(z) = f(p(z), #(z)). The value obtained from the
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fitness function, or fitness value provides a measure of the solution’s performance, where the
closer the solution gets to the desired outcome without violating any constraints, the greater the
fitness value. Many methods of terminating GAs have been proposed [130, 131]; however, two
methods are preferred: 1) when a predetermined number of generations is reached or 2) when no

improvement is seen over a certain number of iterations.

6.3.2 Implementation of a simple genetic algorithm

The principal data object of a GA is the chromosome. This is a binary encoding of a set of
parameters. For example, a problem may depend on three parameters for which an optimal
solution is desired. Each parameter will be encoded into a binary number and placed together in
sequence to form a single binary encoded chromosome, which represents a population member
and contains all the parameters. Consider the following parameters, 6, 5 and 9; in 4-bit binary
form these numbers are represented as follows: 0110, 0101 and 1001. Placing them together in
sequence gives 011001011001 which is the chromosome representing the parameter group 6, 5
and 9 in 4-bit binary form. These chromosomes are then operated on by either the crossover,
mutation or inversion operators to produce new population members.

For example, assume that one would like to maximise the real-valued function f(z,y,2) =
sinz — cos 2y — cos z. One could then encode candidate solutions of z, y and 2 as bit strings
or chromosomes, similar to that described above. The fitness value for a particular chromosome
can be obtained by translating the chromosome into real numbers z, ¥ and z and evaluating
the function f(z,v, 2) at this point. For example, using the chromosome 011001011001 which
represents the parameter group 6, 5 and 9, and assuming that these are ordered; i.e. 2 =6,y =5
and z = 9, one can substitute these into f(z,y, z) and yield a fitness value of 1. 471.

Using the method of encoding and decoding the parameters in a chromosomes, as well as
the genetic operators, one can now formulate a simple GA to maximise the function f(z,y, z).
Figure 6.1 shows a flow chart for this.

6.3.3 The Schema Theorem and how genetic algorithms work

Although GAs are simple to describe and program, their behaviour can be complicated. Many
questions still exist about how they work and for what types of problems they are best suited [ 129].
Much work has been done on the theoretical foundations of GAs [132-134], the basis of which
was formulated by Holland {132], where GAs work by discovering, emphasising and recombin-
ing good building blocks, or schema (schemata) of solutions in a highly parallel fashion.

A schema is a set of bit strings whose template can be described by ones, zeros and asterisks,
where the asterisks represent wild cards. For example, the schema H = 1 x % * 1 represents
the set of all 5-bit strings that begin and end with one. Instances are those strings which fit this
schema, for example 10101 and 11001. The order of a schema is the number of defined bits
(non-asterisks), thus H is of order 2. The defining length of a schema is the distance between the
outermost defined bits, which is four for H. It should be noted that not all possible subsets of a
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Figure 6.1: Flow chart of genetic algorithm for maximising f(z,y, z)

set of [-length bit strings can be described as schemata. There are 2’ possible bit strings of length
1, and thus 2% possible subsets of strings, but there are only 3’ possible schemas.

Any given length [ bit string is an instance of 2! difference schema, thus, any given population
of n strings (chromosomes) contains instances of between 2! and n x 2! different schemas. This
means that, at a given generation, while explicitly evaluating the fitness of n strings in the popu-
lation, it is implicitly estimating the average fitness of a much larger number of schemas, where
the average fitness of a schema is the average fitness of all possible instances of that schema.

The approximate increase or decrease of these good schema instances from generation to
generation is described as follows. Let H be a schema with at least one instance present in the
population at time ¢. Let m(H, t) be the number of instances of H at time ¢, and let 4(H, t) be
the observed average fitness of instances of H in the population at time {. We want to calculate
E(m(H,t + 1)), the expected number of instances of H at time ¢ + 1. Through selection, the
expected number of offspring of a string z is equal to f(x)/f(t), where f(z) is the fitness of =
and f(t) is the average fitness of the population at time ¢. Assuming that z is in the population

at time ¢, and z € H (an instance of H) and ignoring crossover and mutation, we have
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E(m(H,t+1)) = Z—.-% (6.1a)
z€H
_a(H,t) x m(H,1)
T C ®

Crossover and mutation can both create and destroy instances of H. Looking at the destructive
effects of these operators and including them in (6.1a) will give a lower bound on E(m(H, t+1)).

Let p. be the probability that crossover will be applied to a string, and suppose an instance
of H is selected to be a parent. The lower bound on the probability S.(H) that H will survive
crossover can be given by

d(H
S(H)=21- pc(——l(_ 1)) : (6.2)

where d( H) is the defining length of H, and [ is the length of bit strings in the search space.

Let p,, be the probability of any bit being mutated, then S,,,( H); the probability that schema
H will survive under mutation of an instance H, is

Sm(H) = (1= pm)®, (6.3)

where o( H) is the order of H. Including these in (6.1a) gives

E(m(H,t +1)) > a(H’wf)((x’)”(H’ t) (1 _ {%@D [(1 —pm)"“”] . (64)

This is known as the schema theorem [134, 135], and it describes the growth of a schema, or

building blocks from one generation to the next. Equation (6.4) is a lower bound, as it only deals
with the destructive effects of the crossover and mutation operators.

In evaluating a population of n strings the GA implicitly estimates the average fitness of all
the schemas that are present in the population, and increases or decreases their representation
according to (6.4). This and the effect of selection is to gradually bias future generations toward
instances of good schemas.

6.3.4 Constraints and feasibility in genetic algorithms

GAs are widely used for unconstrained optimisation problems., However, many engineering
problems are highly constrained and nonlinear, which results in a complex search space with
regions of feasibility and infeasibility [137-142].

Constraints can be classified into two categories, viz. explicit and implicit. Explicit constraints
are those which can be checked without finding a solution. An example is the value of a design
variable which has a maximum value constraint. Implicit constraints are those that can only be
checked once a solution is found. An example of this would be where the result of the solution
affects a parameter.
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Many approaches have been proposed to check for constraints in GAs, but none has shown to
be superior [142]. The most efficient and direct method of handling constraints is to embed them
in the coding of the individual members, which is possible with explicit constraints., However,
when this approach is not possible, penalty functions can be used to describe the feasibility
of a solution, by penalising those members which violate the constraints, thus excluding them
further or giving them a low ranking. In this way penalty functions create an unconstrained
problem [140].

The exclusion of infeasible solutions has been found to be very effective in specialised prob-
lems [140, 141, 143]. If the number of infeasible solutions is small compared to the generation
size, then discarding them is a good idea. If this number is large then the algorithm may waste
time looking for solutions that are not feasible. Another problem with eliminating solutions
could mean possible generations are lost where members violate constraints by small amounts.
Thus, penalties which are too harsh may cause those members which do not violate the con-
straints to quickly dominate future generations and limit the ability of the algorithm to search
for the optimal solution. Similarly, if the penalties are too lenient then infeasible solutions could
flourish [138,140]. Richardson et al. [140] tried several different approaches to assigning penalty
functions, using the derivatives of the problem function to give an indication of how far a feasible
solution is from the constraint boundary. But this meant derivatives would need to be formulated
which is not always possible. He suggested that approximations could be used where derivative
functions were not possible.

Powell and Skolnick [144] proposed a method that can cope with linear and nonlinear con-
straints. Feasible solutions are mapped into an interval from 1 to co and the infeasible solutions
from 1 to —oo. If a constraint is violated then the infeasible solution is given a value of 1 minus
the solution’s deviation from the constraint boundary.

A difficulty with GAs in applying penalty functions is that they tend to be problem dependent.
Skalak et al. [145], however, presented a method of applying penalty functions which are prob-
lem independent. A variable penalty function is used which is related to the length of time the
algorithm has run, where the penalty is initially very lenient and becomes progressively harsher
as the algorithm runs. They show that convergence to the global optimal solution is guaranteed.
This method helps to “bridge” across isolated clusters of feasible solutions initially. They also
use a “Russian roulette” method of eliminating population members [138,146] where a weighted
coin is tossed for each member of the population to decide if it is eliminated. This is done start-
ing at the bottom of the rank-ordered population list and continues until the population size is
reduced, so that those members at the top of the rank-ordered population list are favoured.

6.3.5 Genetic algorithms vs. traditional approach to optimisation

Consider an example of an objective function ¢(z,y) defined by a surface S, whose value we
wish to maximise (Figure 6.2).
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A (Global Maxirmunm)

C Lo al Maximum)

Figure 6.2: Surface S of objective function & llustrating traditional aid genetic algorithm meth-
odls

The global maximum 1s denoted by point A. and local maxima by points £ and ' {(point A is
also considered a local maximum).

As stated earlier, traditional hill climbing methods rely heavily on their starting point; a bad
starting point could lead to a local maximum. For example, if point D is chosen as the starting
point, the local solution of € will be found by the optimisation algonthm. However, if a starting
point  is chosen the global maximum is found by the optimisation algorithm,

GAs work in a different way and are not path dependent. The only criterion for starting is that
the function should be a solution to the problem (it is on the surface 5). The GA forms several
offspring (population) which are similar in form. These offspring are then tested and ranked
according to the objective value ¢(x, y) obtained. From this ranked population a number of the
good members are paired (crossover) to form a new generation and the process is continued until
a global solution is found. For example, if a starting point £' is chosen (refer to Figure 6.2, and
a generation formed, where three members incorporate a generation (F), Fy and 3}, then from
the two best members of the generation found, i.e. F» and F,, a new generation is tormed ({7,
(', and (+4). This process is repeated unti! the global solution s found.

Table 6.1 summarises some of the differences between GAs and traditional optimisation meth-
ods [147].

|| Genetic algorithm | Traditional optimisation mcthods
Vanables Work with a coded set of vanables | Work with the variables
Searching Method A population of solutions A single solution
Possibility of being trapped || Low High
Type of information Objective funcion infpanation Grdient information
Tvpes of rules Probabilistic (ransition mlcs Deterministic iles

Table 6.1: Differences berween (GAs and other oplimisation methods
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6.3.6 The benefits of genetic algorithms

The distributed evolutionary approach means that GAs are unlikely to become trapped at a local
maximum. Since GAs do not need derivative information, the relations between the variables and
the objective function are not required. A GA is not path dependent and therefore does not rely
on its initial starting point. GAs are able to work in domains that are discontinuous, ill-defined,
or which have many local maxima.

GAs are particularly suited to searching large, complicated and unpredictable search spaces.
The parallel nature (ability of GA to search a number of solutions at one time) is also an advan-
tage. Another advantage of GAs over traditional methods is their ability to maximise their search
space capabilities by introducing mutations into certain generations.

Although the GA seems robust, it does have the drawback of being computationally expen-
sive in that it generally takes longer to converge on a solution. However, its advantages as a
general purpose optimisation tool capable of solving many variables that are multidimensional,
discontinuous and nonlinear, far outweigh its drawback of computational expense. Thus, a GA
has potential in nonlinear problems having a large number of variables, where the problem is not
well-defined and difficult to describe by way of differential relations.



Chapter 7
Compliance Testing

7.1 Introduction

In this chapter we describe the various methods and techniques used by researchers to measure
compliance. We then describe the two methods used in the work to measure compliance. Subse-
quently, we look at the manufacture, preparation and structure of the composite graft samples for
testing, and present the results of a comparative study on the compliance testing methods used.

7.2 Compliance testing of grafts and natural vessels

As described in Chapter 2, two forms of compliance are defined: diameter compliance (C) and
volume compliance (C,), where C, ~ 2Cj, assuming there is no change in vessel length and
that second order changes in diameter are negligible (refer to Appendix G). Henceforth we use
diameter compliance (C,) only, and thus compliance will imply diameter compliance, unless
otherwise mentioned.

7.2.1 Measuring compliance in vitro

A number of methods have been used to simulate in vivo (physiological) blood pressure and
flow conditions [66, 67, 148-152]. The difficulty with in vitro testing is the need to be able to
create specific pressure and flow characteristics, depending on the position of the vessel in the
body (refer to Figure 2.3). Further complexity is added when considering the testing of natural
vessels in vitro, where tissue degradation (desiccation) due to the lack of oxygen and nourishment
supplied by the blood, causes changes in the vessel’s mechanical properties. Thus, depending
on the complexity and the functionality of the equipment, vessels may need to be tested soon
after removal from the body (< 2 hrs). Some equipment can cater for this, by the use of culture
media or by circulating blood with oxygenators and carbon dioxide (CO;) scrubbers [67, 149].
Invariably in vitro equipment can simulate either flow or pressure characteristics, but not both.
Pressure and flow waves are always correlated; however, the pressure waveform of a system
is produced by the imposed flow rate and the elasticity (compliance) of the system, including
the graft sample. Consequently the reproduction of both physiological pressure and flow under
simulation conditions is impossible [148].

Thus, the requirements of an in vitro compliance rig need to be tailored specifically to the
desired application. An ideal in vitro compliance rig would cater for the following:

o full range, adjustable pressure wave characteristics mimicking those observed in vasculature
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o full range, adjustable flow wave characteristics for shear forces and vanation in flow charac-
teristics in vasculature

e oxygenation, CO; scrubbers, blood and/or cultivation media for extended testing of natural
tissue/blood vessels and/or the testing of a graft’s self healing capabilities

+ real time flow, pressure, diameter, volume and longitudinal displacement readings at proximal,
central and distal positions of test sample

e ability to cater for the testing of porous grafts, either through natural clotting with blood or
with a Jumtinal liner

¢ physiological temperature control

e graft attachment; fixed strain vs. free moving vs. constant axial load

» compliant vs. noncompliant proximal and distal anastomotic graft attachment,

Figure 7.1 highlights the variables that are relevant in the design of an in vitro compliance test

ng.

Grafi Attachnient Complianee Rig Tubing
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Figure 7.1: Schematic of sectioned grafi showing relevant design parameters

7.2.1.1 Reproduction of physiological pressure and ow
A number of methods have been used to simulate the physiological hemodynamics of the vas-
culature. Law ef @/ [153] made use of a medified peristaltic pump to ¢reate the desired flow
waveforms; however the system was only able to mimic the flow and not the pressure wave. Out-
put How rates were only adjusted by changing the diameter of the compression tubing used in
the pump. A needle valve was used to adjust the fiow in the circuit and the pump was controlied
by a stepper motor, which was linked to a computer; thus various waveforms could be produced
by cemputer control of the stepper motar. Feedback was provided by monitoring the ultrasonic
flow probe. Insert profiles were used to smooth out the flow characteristics of the roller pump.
Figure 7.2 (a) below shows the modified peristaltic pump used by Law ef @l [153],
Schima ef @/ [151] made use of a ventricle pumping system to pump fluid through a circu-
lation loop and test the shear stress on endothelialised grafts. Compressed air was used to dive

the membrane in an artificial ventricle, two one-way mechanical valves were used to ensure flow
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direction was consistent (Figure 72 (b}). Two windkessel chambers were used to smooth out
the flow characteristics produced from the pumping chamber, and to create the necessary back
pressure (Figure 7 2 (¢)). Although good flow characteristics were produced, the system did not

produce the correct cotresponding pressure waveforms.

Trodiled Inacrt

Flaxiblr Tubing

4 Chutiet Inlry Adr Bipgle

Irienibgane A Cu'sluun

[ u'rnp||n.|1us"|

Wmdkrsac]
Froo Purng: .

T Prmap Warelom
} Air Pube
A} Modified Peristaltic Pump B Veriricie ) Windhessel Chamber

Figure 7.2: Schematics of: (a) modified peristaltic pump wsed by Law et gf. [153), (h) ventricle
putp and (¢) windkessel chamber used to smooth out pressure waveforms by Schima et al. [151]

Holdsworth ef ¢/ [154]| made use of opposing stepper controlled positive displacement
pumps, where a valyve was used to direct flow between strokes. Thus negative pressure and
flow could be produced, which is difficult to produce in a peristaltic pumping system such as that
used by Law ¢z /.. Since the amount of fluid displaced with each step of the motor is constant,
waveforms are easily programmed. No feedback controls or correction factors were required for
the system since there was negligible attenuation and the system was stable over long periods.

Labadie er . [155] built a perfusion system and tested canine carolid arteries as well as
human saphenous vein portions, using a fluid filled testing chamber maintained at physiological
temperature and a tissue culture medium. A pulsatile waveform was produced with use of a
centrifugal pump and a computer controlled gate valve, which allowed for accurate recreation of
the pressure pulse. Brant ef af. [156] utilised a similar system to test canine vessels. Both groups
used noninvasive methods to measure diameter change, namely a laser micrometer. This method
only determined external diameter changes of the vessels.

Charara et af. [148] produced good physiclogical flow conditions using a computer controlled
flow simulator, which used a programmable positive displacement piston pump, controlied by
means of a stepper motor, similar to that used by Holdsworth ¢f ¢f. This is reported to produce
physiological flow, however, the response of the pump to high frequency commands showed
frequency dependent phaselags. Thus, for complex flow simulations 2 comection input command
had te be predetermined to preduce a desired flow pattern. To ensure that laminar flow was
phserved through the sample, a straight tube of length 25 times the internal diameter (1D} of the
vessel was placed on the proxamal side, although complications with laminar flow are observed
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for small diameter vessels (£ 6 mm).

Giudiceandrea ef ¢l [67. 149] developed a flow circuit which utilised a variable speed elec-
tromagneile centrifugal pump, in series with a governable [Tow wavelorm conditioner, In order
tor test porous graft structures the structures were pre-clotted, by forcing freshly obtained human
biood throwgh the graft. This process was repeated until no transluminal leaking was observed,
They also tesled human arterial segments, which were stored in Ringer’s laclate solution al 4=C
and studied within 24 hrs of harvest. The measurement of pressure was done al discrete points
with a Miller micro-tip transducer. The perfusion solution was made of a mixture of Dexiran,
B199 (omnimum essential medium), bovine solation and L-glutamine, the viscosity ol which
approached that of human blood, A gas mixture of Q5 and COs was bubbled throush the fluid,
and was maintained at 37"C by a heat exchanger. Ultrasound techniques were used to measure
mternal digmeter changes nomnvasively,

7.2.1.2 Diameter measurements

MNoninvasive methods, Ulrasound [67,71, 80, 157-162], laser micrometer [148], imaging,
volume change [78, 163], Magnetie Resonance Imaging (MRI) and X-ray techniques | 164 are
stme of the nwminvasive methods wsed. Ultrasound technigues are the most popular, 1ollowed by
volume change and the laser micrometer, Since no restrictive cffects are placed on the vessel dur-
ing testing, this makes noninvasive methods advantageous. Both internal and external diameters
(0T can be measured using ultrasound and MR technigues. while X-rayvs and vihime change
can only measure 11, and 1maging and laser micrometers. only OD. An advantage ol ultrasound,
MRI and X-ray over other methods is that they can be used to make in vive measurements, with-
out ¢xposing the vessel, unlike imagimg and the laser micrometer, which would require vesscl
exposurc. Volume change techniques cannot be used in vivo. Only instantancous measurements
can be made using the MRI technique, which limits its application.

With ultrasound, the higher the frequency probe used the beiter the resolution (7.5 MHz gives
a resolution of around 1 pm, depending on the signal strength, position, depth, and material being
assessed ). JTowever, the type of equipment used is of importance. Kawasaki ef ¢f. |80] used a
phase locked echo tracking system cquipped with a real time lincar array seanner 1o obtain the in
situ data. Various frequeney ultrasound probes were used, depending on the location and acoustic
condition of the vessel,

A number of methods have been used 1o iranslate the ultrasound data indo meaningul infor-
malion. Kawasalki ¢f f and lai e of [67, B0] used phase locked ceho tracking svslems o
interprel this data (Figures 7.3 (a), (b} and (¢)). while Stok ¢f /. [163] used image analysis on
M-mode captured images.

Charara ef af. [148] used a laser micrometer {Benchmike model 1838, LaserMike Inc., Day-
on, O, USA) to measure the distension of a vessel , with a resolution of (L5 pm, Sonoda ef ol

[164] used X-ray techniques to measure the internal dismeter of 2 vessel under static conditions
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Figure 7.3 fa} B and M-mode images of saphenous vein: (b) resultam radio-frequency signal
generated by anterior and posterior walls; (¢) distension-time curve generated by wall tracking
spstem [67]

al various predefined pressure points. Figure 7.4 shows a) the schematie ol the X-ray set up and

b} capilured images with Incrcasing pressure.
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Figure 7.4: Schematic of X-rav imaging equipment used by Sonoda et al. | 163] and series of
capiitred images af varions pressures (mmilg)

Tgo et al [163] used fluid volume change in the vessel te measure volume compliance. Fig-

ure 7.5 shows a schematic ol their equipment.

Invasive mcthods. These nclude cantilevers |21, 66], stram gauges [13, 58, 166] and lin-
car displacement transducers {LDT). Murgo ef al. [166] made use of a cantilever strain gauge
method to calealate and measure diameter change in vivo, where they measured diameter changes
of natural vessels. A number of other researchers have used the same method [13, 58] Simulta-
neous pressurc and diameter readings were tuken in situ at two weeks and three months 1o assess
the change in compliance with implant time. A drawback of this method is the amount of inva-
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Figure 7.5 Schematic of equipment used by Igo et al. [163] to measure dynamic volume compli-
GHCE

sive surgery regured to expose the vesscl and to measure diameter change. MacKellar [21] used
small lever arins which rested on the graft’s external surtace: the arms bad g displacement so-
nomnigrometer attached Lo the ends of the arms. Figure 7.6 shows the crrors involved in using this

technique.

Uin-daforried Thertor i aed

Figure 7.60: Errors caused by cantilevers used by MacKellar |21 |

Millam [66] used a weight suspended cantifever system attached to calibrated LDTs to mca-
sure the diameter changes of grafts in vitro. However duc to the forees required to move the
weights, the readings were highly invasive.

7.2.1.3 Graft anastomotic attachment and sample length

Various methods of gralt atlachment are used. Commonly gralt samples are cither [ully lixed at
the anastomosis, Iree. pre-strained by a certain axial strain, or a constant load is apphed axially.
The two most commonly used are predehined axial strain or load. Millam |66| and Tai ef «f. |67|
used a predefimed axial strain of 10%. while Charara ef af [148| and lgo ef of |163] used a

axiul pre-load. Charara ef ¢ used a longitudinal tension of 4N (400 ¢). leo ef af allowed the
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graft sample to hang vertically and had a small mass attached to the distal end (sce Figure 7.5).
MacKellar [21] on the other hand did not apply any axial load but rather fixed boih anastomoses.
Problems encountered in trying to apply a constant axial load include the presence of friction.
This was not an issue in the work of Igo er ol as their graft sample is suspended vertically
(Figure 7.5). However, this rig dogs not allow for fluid flow through the vessel sumple. Charars
ef ¢f. attached a pulley system to the distal anastomosis of the graft sample and reduced friction
with the use of an air bed runner. Sonoda of ¢l [164] allowed the graft (o move freely in the
longiludinal divection (see Figure 7.4). [n the physical case, the grafl would be exposed (o an
axial load which would be dynamic. Thus a better method than simply applying a constant load
or axial strain would be to apply a dynamic load; this could be achieved with the use of a spring
which iz axially loaded, where the spring load will vary with Jongitudinal strain observed by the
eraft sample.

It shoudd be noted that international standards such as the AAMI require that an axial pre-load
of 0.3-0.6 N (30-60 p) be applied to the graft sample prior (o tesling.

Anpart from the method of anastomosis attachment, the type of lubing used at the anastomoses
is of importance. The use of highly rigid (noncompliant)y ubing would alfect the compliance
of the vessel sample; however, this is heavily dependent on the sample length used. Other re-
searchers have used arteries or commercially available grafts (Dacron®. e-PTFE) to allow for
some compliance. 1reshly harvested arteries would be best as these would be similar to the ves-
sel application, while most commercially available gralls are noncomphant (< 1-2 %/ 100mmHyg)
amd are thus no difterent to ngid tmbing.

It 15 also important W consider the length of the sample to be used, 1o ensure that edge cilects
are minimised, lgo ef aof used vessel segments of roughly 160 mm in length for iesting, while

Millam used sample lengths of 80- 100 mm, Charara ¢f al. used segments lengths of 100 mm.
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7.2.1.4 Porous grafts and pressure loss
Most of the testing thus far has been on nonporous graft structures; problems arise in the case
of in vilro testing of porous grafts. 'L'wo methods are possible to test porous structures in vitro:
pre-clotling the structure with blood untl no transmural leakage 1s observed [67, 149], and the
use ol thin luminal inserts [78, 163].

Problems are encountersd when lwninal liners play too great a mechanical role. Thus an
important consideration is the type of liner used. lgo er &/ used polyurethane balloons which had
digmeters 50 % greater than the vesse] diameters, with an average wall thickness of 0.005 mm.

Contt ef e, [78] used latex liners of minimum wall thickness of (038 mm.

7.2.2 The compliance rig

A compliance testing rig was designed and built, imtially by MacKellar [21], and then developed
further by Millam [66]. Major adjustments have been made to the rig developed by Millam to
ensure consistent, stable pressure curves and nonmvasive diameter measurements, A closed loop
system was introduced with an adjustable non-return valve, allowing for further flow and pres-
sure control in the system. Diameter measurement techniques were changed from the invasive
welghted canlilever and LD (sce I'igure 7.7) to noninvasive methods, which include ultrasound
angd image caplunng techmques. 'The comphance rig is able to perform static and dvnamic test-
ing and simulate a range of both blood flow and pressure waves. A shorl description of the
compliance rig 1s presented.

Figure 7.8 shows 2 schematic of the compliance ng. The syslem consists ol 2 ¢losed fluid
channe] simulating the blood systemic tree. A reservoir (WSV) which is pressuriscd to achicve
the physiological pressure range, and a roller pump (RP) are used to induce a cyclic pressure
pulse similar to that ot the heart. A adjustable non-return value (1 WV} is used to control the back
flow/pressure during a cvele. A grafl sample (GS) 15 placed within the system and its temperature
controlled by a water bath {WB) in connection with a heat exchanger (HE) and heating unit (HU).
Syringes 81 and S2 are used to contro) the fuid air ratio i the windkessels W1 and W2, which
arc used to smooth out the pressure curves, Additionally W2 and a needle valve (T3) are used (o
control the back pressure and flow characteristics, Real time data for pressure are recorded at the
proximal (PT1) and distal (PT2) positions as well as diameter measurements collected through
cither a CCD Digital Camera (Sony CCD-IRIS) connected to a digital capturing card {Digitiser,
Apple Macintosh) and a computer (Apple Macintosh (33}, or with ultrasound techniques using
an ultrasound probe (7 MUz, Acuson) and ultra sound machine (Acuson 128XB/10),

For static compliance testing, needle valves, T1 and T2 arc fully closed and an internal pres-
sure is applied to the graft sample from a water reservolr via syringe (51). Graft samples are
placed in a saline or phosphate buffered saline (PBS) solution. with the water bath kept at 37°C
via the heat cxchanger (TE), where diameter and pressure are recorded. Two methods of diame-

ter measurement were used: digital tmaging technique and the ultrasound lechnique.
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Figure 7.8: Compliance test equipment

Digital imaging techuique. A digital camera (Sony CCD-TRIS) connected to a PC (Apple
Macintosh G3) with frame grabbing hardware and software (Strata Videoshop™ version 3.0 4)
was used to capture a series of digital images over a period of time. The digital camera was
attached to a microscope (Leica MS 5) for magnification. This microscope was placed above the
eraft sample (Figure 7.9) and the focal plane was adjusted until the edge of the graft was in focus
(Figure 7.10). A submerged reference rule was placed alongside the graft and adjusted until
it was brought into the same focal plane. This reference rule was used te ensure that mimmal
distartion in measurement was incured due to refracted light through the water surface.

The video sequence was recorded over four pressure cycles (332 5) at 25 frames per sec-
ond {0.04 s/frame) into phase altermating line (PAL) format at high resolution {768 < 576 pixels).
Thus, 83 frames were collected over the recording period. Due to the recording time lag of 0.015
between the first, second, third and fourth pressure cvcles, diameter changes are recorded at inter-
vals of 0.01 s for a pressure pulse period of 0.83 s over the 3 32 s The recorded images were then
converted into a series of * pct images (768 576 pixels) using Strata Videoshop™ (Macintosh
Version 3.0.4) and analysed using Scion J_mage@' for Windows V: Beta 4.0.2 (Scion Corpora-
tion). Using the reference rule and Scion Image®, pixel measurements across the image are
converted to millimeters. Using this frame resolution, reliable measurements down to 9,26 yum
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Figure 7.9: Schematic of camera and microscope setup for digiial imaging purposes
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Figure 7.10: Digital frames captured from non-reinforced and reinforced graffs during compli-
(IfICe testing

could be made.

Given the need to record compliance values greater than 2 %/100 mmlig and using equation
{(2.1), where AF = 40 mmHg (B0 to 120 mmldg) and d=4 mm, gives Ad=32 ym_ Thus, mea-
surements of 9.26 yim were considered sufficient,

Due to the use of digital imaging techniques to measure compliance, and the measurement of
0D, it 1s important to quote results either in terms of OD or to adjust these to cater for the wall
thickness in the results obtained. In order to cater for wall thickness, each porous graft structure
had a section cut from each end and placed under a microscope for image analysis of ID and 0D,
as well as wall thickness. Again, Scion Image® for Windows V- Beta 4.0.2 was used to analyse
the cross sectional images. Figure 7.11 below shows the cross section of a porous graft end and
the points used 1o analyse the internal and external diameters from which wall thickness (w) s
calculated.
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Figire 7. 11 Digital image of graft cross-seciion used in image analysis

Readings from these are used directly to calculate 1D for graft compliance (assuming no wall
compression); however for reinforced grafis, the fabric reinforcing thickness was added into the

caleulation,

Ultrasonnd technigue. Ultrasound technigues were also used to measure internal diameters
noninvasively. An ultrasound machine {Acuson 128XB/10), with a 7 MHz probe, gave image
resolutions of up to 10 um; however, image resolulion and recordings were difficult to use due
to the scattering of the reflected ultrasound caused by the porous PU structure. For vessels made
of solid PU or sihcone, mmages were very good; however, before using the porous grafts it was
necessary to soak them in cthanol and water to ensure Lhat all air was expelled from the porous
structure prior to testing. Following this procedure, a lower scattering eftect was seen from the
graft surfaces due to the micro pores of the graft structure. Figure 7.12 shows the scattered

wtrasound image of a cross section of the porous praft,

Figure 7.12: Ultra-sownd image of porous graft cross-seciion showing distorted image due 1o
trapped iy i micr-povous striictire

7.2.3 The reinforced and non-reinforced graft samples

Manufacture of the porous graft structures. The porous grafts were manufactured
(rom a proprietary PU developed by Medtronic Inc. (Code M48) by vacuum/pressure casting the
PU solution (20 % M48 by mass dissolved in NMP} with extractable porogens (particles respon-
sible for producing pores), followed by phase precipitation {sohdification of PLT) and porogen



Chapter 7, Complianes Testing

extraction. Highly regular spherical porogens (Gelatin microspheres, Thies Technologies, St.
Louis, USA) were used to produce well defined pores and pore sizes. The porogen are pre-
packed in an annular mould prior to infiltration of the openings with the polymer solution . The
PU/microsphere moulds are then placed mn ethanol where the PU is allowed to solidify. Ethanol
is used to reduce PU and microsphere swelling, which may cause pre-stressing and damage to
the PU porous structure. The gelatin microspheres are then extracted with water once the PU had
cured completely. The process is illustrated in Figure 7.13.

Infilirate Precipitale
+ e ———
Extract
Polvmer Solutton  Pre-Packed Beads Paste Porous Scalold

Figure 7 13: Pre-packed spherical porogens and phase inversion and extraction process 1o pro-
dice pores

Porogen particles are packed into an annular column ¢onsisting of a glass tube (1D =54 mm)
and central stainless steel mandrel (OD =4.0 mm) with an upper and lower reservoir. The upper
reservoir is filled with the PUl solution and a pressure (730 kPa) applied. A vacuum is drawn
(100 kPa) from the lower reservoir, forcing the PU solution through the packed column.

Upen complete infiltration of the PUfsolvent solution into the packed gelatin microspheres the
erafis were demoulded on the stainless steel mandrels and the PU precipitated by phase inversion.
Subsequent extragtion of the porogen beads was done by extensive washing. Figure 7.14, shows
the sequential steps of the vacuum/pressure cast graft production after; (b) removal of column
from mould with upper teservoir; (c) column with upper reservoir removed; (d) the graft on
mandrel removed from glass ¢ylinder and phase inversion; (e) porogen extraction in suitable
solvent and washing; and (f) the gratt once dried and removed from mandrel.

The porogen particles were sorted by sieving techniques into three size groups: 90-106,
106-125 and 125-150 pm. These different porogen sizes were used to produce different graft
pore sizes, On average the pores created were 1.21 4+ 007 pm times the diameter of the poro-
gens used, and the inlergonnecting pore windows were approximately half the size of the pores
(window:pore 01.52 + 0.04) [9]. Figure 7.15 shows SEM images of a) the gelatin microspheres
(% 350), b) grafi cross section (%44}, c) graft wall (x225), and d) pore showing pore windows
(» 3500

Further details cn the manufacture and differenttation of the porogen sizes and analysis of the
porous structure as a self healing graft can be found in the work by Bezuidenhout [9].
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Figure 7.13; SEM images of (@) porogens gelatin microspheres, (b) porous grafi cross-section.
(c) porous graft wall and (d) porous structure

Manufacture of the non-reinforced and reinforced graft samples. The manulacture of the
non-reinforced graft samples used lor compliance testing ulilise a 50 mm porous graft core with
two 20 mm e-PTFE grafi anastomoscs (Atrium, 4 mm, 30 gm 1D} {refer to Figure 7.17). These
e-PTFE graft ends were anastomosed to the porous graft section by repeated application and
drying of a polyurcthanc selution (5% M48 by mass in Chleroform. CHCl) while the scgments
were constrained on a central mandrel. These c-P1FE grafi ends cnsure that graft samples arc not
damaged durmg testing and can be reused. 'Lhey also ensure consistent longitudinal strains dur-
ing testing. Reinforced samples utilise non-reinforced porous graft samples where fabric socks
are applied gently and gradually over the porous grafts ensuring uniformity. At onc of the anas-
tomosis regions of the porous graft the fabric was anastomosed to the structure by additional
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application of a polyurethane solution {10 % M48 by mass in Chioroform). A higher concen-
trated polyurethane solution was used 1o reduce the absorption into the porous structure. Once
this anastomotic region was cured, the fabric sock was strained, by uniformly and evenly stretch-
g the fabric over the graft sample to the required amount, and then censtrained by clamping
and then applying repeated layers of polyurethane selution. This process is demonstrated in

Figure 7.16.

Mandrel for Constrmining Atrium ¢-FTFE Graft Poroys Crrafl
) T ol s
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e e ]

Figure 7.16; Processes Io manufacture non-reinforced graft and reinforced graft samples

Pressure loss liners are inserted with the use of an application rod through the luminal section
of the graft samples prior to testing. Figure 7. 17 shows a schematic of composite graft, while
Figure 7.18 shows images of the latex liner, and non-reinforced and reinforced porous gralts.
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R
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Fignre 717 Schematic of composite test graft sample showing fabric reinforcing and e-PTFE
ends
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7.3 Comparative compliance study of standard silicon graft samples

To ensure that the vanous techniques used to measure compliance yield comparable results to that
observed in literature, standard compliant silicon tubes were ordered from a commercial supply
company' These were initially tested using both the ultrasound and visual techmiques described
in Section 7.2.2, however, due to the consistently low results obtained, a research group” was
also emploved to test the standard samples. The variation in compliance results observed by the

vartous groups are illustrated in Figure 7.19.
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Figure 7.19: Variation in compiiance values obrained from standard silicon complicat grafis

‘Dvnatek-Dalta Scientific Instruments, 105 E. Fourth Street, Galem, MO 65656, UUSA_ Tele # : 417-357-61535,
Fax % 417-357-6327

“Waseolar Hemodynannc Laboratory, University Department of Surgery. Roval Free and University Collepe Med-
ical School, UCL, The Royal Free Hospilal, Londor, NW3 200, UK, Tele # ; +44 207 830 2901, Fax #: +44 207
431 4528,
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The compliance values obtained in the present study and from the research group are con-
sistently lower than those stipulated by the manufacturer, However, the present study and the
research groups results are consistent with each other. This raises the question of the calibra-
tion and calculation of compliance by each group. It was established that the manufacturer uses
a volume technique [78] similar to that of Igo er al. [163] described in Section 7.2.1.2, where
no axial load or strain is applied to the graft prior to testing. While, the research group applies
a 10% axial strain to the graft and measures diameter change using the ultrasound phase locked
echo tracking system described in [67] and illustrated in Figure 7.3.

New compliance values were obtained for some of the silicon graft samples with no axial load
applied. Table 7.1 details the new compliance values obtained.

Manufacturer’s Result | In House Result

%/100 mmHg %/ 100 mmHg
20+1.0 2.1
6.0+ 1.0 54403
120£1.0 9.2

Table 7.1: Variation in compliance results with no axial strain

Again, the compliance results are lower than those stipulated by the manufacturer, however
the difference observed is reduced. This is once more, attributed to the different measurement
techniques used to test the samples.



Chapter 8

Modelling with ABAQUS

8.1 Introduction

A porous polymer graft with fabric reinforcing is required to be modelled mathematically and
computationally using a general purpose finite element (FE) package. ABAQUS® version 5.8-8
is one such commercial package which has the capacity to accommodate a wide range of material
models. ABAQUS® is used to model the graft structure for various types of fabric reinforcing
described by the fabric constitutive model. Using a genetic algorithm (GA), the fabric model
coefficients are adjusted until a solution giving the required dynamic diameter compliance (Cy)
for the various porous structures is found. The solutions are then utilised in circumferential
and longitudinal finite element simulations to obtain the stress-strain characteristics of the fabric
reinforcing in accordance to the AAMI and ISO standards for cardiovascular graft implants [167,
168].

The type of elements, material constitutive equations and approximations used to describe the
physical graft and tensile tests by finite element methods are discussed in this chapter. Section 8.2
discusses the material models used and the implementation of the fabric constitutive relation in
ABAQUS®. It then describes the finite element models, elements, the applicable boundary and
load conditions, and the assumptions used to simplify the analyses.

8.2 The material models

ABAQUS® accommodates a range of material models, including the hyperelastic and hyperfoam
models described in Chapter 4. It does not have an intrinsic anisotropic fabric material model,
but provision is made for the implementation of special constitutive relations through a user
material subroutine (UMAT) [94, 169-171]. If intrinsic material models are used, ABAQUS®
allows users to input material coefficients according to the material model or physical test data,
where in the latter case a least squares method is used to fit coefficients [94].

The porous polymer material model (hyperfoam). The intrinsic ABAQUS® isotropic
hyperfoam material model is based on Ogden’s strain energy function [94] as described by equa-
tion (4.82). The physical test data from tensile, compressive and simple shear tests are used to
obtain the material coefficients. This material model is then utilised in single element patch tests
to compare the model results to the physical test data. No viscoelastic effects are incorporated
for the porous structures.

86
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The latex material model (hyperelastic). ABAQUS® has two intrinsic isotropic hypere-
lastic material models which can be used to describe the latex material behaviour. These are the
Ogden and polynomial hyperelastic material models described by equations (4.81) and (4.79).
Typical order values for the strain energy functions are N = 1 or 2 for the polynomial function
and N = 1 to 6 for the Ogden function. The higher the order, the better the model fit for the
material typically, however this is conditionally true as the system can become unstable. Phys-
ical test data from tensile, compressive and simple shear tests were utilised for these materials.
This material model is utilised in a single element patch test to compare the model results to the
physical test data. No viscoelastic effects are modelled.

The fabric material model. As mentioned earlier (Section 4.11) a new constitutive relation
is proposed for coarse knit fabrics under tensile behaviour as described by equation (4.122). This
material model is to be implemented in the finite element package using the UMAT. The finite
element models for which this fabric material model will be used include a graft model (tensile
and compressive deformation), a uniaxial tensile model (tensile, compressive and shear defor-
mation), and circumferential and longitudinal tensile models (tensile, compressive and shear
deformation). From these various deformation modes, bending can be disregarded. Since the
fabric thickness is small in comparison to its other dimensions it can be considered a membrane,
and subject to plane stress conditions. Coarse knitted fabrics are also highly compressible, and
so incompressibility is not enforced. Thus, the implementation of the fabric constitutive model
in the UMAT will reflect these relations.
It is assumed that the fabrics used are highly elastic, and viscoelastic effects are neglected.

8.3 Implementation of the fabric material model in ABAQUS®

ABAQUS® provides a user interface for users develop their own constitutive material models
through the UMAT subroutine. This subroutine performs two functions: it updates the stresses
and the solution dependent state variables to their values at the end of each increment, and it
provides the material elasticity tensor for the constitutive model. The discrete elasticity tensor is

defined by

L JAN 2R
= B 8.1
* AN
where Ao and Ac are the stress and strain increments. For large strain computations an ap-
propriate conjugate stress-strain measure is needed (see Section 4.5.4). Since the proposed strain
energy function is already defined in terms of Green strain F an appropriate conjugate pair would
be Green strain and the second Piola-Kirchhoff stress S. The second Piola-Kirchhoff stress and

elasticity tensor are defined in terms of the strain energy by
Jw
Sij =

E-E-;; ] (8'2)
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and

aS;; Pw
KSE 2 . .
= 3By 0E40Ea 83)
Objective rates and corotational framework form. It is necessary in a large strain

framework to describe rates of change of stress using corotational or objective rates. We use the
Jaumann rate as an appropriate corotational rate; this is given by
; Doy
oy ==L — Wiow; — oW, (8.4)
Dt
where W is the spin tensor. The Jaumann rate is designated by the superscript J. Next we need

to relate oV to D, through a relation of the form

= K{{iDu (8.5)

where K¢’ is found in terms of K5F. Using the fourth elasticity tensor

\Ilzykl ukl - F'lmFJﬂFkPﬂqunpq » (8'6)

this relation can be expressed in the Truesdell rate of Cauchy stress, designated by the superscript
T, according to

T — J-7Vve = JIK™:D = K°T.D, 8.7

where
K°T = J7IK™ . (8.8)

Using the relations between tangent moduli, and specifically the relation between the Jaumann
and Truesdell moduli of equation (4.103a), we have in index notation,

Ko = szkl K + 04i0u =K — ikl > (8.9

v 1}

where .
ikl = 3 (Oarojt + 60 jk + Ojp0a + 6510) — 040k . (8.10)

ABAQUS® requires that the stress be explicitly defined as Cauchy ’true’ stress for large strain
applications [94,172]. Thus we need the relation between the Cauchy and second Piola-Kirchhoff
stress defined by (4.36) in the form

oy = J  FySuFy (8.11)

From equations (8.8), (8.9) and (8.10) one can obtain K°7 from K5F. It should be noted that,
unlike the Fung model (equation (4.118)), incompressibility is not enforced.

Special operators implemented in the ABAQUS® numerical models. For the ABAQUS®
numerical models, special operators are used for the fabric material model. These are as follows:
e Orientation: The orientation parameter [169] is used to define the transverse directions of the

fabric model. This ensures that material properties remain orientated as the elements rotate
and deform.
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o Membrane element thickness: A thickness of 100 ;zm was used for the membrane elements or
fabric.
» FPopssom's ratios vz and 4 Membrane elements used to model the fabne ensure a plane

stress state. Deformation through the thickness is also assumed to remain constrained.

Details of these operators and their implementation in the numerical models can be found in
the ABAQUSE' manuals [169,171].

8.4 Single element and multi-element patch test models

Single element model patch tests were set up to test and assess the material model behaviour
under certain forms of deformation. The fabric patch test is utilised to assess the implications
for each of the fabrnic model coefficients, namely (7, ay, @s, aa, 54, a5, &g, 47, g and ag, while
the porous and latex patch tests are utilised to assess the accuracy of the material models against
their physical tensile, compressive and shear test counterparts.

8.4.1 Single element models

Single element models were set up with boundary and load conditions set to descnbe uniaxial
tensile, compression and simple shear tests.

The umaxial tensile and shear models give the general stress-strain charactenistics of the fab-
ric model, while a uniaxial tensile model is uysed to compare the fitted matenal data to model
solutions for the latex liner, The single element model used for the latex and fabnc is a simple
four-noded bilinear membrane element.

For the porous structures a single etght-noded plane stress cubic element is used with the hy-
perfoam material model (n = 6). The eight-noded cubic element also uses a linear interpolation
function to describe the approximate field variables, Figure 8.1 shows the single element models
used and the various load and boundary conditions.
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Figure 8. 1: Single element uniccial fensile, compressive and simple shear patch test models
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8.4.2 Multi-element mesh models for the fabric material constitutive equation

A multi-element patch test was also utilised to ensure that element onentation and type did not
affect the results. Two mesh models were used: one a uniform mesh, with consistently ordered
four-noded membrane elements, and the other, a non-uniform mesh with three and four-noded
membrane elements {Figure 8.2). These two meshes were used in uniaxial tension and simple
shear tests. The siress and strain behaviour are not only compared between the two mesh types,
but also with the single element models at 40 % uniaxial and shear strain.
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Figure 8.2: Uniform and non-uniform meshes

8.5 The finite element models

Four distinct computational models were considered: the graft model, the uniaxial tensile model,
and circumferential and longitudinal tensile models. The graft model is used to find the static
and dynamic¢ compliance values and curves for the coefficients (', a4, a4, @y, 4, 05, gy, G7, s
and ag corresponding to a fabnce reinforcing.  The uniaxial tensile model is utilised in a GA to
assess the ability of the fabric model to model physical fabric samples in tension, and to assess
the optimisation capabilities of the GA. The circumferential and longitudinal tensile models are
used to provide stress-strain characteristics of the fabric solutions found from the optimised graft
models. This circumferential and longitudinal model stress-strain characteristics are used to
provide a textile manufacturer with the requirements for the fabric reinforcing.

%.5.1 The graft model

This model simulates the behaviour of the porous graft structures, which are reinforced externally
with a fabric sock. Due to the symmetry of the problem, only one half of the longitudinal section
of the graft and a quarter of the graft in the circumferential direction need be modelled.
Eight-noded continuum elements without twist are used to model the porous polymer struc-
ture, while four-noded linear membrane elements without twist are used for the fabric reinforcing

sock.
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The load conditions include an internal pressure on the inner surface of the porous structure.
The load applied depends on whether a static or dynamic compliance test i3 being analysed.

The boundary conditions are as follows: the end nodes are fully fixed, while the central nodes
are fixed in the axial direction and are allowed no angular twist, yet are free to move radially. The
element mesh 15 refined longitudinally toward the fixed end, but remains uniform in the radial
and circumferential directions. Figure 8.3 shows a schematic of the element, boundary and load
conditions used for the graft section modelied.
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Figure 8.3: Graft fintie element model

Both the dynamic and static graft models have a commeon first step of a pre-defined lengitudi-
nal (axial) strain of 10 %, as seen in the physical tests. The subsequent steps define the difference
between the dynamic and stalic models.

Dynamic compliance model. The dynamic compliance model utilises one displacement
step and two load steps. The displacement step produces a 10% axial strain on the graft structure
while the second is a static step which brings the internal pressure on the graft lumen wall to
100 mmHg (13332 Pa);, the third step represents pulsatile blood pressure by a dynamic pressure
wave. The second step ramps the intemal pressure linearly over a period of four seconds, The

third step uses the six-term Fourier series

T

a = A;4 Z[:Htz sinnw(t —t,)) fort Z 4, {(8.12a)
1
n = A;fort<t,, {b)

to mimic the pressure pulse. Here # is the number of terms {i: = 6}, == 13 the trequency {peniod

= 0.83s, w = 15.14rad/s), t, the time at which eyclic load starts (1, = 0}, 4, the initia!
amplitude (A, = 13332 Pa), and 13, are the Fourier series constants (X, = 2418.5, By = 691.0,
By = 23033, By = 11517, By = 114.7, Bg = 114.7). Figure 8 4 below shows the dypamic
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applied pressure compared to the average of the proximal and distal pressure curves obtained
from the compliance rig (Section 7.2 2).
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Figure 8 4; Comparison of the fourter model with physical pressure curves

Static compliance model. The static compliance maodel has an initial axial strain step, fol-
lowed by a second and final step which lineardly ramps the internal pressure of the graft statically
to 300 mmHg This mimics the physical static compliance test carried out on a graft,

The Iuminal latex liner. A luminal latex liner is utilised in the physical testing of gratt
compliance to prevent pressure loss through the graft wall due to its inherent porosity. Thus in
some of the graft models a luminal latex liner is modelled using four-noded membrane elements,
as indicated 1in Figure 8.3, The luminal latex liner is only included in the graft model for the
purpose of comparison with experimental results. However, when the GGA 1s unlised to find
optimal solutions to the fabric reinforcing, the luminal latex liner is not modelled.

8.5.2 The circumferential and longitudinal tensile test models

The AAMI Standard, {Sections 8.3 .1 [167], "Method for determination of circumferential tensile
strength” and 8,32 [167, 168], "Method for determination of longtudinal tensile strength") (the
ISO standard [168] is the same in this regard), provides guidelines for the tensile test procedures
of vascular prosthetic grafts in the circumferential and longitudinal directions, Following these
guidelines, circumferential and longitudinal tensile test apparatus and procedures were developed
with slight modifications to allow for the testing of small diameter fabric reinforcing socks. The
tensile models simulate these physical situafions. Mechanical solutions gained from the physical
and finite clement models are in the form of force per unit length vs. displacement curves for the
fabric reinforcing samples, according to textile manufacturer test procedures and the ISO/AAMI
Standards [167, 168],
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The circumferential tensile test model. Iigure 8.5 shows the physical circumferennial
tensile test done on tabrics at 37 °C.
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Figure 8.5: Circuniferential tensile test equipment used with Instron™ lensile tester

Due to the geometry of the problem and loading conditions a quarter of the model is analysed.
Figure 8.6 shows the corresponding finite element mesh,
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Figure 8.6: Quarter symmetric finite element mesh of circumferential tensile fest
Two steps are used in the circumferential tensile model: an imitial contact step, which cstab-

lishes contact between the analytically rigid pin and the fabric, and a second, which displaces the
top pin at 200 mm/min (Cardiovascular Implants Standards [167, 168]), until 50 % circumferen-
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ttal strain is obtained.

The fabric UMAT model assumes that the fabric has zero bending stiffness; thus, no force
is required te bend the fabric (idealisitc, however the fabrics we are looking at are extremely
thin and display negligible bending stiffness properties with respect to tensile charactenstics).
Thus, for a fabric reinforcing tube with an internal diameter of 5 mm, an imtal displacement of

1.712 mm is observed without any reaction force on the pin. This 1s demonstrated in Figure 8.7,

b3

Figure 8.7: {a) Initial zero-sivess siate and (B) position of which total observed bending is re-
duced to zero in fabric reinforcing

Force per unit length in the circumferential tensile model was calculated according to:

Force per unit ledgth (= EE , (8.13)
where f.1s the initial sample length (36.0 mm} and F the force experienced by the displaced pin.
A “soft” contact model is used; this takes the form of an exponential function for the pressure-
clearance relation. This allows the gradual transfer of load from the pin to fabric. The pin i3
assumed 10 be smooth and frictionless. The orientations of the material properties were mapped
onto the membrane elements, ensuring that the faboic principal divections were in-plane with the

membrane surface.

The longitudinal tensile test. Longitudinal fabric sample lengths of 48 0 mm were clamped
flat at the ends and subjected to uniaxial tension. Figure 8.8 shows the full and quarter symmetric
finite element model used to obtain the force per unit length vs. displacement curves for the fabric
reinforcing in the longitudinal direction. The longitudinal tensile model uses a single step, which
displaces the end of the fabric tube at a strain rate of 200 mm/min (Cardiovascular Tmplants
Standards [167, 168]) to 100 % axial strain.

Force per unit length in the longitudinal tensile model is calculated according to
Force Per Unit Length = i—; . (8.14)
where ¢, 1s the initial diameter and # the force.
8.5.3 The uniaxial tensile model

This model simulates yniaxial tensile tests, undertaken on an [nstron™ test rig. The model is

used to obtain the stress-sirain curves for a fabric with a particular set of matenal coefficients,
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Figrre 8.8: Quarter symmeiric finite element model of longitudinal wensile test

The model makes full usc of symmetry to simplify the analysis. A single quasi-static step is
used where a fixed displacement of 9.0 mm is ramped over a period of 5.4s This represents a
strain rate of 200 mm/min (Cardiovascular Implants Standards [ 167, 168]) when only half of the
axial model is represented. Four-noded membrane elements are utilised in this model, where
the clement mesh is refined toward the free edge and displaced end. The common boundary
conditions for the uniaxial tensile test can be seen in Figure 8 9 which shows the uniaxial model

and its boundary and displacement conditions.
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Figure 8.9: Quarter symmetric finite element model of uniaxial ensile rest
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Ldge AF is free to move horizontally bul is fixed vertically, while edges AD and DC are
free Lo move vertically bul not honzontally. For this computational model, the loaded boundary
X and the edge B were expected to have a greater variation in stresses and deformation and
therefore the element mesh is refined toward thesc cdges.

8.6 Mesh sensitivity studies (element density)

In order to ensure acceptable accuracy, mesh sensitivity studies were performed on each of the
models until a sufficient level of refinement was obtained.

To carry out a consistent mesh sensitivity study, critical points across each model were chosen
for observation, where it was assumed that there would be sensitivity to mesh refinement. The
number of elements were then increased amd the stress and deformation states monilored Lo
obtain stress, strain, and displacement profiles across the models. Element and density refinement
was stopped when the change in stress at the critical points was considered negligible from one
glement number/density 1o the next.

Details of the mesh sensitivity analysis can be viewed in Appendix A, which shows Labular
resulls of the critical points for the varions models assessed in the mesh sensitivity analysis. It
also shows graphically the variation n stress, displacement and other fields at these relevant
points. Below is a brief summary of the results of Appendix A.

Graft model. For the one-cighth symmetric graft model, points A%, BY, C'¥, DY, (/" and
DF (refer to Figure 8.3) were chosen as critical points on the graft model. To differentiate
between the porous polymer material and fabric reinforeing, superscripts & and £ are used re-
speetively. ASand BY lie on the lumen surface of the porous graft. Points O9, ¢, CFand DF
lie parallel to A% and B® on the external surface of the graft and fabric reinforcing. Points B,
D% and D are the end points of the graft which represent the point of graft attachment, while
points A7, €% and '" represent the center of the gratt. These points were chosen because stress
variation and deformation are expected to be greatest at these extremities. Point A is of most
concern, as the values of displacement and pressure are used in the calculation of diastolic diam-
eter and comphance () for the GA. CPU time is another important factor, as the GA needs not
only to he effective but also efficient. All computational work was implemented on a Pentium 4,
1.7 GHz processor with 265 MBytes of memory.

A single static load step was introduced placing an internal pressure of 100 mmHg (13332 Pa)
on the graft lumen wall. This pressure was ramped over a period of time, where at the end of the
step Lhe stress and deformation states for each of the critical points were assessed for increasing
model element numbers. Models containing 130 (r = 4, e =4 and{ = 6), 210(r =5, e =5
amd! =8),30(r=5e=0andi=10,41d(r =6, c=Tand I = 10), 5320(r =6, c =8
and ! = 100,616 (r =T, c=8and [ =11), 720 (r =T, = 9 uand | = 11) and 2000 (r = 12,
¢ = 18 and = 35) elements, were assessed, where r, ¢ and ! represent the number of elements
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model solutions. This point was chosen to be a distance of 5 mm horizontally and vertically in
from point AY. The model mesh was adjusted to ensure that this point was represented by a node.
A quasi-static displacement step was introduced displacing edge DCV by 9.0 mm ramped over
a period of 5.4 s, where at the end of the step the stress states at the critical points were assessed
for models containing 50 (z = 5 and y = 10), 98 (z = 7and y = 14), 153 (z = 9 and y = 17),
200 (z = 10 and y = 20), 253 (z = 11 and y = 23), 300 (z = 12 and y = 25), 351 (z = 13 and
y = 27) and 1200 (z = 24 and y = 50) elements, where the numbers for z and y represent the
number of elements in the horizontal and vertical directions respectively. Figure 8.15 shows the
critical values of force/length, local axial (£22), transverse (£11) strains and CPU time obtained
for the various number of elements used in the uniaxial tensile model.
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Figure 8.15: CPU time, force per unit length and local axial (E'22) and transverse (E'11) strains
vs. element number for uniaxial tensile finite element model

As before, percentage differences to the very refined mesh model (1200 elements) were cal-
culated for increasing mesh refinement and from this an optimal model chosen based on minimal
CPU time requirements and percentage differences, the results of which can be seen in Table A.2
in Appendix A. From these differences the 200 element model was chosen as this gave percent-
age differences of 1.82, 0.01 and 0.06 % for force per unit length, local transverse (£'11) and
axial (£22) strains which are used in GA2. Stress variations at the critical points were all under
4.00 %, except at point CV, where values are around 65 % lower than the refined mesh model.
This is to be expected at point CV, where maximum stress and strain fields are going to occur.
Since this model is only used in GA2, which uses objective functions in terms of force per unit
length, local transverse and axial strains this large variation in stress values at point CV was not
considered a problem. The CPU time required to run this model was 10.6s.
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edge by 10.0 mm ramped over a period of 10s, where at the end of the step the stress states at
the critical points were assessed for models containing 98 (¢ = 7 and [ = 14), 200 (¢ = 10
and ! = 20), 300 (¢ = 12 and [ = 25), 392 (¢ = 14 and | = 28), 480 (¢ = 16 and [ = 30),
995 (¢ = 17 and | = 35), 684 (¢ = 18 and [ = 38) and 3200 (¢ = 40 and [ = 80) elements,
where ¢ and [ represent the number of elements in the circumferential and longitudinal directions
respectively. Figure 8.14 shows the critical values of force/length, circumferential strain and
CPU time obtained for the various number of elements used in the longitudinal tensile model.
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Figure 8.14: CPU time, force per unit length and circumferential strain vs. element number for
longitudinal tensile finite element model

From Figure 8.14 convergence is obtained with increasing elements. As before the percentage
difference to the very refined mesh model (3200 elements) was calculated and an optimal model
chosen based on CPU time requirements and minimal percentage differences, the results of which
can be seen in Table A .4 in Appendix A. The 480 element model was chosen for both the GA and
final model runs, as differences of 1.85 and 0.01 % were seen between this and the 3200 element
model for force per unit length and circumferential strain respectively, while stress variations
were all under 12.9 % at all critical points. The CPU time required to run this model was 16.6s,
which is low compared to the circumferential tensile model, which it is used with in GA3.

Uniaxial tensile model. Similarly for the uniaxial tensile model, points AY, BY, CV
and DY (refer to Figure 8.9) were chosen as critical points. These points lie at the corners of
the FE model and represent the centre of the fabric (AY), the edge of the fabric (BY) the centre
of the displaced edge (CY) and the corner of the displaced edge (DY). Points AV, CV and DY
were chosen, because the stress variation is expected to be great while point B was chosen for
displacement variation. Another point, EV is used to analyse localised experimental strains to
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quasi-static displacement step was introduced, displacing the rigid pin by 9.0 mm ramped over a
period of 10s, where at the end of the step the stress states at these critical points were assessed
for models containing 20 (y = 2, c=2and [ = 5), 110 (y = 5, ¢ = 6 and [ = 10), 200 (y = 10,
c=10and [ = 10), 520 (y = 10, c = 16 and [ = 20), 600 (y = 14, ¢ = 16 and | = 20), 800
(y = 20, ¢ = 20 and [ = 20) and 1856 (y = 28, ¢ = 30 and [ = 32) elements, where y, ¢ and
[ represent the number of elements in the vertical, circumferential and longitudinal directions
respectively. Figure 8.13 shows the critical values of force/length, axial strain and CPU time
obtained for the various number of elements used in the circumferential tensile model.
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Figure 8.13: CPU time, force per unit length and axial strain vs. element number for circumfer-
ential tensile finite element model

Again, convergence is seen with an increase in number of elements. In a similar manner the
percentage difference to the converged solution of the very refined mesh model (1056 elements)
was calculated and an optimal model chosen based on CPU time requirements and minimal
percentage differences (refer to Table A.3 in Appendix A). From this it was found that the 520
element model gave the desired results where a difference of 0.03 % was observed in force per
unit length and 0.45 % in axial strain while no difference was observed in the circumferential
strain. Stress variation was less than 1.5 % between this 520 element model and the fine mesh
model, only major differences were observed for axial stresses (S11) at points A, B and F', with
variations of 38.0, 27.2 and 69.9 %. The CPU time required to run this model was 51.2 s, which
is considered sufficiently low for the GA.

Longitudinal tensile model.  For the longitudinal tensile model, points A” and B (refer to
Figure 8.8) were chosen as critical points. Points A” and B” lie at the end of the fabric tube and
the center, respectively. A quasi-static displacement step was introduced displacing the clamped
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its efficiency. However, once GA1 had obtained a good solution the 520 element model would be
used to obtain the final results. [Further details of the element model field values at these points

and percentage errors can be viewed in Table A.1 of Appendix A.]
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Figure 8.12: Stress values at Point C¥ vs. element number

Circumferential tensile model.

Similarly for the circumferential tensile model, points A,

C°, D€and EC (refer to Figure 8.6) were chosen as critical points, as they were expected to have

the greatest stress variation, while points B¢ and F were chosen for displacement variation. A
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in the radial, circumferential and longitudinal directions respectively.

Figures 8.10, 8.11 and 8.12 show the critical values of internal diameter and stresses at points
A% and C* also the CPU time and compression seen by the wall between points A® and C€ used
in the graft finite element model. From these figures it can be seen that with increased element
number there is convergence on consistent stress and strain values, while CPU time increases.
From the 2000 element graft finite element model it took a total of 3185 s to run, and obtain
the following results: ID=3.879 mm, graft wall compression=4.962 %, S22 = 48800Pa, S11 =
29640 Pa and S33 = —12290 Pa for Point A® and 522 = 27780Pa and S11 = 27910 Pa for point
CF (where S22, S11 and S33 are circumferential, axial and radial stresses respectively). Setting
this as our reference finite element model, the lower element model percentage differences were
calculated for the various field variables at the critical points.
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Figure 8.10: CPU time, internal diameter at point A® and wall compression between A® and
CC vs. element number for graft finite element model

The 130 element model took 25.7s to run and gave percentage differences of 11.13 % for
533 at point A® and 0.18 % for internal diameter. From the results it was observed that the 520
element model gave a maximum difference of 4.88 % for 933 at point A® and 0.04 % for internal
diameter and ran to completion in 130 s, which was considered sufficient for the requirements
of GA1. However, when utilising this in GA1 and including the dynamic pulse pressure step
in the analysis the time for completion was increased 10 fold to 1240 s which was considered
inefficient. Thus it was decided that since the objective function was dependent on the internal
diameter and also the stress-strain characteristics of the fabric, the 210 element model which gave
a maximum difference of 0.13 % for internal diameter and 0.98 % for circumferential stress while
only taking 51 s to run to completion was considered a better model to use in GA1 to maximise




Chapter 9

The Genetic Algorithms and
Implemented Process

9.1 Introduction

This chapter proceeds with a description of GAl and its implementation with the graft finite
element model to find the fabric coefficients which optimise the compliance of the fabric rein-
forced grafts. The objective, penalty and fitness functions of GA1 are also presented. Objective,
penalty and fitness functions for a second and third genetic algorithm, known as GA2 and GA3,
are given. GA2 is used to find the fabric coefficients which best describe the uniaxial tensile test
data of physical fabric samples; this is used to validate the fabric constitutive material model.
GA3 is used to find the fabric coefficients which best describe the circumferential and longitudi-
nal tensile properties of physical fabric tubes.

9.2 The genetic algorithms and the optimisation process

The basis of this work is to find the requirements of a fabric reinforcing so that a porous graft
structure has a specific compliance, displays nonlinear stiffening, and has a preferred diastolic
internal diameter, while maintaining its structural integrity. Optimisation and modelling tech-
niques are utilised to enhance the search for the best fabric reinforcing, with a view to finding
successful solutions to small to medium diameter prosthetic grafts. Figure 9.1 shows a schematic
approach to finding the optimal fabric reinforcing by using finite element modelling and optimi-
sation techniques.

Perl® a free ware scripting computer language is used to code the GA. This implements and
analyses the finite element models in ABAQUS®, the results of which are then read and utilised
in the objective, penalty and fitness functions of the GA. The process is repeated until desired
results are obtained or a pre-defined number of generations is reached.

Three GAs are utilised in the work, namely GA1, GA2 and GA3. The first, GA1, optimises the
fabric model coefficients C, ay, ag, as, a4, as, ag, ar, ag and ag (see equation (4.121)) to obtain
a dynamic compliance (Cy) of 6 %/100 mmHg, a diastolic diameter (dy;,) of 4.00mm, and to
display nonlinear stiffening from a dynamic graft finite element model. A number of "good"
solutions are kept over the generations, and are then utilised in tensile test models to obtain a
range of circumferential and longitudinal tensile stress-strain requirements for the adventitial
fabric reinforcing.

102
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Fagure 9.1 Process of finding the fabric remforcing requirements

The second, GA2, optimises the fabric model coeflicients to obtain mutually orthogonal uni-
axial stress-stramm curves for a number of physically tested fabrics. This GA runs mutually or-
thogonal uniaxial tensile test finite element models for a single set of fabric coefficients, to obtain
stress-strain characteristics in the warp and weft directions. These coefficients are then optimised
until they resemble physically tested data. GAZ is used to obtain comparative data for the mod-
elling process and to identify the ability of the fabric constitutive model to describe fabric uniaxial
tensile behaviour

(A3 is similar to GA2, except that circumferential and [ongitudinal tensile models are imple-
mented, Figure 9.2 shows a flow ehart of the Perl® seript for the three GAs.

9.2.1 GA dynamic search space

Rewge: The search space of the (GAs is dynamically adjusted over the generations; an initial range
is set for each coethicient and thereafter the range 1s biased between the first and second ranked
solutions of the previous generation. The range is biased 3 : 2 toward the first ranked solution,
The search space range is also reduced linearly, by 2.5 % over each generation, confining and
refining the search area after each generaticn. The initial search space coethcient ranges are;
0.0 < £' < 200000 and 0.0 £ o; = 20.0, with the initial values (' = 10000.0 and «; = 10.0.
An explicit constraint is made on the search space range of coefficient (7 over the generations,

which ensures that this value remains positive. Thus

{C1C = 0.0} ©.1)
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Figure 9.2: Flew chart of Perl® Seript used to implement GAs

Due to the mathematical material model for the fabne described by equation (4.121), allowing
the ceefficient €' to be negative would allow fabric compressive or zero stress solutions under

tensile strain, which is not realisic. Thus, by constraining {7 to be positive the number of useful

population members in & generation is maximised. With the dynamic range being biased 3:2
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toward the first ranked solution, if the first ranked solution coefficient ' tends to zero then the
range would be reduced more than 2.5 % per generation. To prevent this, if €’ tends to zero the
rangg is reduced by 2.5 % and then shifted so that it is always greater than zero.

Resolution: To increase the chances of finding "good” solutions efficiently while maximis-
ing the search capabilities of the GA, the accuracy or resclution of the search space after each
generation was increased. Initialty the resolution is low, giving a large yet sparse search space,
This allows the GA to maximise its search initially over a wide range. Later, as the resolution
increases and the search space is reduced, the GA is constrained to refining the "good” sotutions
obtained.

Enitially an r bit binary number is used to encode each scaled coefficient into the chromosome;
this gives a resolution of { K} /2", where {7} represents the coefficient range and i the bit

size. Thus initially a 5 bite binary number is used giving resolutions of a; : 3¢ = 0.625 and

%
(7 : 280 = §25.0. The resolution or bit size is increased every 10° generation. Thus by the 50
gmleraﬂnn the bit size would be 10, and bearing in mind that the range { R} would be reduced by
507, the final resolution used would be a, : 3% = 9.7656 x 107* and 7 : X9 = 0.7656.
Figure 9.3 shows graphically how a two dimensional parameter search space is reduced from

Gl .zt Y to (252 — 0% ), biased 3 : 2 between the first and second ranked solutions of

[TLE. -4 min [T~

(=
generation 1 {15(%", 2nd®") and the resolution of the search increased from w2 o a%" for

parameter z and n ' to ng! for parameter y.
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Figure 9.3: Schematic illustrating change in parvameter range and resolution from one generation
t conoather

9.2.2 GA termination

The termination of the GAs is set when a certain fitness value f(C, 4] is achieved, or when
50 generations has been reached. Typically, good solutions were found within 35 generations
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for GAL, 40 generations for GA2, while GA3 obrained reasonable solutions but not the desired
fitness value.

9.2.3 The objective, penalty and fitness functions for GAl

The selution sought by GA requires a specified compliance value (Cy), a certain diastolic di-
ameter (., ). and needs to display a nonlincar stffening charactenstic by optimising the fabric
coefficients (', a, aq, a3. ay. 85, 4. 47, 2z and a5, Thus, the objective function is a weighted
summation of the partial objective functions, where the parpal objective tuncttons depend on
the normalised titference between the finite element model solution and the targel solution for
cach of these desired graft charactenstics. The fitness function 1s a penalty weighted function of
the objective function. The following scction describes the various partial objective functions,
penalty functiens and finally the fitness funciion of GAl.

Frgure 9.4 shows two pressure-diameter curves, one obtained trom the numerical model and
the other the desired solution,
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Frgure 9.4: Pressure vy, diameter curves showing mmerical sofuvion and target solution

Values indicated on Figure 94 are initial internal diameter {d,,;). diastolic and systolic in-

ternal model diameters (@, ,,,). diastolic and systohic pressures ( Py, o) target internal

diastolic diameter ("), and target compliance {f ‘;‘“w "), Values of dy,, o sies b auolt P

i
arc obtained from the dyvnamic graft finite element model analysis, from which model compli-
ance () and a nonlinear stiffening charactenstic () are catculated aceording to

o — thats 100
(= -2 ¥ v 100}, 9.2
¢ 'd-dfu fu.vg.r.w H!iu ( }

) — (o = o) (Poys = P = Leta{ls = ) ©3)

3
'I fiG

The nonlinear stitfening characteristic j 1s simpty the difference in diameter change per unit




Chapter @ The Genetie Algerithms and Implemented Procass LEre

pressure from zero to Py, and from Py, to P Oy and dy, are used to caleulate the partial
objective values for the model, while 7 is used as a penalty function,

Objective and partial objective functions. From equation (9.2) a partial objective function
formulated for compliance, is given by

qﬂl'&c‘ = [l s {|&(wmrm.hwd| (_n__?_{_i____._lj.) }] ; {9.4}

farget

torpel
Cd

where

tnrﬂml

Tax
_ﬁ—ﬁ_
~ 1 + | turgrt
m M =

(min _Ftr gt

for: Cly > €
0.6
for: Oy < C‘“"W‘} e

From (9.4), ¢“™ tends to unity as Cy approaches U;”ﬁ. This is graphically represented in
Figure 9.5,
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Figure 9.5: Graphical representation of partial objective function ¢

From the obtained du,, a partial objective tunction is formulated for the diastolic diameter,

this is given by
; 1
Sdais Fn'd 1d f el
o= 1= { oo (o ) ] 0
where s
R (98)
‘tha
JrmAx _dﬁ'ﬂ_ﬂ'!.lﬁ . get
i ] T | Tt i 9.9)
|:|1|.|:| d!nrge: ot L
14 for: dga < dm

d

nha
Like equation (9.4), (9.7} tends to unity as the model diastolic diameter dg4;, tends to the target

diastolic diameter d5er2*".
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The parameters m=C+ and m“~%= are multiples used to bias future generations from a certain
side and partially to penalise ¢™% and ¢4, respectively. For example, due to tissue ingrowth
in the porous grafts, compliance will be reduced after implantation; thus higher compliance
values are preferred. From Figure 9.5 it can be seen that the partial objective value ¢~ is
biased towards model C; values which are greater than C""*"'. These parameters are also used
to partially penalise &% and qi}‘ﬂ‘d*"“ by making them negative if model C; or d;, go above or
below pre-defined boundary values C"**and C™, Thus,

if {CalCy < CF™ and Cy > CF*} then 6% is negatively weighted , (9.10)

if {dgialdaia < d5or and dag, > d53} then ¢™% is negatively weighted . 9.11)
From these partial objective functions an objective function
('T.UL"! ” mﬂxf‘dvn) - (wd‘ﬂ“ s {p&ddm)

¢JCA1 =
(& + e )

(9.12)

is used to calculate the objective value, where w® and w"#« are pre-defined weightings used to
bias the objective value to etther the compliance or diastolic diameter. From (9.12), t;EaGAl will
tend to unity as éa.cj#“ and ¢~ tend to unity.

Global penalties.  The following are the global penalties for GAL:

if ¢ € 0.0%/100mmH g then p°4 = —oc ,else p©4 =11, (9.13)
if Cy = C57% then p™ ! = —o00, else pF =1, (9.14)

if g = d'r ¥ then p%4 = —o00 ,else p™1 =1, (9.15)

if y € 0.0 then p©4' = —oo, else p® =1, {9.16)

Cquation {9.13) ensures that the finite element results give an expected positive compliance. With
equations (9.14) and (9.15), although we are optimising for %79 and d'7#*', due to numerical
errors, such as round-off, these exact solutions will never be achieved. Equation {9.16) ensures
that those solutions which do not display nonlinear stiffening are dismissed. Thus these penalties
ensure that models which do not converge or show no nonlinear stiffening are eliminated from
future generations. While the partial penalties described by (9.10) and (9.11) only weight a

solution negatively, but do not necessarily expel the solution from future generations.
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Fitness function, The following fitness function 1s used lo compare the linde element
solution to the required solution m GAl:

Fitness Function £ = p&11 5 ¢4, {9.17)

9.2.4 The objective, penalty and fitness functions for (A2

The solution soughl by GAZ is a sct of fabric matcrial model coefficients ( O, a1, ag, aa, 04, @5, g,
a7, fg and ay, ) Which besl deseribe a physical fabne under untaxial tensien in mmtually orthogonal
directions (warp and weft). The same fabric matenal model coeflicients arc utilised in two fabnc
uniaxiat tensile models, one deseribing uniaxial tension m the warp and the other in the weft
direction. This is implemented in the finite element model input deck by swapping the material
model terms o with s, a5 with gg, and a; with a5, The fabric matcrial model is optinused to
the warp and weft uniaxial stress-strain characteristics of a physically tested fabric, as well as
localised axial and transverse strains. The numerical resulls for axial stress (), localised axial
strain (£ 4). and localised transverse strain (=) are collected from both the warp and weft models
and are comparcd with physical data.

Figure 9.6 shows a physical tesi fabric samplc (tested 1n the warp direchion), from which
localised axial and transverse strains are oblamed at corresponding pre-defined axial strains. The
representative quarter symmetric numerical solution is also illustrated. Ficld variable superscripts
represent either model or physical data, « represents material orientation (warp or weft), while
subscripts represent axial, A or transversc, 7 strains or stress and 7 represents the pre-defined
axial strain at which the field variables arc obtained (10, 20 or 30 %).

For the same fabric material coefficienis, the numerical warp and weft model solutions of
stress, localised axial and transverse strains at pre-defined asial strains of 10, 20 and 30 % are
compared to physical data from which partial objeciive valucs arc calculated. These partial
objective functions arc formulated from the normalised dilTercnees between the model and data
solutions. The corrcsponding medel and data curves are illustrated in Figure 9.7 for a particular
fabric oricntation (warp or weft).

From physical data, the following are collecied for pre-defined axial strains of 10, 20 and

30%: axial stress (a5}, localised axial strain (=5%*) and localised transverse strain (=),

A1
whilc from the model the equivalent model solutions arc collected: #i/pde | gifedsl ang =ifedel,

From thesc the partial objeclive values are caleulated.

Objective and partial objective functions. The stress partial objective functions for GA2
are
0%
£ o - o)}
o =109, 105 743
d‘r A — Py - (9'18)
Z w;'tﬂ. H

=105, 105
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where n is the direction of the uniaxial tensile test (warp or weft), ¢ the pre-defined axial strains

of 10, 20 and 30%, w}, are the weightings for the pre-defined axial strain field values,
O.Modeln . O.Datan
A A

Ao, = (9.19)

Datan 4
OAi

gmax n_aDqta n

aia n
TAi

(9.20)

amip [0 _GDq.ta n

1+
me ={

for: ghfodeln > glatan
}
14

. Modeln Datan
for: o < oyt

atan
941

Similarly, the partial objective functions for localised axial strains are

30%
wr 1= jaen i (—2 )H
izlt)z%;,lo% At [ {l A l ((m?Ai_lj

30%

>, wr,

i=10%,10%

A = (9.21)

where

Modeln __ EDatan
‘A1

n EAq i
AEA i~ . EData. n ? (922)
Ai

gmax n ~5Dqta n

Data n
A

€44

1+
mr = { (9.23)

for: ghfodeln ~ 55?”“"}
A4
14

gmin _EDq.ta n
Datan

€41

. ~Modeln Datan
for: g%’ <egd

The local transverse strains partial objective functions are

30%
5 1 {100 () )
n o i=10%10% T\ (mzy -1

&7 = - , (9.24)
> wk,

1=10%,10%

where
EM odel n

Nep, = L

{14—
my | =
T 1+

o quta n

3
e (9.25)
Ti

emax n_EDa_ta n

Data n
i

£

Emip n_EDq,ta n (9.26)
ETai.ta, nz

. ~Modeln Datan
for: ey} > eps }

. ~Modeln Datan
for: ey < ers

The difference in stress and localised axial and transverse strain values from model and test re-
sults are taken at 10, 20 and 30 % axial strain in the warp and weft directions. This difference
is normalised and then weighted to ensure that those solutions which model the test results ac-
curately at lower strains are retained for further generations. As with GA1, the partial objective
values tend to unity as model stresses, localised axial and transverse strains tend toward physical
data. Similarly, parameters mj ., m?,  and m?,, are multiples used to bias future generations

from a certain side and partially penalise their respective partial objective functions.
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The partial penalties and weightings for GA2 are as follows:

if {0%,loai <P andoa; > 032 ™} then ¢74 are negatively weighted ; (9.27)
if {eh;leh; <efrandey,; > 5 "} then ¢4 are negatively weighted ; (9.28)
if {ef,lef; < ePf™and e}, > 5"} then ¢F are negatively weighted ; (9.29)

Wy e > Wo oo > Wy (9.30)

For equation (9.30), = represents either axial stress o 4, localised axial strain £ 4, or localised
transverse strain ep. This ensures that numerical models which do not run to completion are
weighted accordingly. Tests which fail to reach 10% axial strain are given a lower ranking to
those which reach an axial strain of 20 %, similarly for 20 and 30 %, thus favouring those models
which run to completion.

The objective function for GAZ2 is represented in terms of the partial objective functions by

afarp sWerp W‘“—flt oWelt Warp Warp Weft Wes eorP  Warp E;Veft cWest
A A A A T

caz. Woiy ¢ +wob] ¢ +wob_7 ¢ +wobj ¢ +wobj ¢ F Wi ¢°T

¢ - Warp aWe ft Warp Weft me Weft

T4 €4 €A T
Wois  +Wop; W W +wobj T Woh;
(9.31)

where w', . are pre-defined weightings and ¢ represents the partial objective function to which

7
the weightings apply. These weightings are used to bias the objective value to either the warp
or weft direction, to stresses, to localised axial and or transverse strains From equation (9.31),

Wa.rp Weft

GA2 _ : : gWarp G Weft € ep TP I3 :
@77 will tend to unity as ¢4, ¢74 * | P4, ¢4 ,¢T d(,/ﬂ‘ tendtoumty.

Global penalties. The penalty functions for GA2 are given by the following:

if 0% o < 0.0 then p®? = —coelse p©42 =1, (9.32a)
if o0, < 0.0then pCA% = —coelse pFt =1, (b)
ife 0 = 0.0then p®4% = —co else p*? = 1. (c)

For the same reasons as given for GA1, the penalty functions described by equations (9.32a-c)
ensure that the models run and the results obtained are reasonable.

Fitness function. The following is the fitness function for GA2s and the warp and weft
uniaxial tensile finite element model solutions compared to physical data:

Fitness Function fC4% = pG42% x ¢C42 (9.33)

9.2.5 The objective, penalty and fitness functions for GA3
An additional GA, denoted by GA3, is used to find the fabric coefficients of two manufactured
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sock structures which were used in reinforcing the porous grafts for physical compliance tests.
These sock structures are tested in the longitudinal and circumferential directions in an Instron
tensile test rig as described earlier in Chapter 8. Similar partial objective, objective and penalty
functions as described for GA2 are used for GA3; however warp and weft uniaxial tensile finite
element models are replaced by circumferential and longitudinal finite element models, respec-
tively. Stresses are replaced with force per unit length (F'/L), while the partial objective func-
tions for localised axial and transverse strains are not incorporated into the objective and penalty
functions, as no physical data for these field variables was collected. Force per unit length is
used rather than stress, as this is the standard for the circumferential and longitudinal tensile
tests [ 165, 166].

Objective and partial objective functions. = The following equation describes the two partial

objective functions for GA3:
€3

£ o fmn ()
¢F/L" _ i=el,Ne F/L;

> (9.34)
) Z wg/L,;
i=cl,Ne
where
F/LModel no_ F/Lpatan
AF/LY = - - , .35
/ t F/LiDatan ( )
max n__ Data n
- - 1 + l F/Lg F/L?f;:i[;A i for: F/Lfl:&lodel n o, F/L?atan} (9 36)
F L,’ - min n__ ata n ’ '
/ 1+ ]F/Li F/LP‘S;/;LT:D for: F/L;Modeln < F/LiDatan

and n is the direction (circumferential or longitudinal), ¢ the pre-defined strains in these two di-
rections and wp, weightings for pre-defined strains. Again parameters my,; are multiples
used to bias future generations from a certain side and partially penalise their respective partial
objective functions. Similarly, the closer the model force per unit length solutions in the circum-
ferential and longitudinal directions come to the physical data, the closer the partial objective
functions tend to unity. The partial penalties and weightings for GA3 are as follows:

if {F/LﬁF/L;‘ < F/L™ ™ and F/L" > F/L™ "} then ¢F/"" are negatively weighted ,

(9.37)
WL, > WiyL ., > WE/L s - (9.38)
For equation (9.38), €1, £2 and €3 are the pre-defined strains and €1 < €2 < £3.
The objective function for GA3 is described by
F’/’LCi e ¢F/L0i re F/LLONQ F/‘LLong
obj + Wop; ¢
¢GA3 = b F/'LCi re Fb;LLong (9‘39)

Wops Wops
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%
obj

the weighting applies. Thus these weightings can be used to bias the GA toward either finding

where w!, . are the weighting factors, where 7 represents the partial objective function to which

the best circumferential or longitudinal solutions.
Global penalties. The global penalty functions for GA3 are described by the following:
if F/L? < 0.0then p4% = —co else p°B =1. (9.40)

Fitness function. The fitness function for GA3 is represented in terms of the penalty and
objective functions and is described by:

Fitness Function f&43 = p@A34%43 (9.41)



Chapter 10

Validation of the Fabric, Porous and
Latex Models

10.1 Introduction

The latex and porous material models need to be validated against experimental data and the
fabric material model needs to be assessed to ensure that it can characterise fabrics under tension
to a satisfactory degree.

In this chapter, single element patch tests are utilised to validate the porous and latex material
models against relevant experimental data. These single element tests are also used to assess
the influence of each coefficient (C, a;) on the fabric material model. The chapter confirms that
the fabric material model and GA2 can be used to optimise the fabric material coefficients to
reasonably describe fabric under tensile forces. All physical tests were carried out under or close

to physiological conditions.

10.2 Validation of the hyperfoam and hyperelastic material models

The modelling and optimisation at this stage are solely conceptual. Physical comparisons need to
be made before optimised solutions can be used and fabric reinforcing produced for the various
porous graft structures, with some degree of confidence. Tensile, compressive and shear tests
were performed on unit samples of the currently available porous structures (90-106, 106-125
and 125-150 um bead grafts), and tensile tests were performed on the latex balloons that are used
to line the porous grafts to prevent pressure loss during testing. The test results obtained from
the physical tests were then used in the hyperfoam and hyperelastic models used to describe the
mechanical characteristics of the porous and latex structures respectively.

10.2.1 The porous hyperfoam model and patch tests

An Instron™ test rig was utilised to obtain simple shear, uniaxial tensile, and compressive test
data for the various porous graft structures. To obtain decent sized test samples on the Instron™,
8 mm diameter cast bead rods were manufactured for the various porogen sizes, as described
by Bezuidenhout [9]. The Instron™ test jaws were modified to allow for a heated water bath.
Figure 10.1 below shows the test rig as well as an 8 mm porous rod being placed under tension,
utilising the modified tensile jaws.

115
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Due to the difficulty of working with the fine porous structures without inducing pnaor stresses,
specialised jaws were manufactured to assist in reducing the handling and pre-stressing of the
samples The specialised jaws consisted of a jaw holder which had arms of predefined lengths
into which the respective jaws fitted, with the assistance of grooves. The arms allowed the jaws
to be rotated around the longitudinal axis, while being fixed in the axial direction. The bead cast
rods were cut into sample {engths of 30 mm and 5 mm for the tensile and compressive specimens
respectively, while shear samples of 5 » 5 x 10mm were cut from the bead cast rods. A cutting
block with set blade stot positions was utilised to minimise the crushing of the porous structure
while preparing these test specimens. Figure 10.2 shows the jaws in their respective test positions
as well as the various components used, and a schematic of the cutting block.

The tensile and shear specimens were ghued to their respective jaws using a highly viscous gel
type cyanoacrylate super glue. The rapid setting and high viscosity of the glue prevented it from
soaking into the porous structure through capillary action, while providing a firm attachment, To
ensure that these samples were located centrally, a spacer was utilised to centrally position the
shear sample, while the tensile jaws had central locating bores of 2 mun depth which allowed for
the sampies to be glued into piace.

As mentioned earlier, a jaw holder was utilised to ensure that no pre-stressing was induced
in the tensile and shear specimens, The two respechve tensile or shear jaws were fixed relative
to cach other before the samples were positioned and glued into place. The jaws, specimen and
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Figure 10.2: Specially built tensile text joovs showing various companenis (o eisure minimal
stresses are placed on porous samples prior fo testing

holder were then positioned in the water bath and attached to the tensile tester with the use of
locking pins. Before testing, the jaw holder was removed. The use of the jaw holder was not
necessary for the compressive tests; however, care was taken to ensure that the compressive test
specimen was localed centrally prier to testing. These compressive jaws were also lined with
a glycerol oil film to ensure thal during compression the samples were minimally constrained
radialtv [94]. Expenmental test data was obtained for a sample size of n = 3 for bead cast
porous structures with the following porogen particle sizes, 90-106, 106-125, and 125-150 pm.

Using a siule plane stress (o = 0}, eight-noded vnit square continuum element as descnibed
in Section 8.4, model tensile, compressive and shear tests (see Figure 8.1) were analvsed and
compared to experimental data. The comparative curves for the vanious perogen/porous structure
experimental data vs. single element models for tensile, compression and shear can be seen in
Figures 103 and 13,4,

From Ligures 10.3 and 10,4 1t can be seen that the model solutions follow the physical solu-
tions reasonably to 30% strain 1n compression and 55 % in tension, This expenimental data was
utilised in ABAQUS® and a hyperfoam model {order 1 = 1) was used lo fit the dala, The Pois-
son effect was adjusted to allow for the mimimal difference in the least squares fit between the
physical and model data. The least squares error for maximum tensile, compressive and shear
straing before the model deviates from the experimental data for each porogen size is shown in
Table 10.1. The rool mean square {rms) error for the mathemalical expressions fitting the physi-
cal test data for the 90-106, 106-125 and 125-150 ;:m bead porous structures were 6.13, 5.56 and
4,99 % respectively
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These single element patch tests show that the numerical tests are valid to strains of 35% for

shear and 55% for umaxial tension and were sutficiently accurate within this physical range.
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Description | 90-106 ;m 106-125 pim 125-150 jm
Oreder fn) 1 4 1
Effective Poisson s Ratio (1) (.08 (L0O75 (L0335
Roat Mean Square Error (rms %) 6.13 556 4.99
Max Tenxile Strein .57 (1.56 (.62
Mux Compressive Strain 0.3 (.36 0.4
Miex Shear Stroin 0.32 0.33 0,48
My Stability Strain ¢ fensile, Compressive and Shear) 0.7 0.7 1.4}
Hypertnam Model coefficients
Jt 05411 = 10% 03500 % 109 1.9262 x 10°
fia 0.1528 x 10° | —0.8453 » 10° | —0.3373 x 10°
s —(0.3936 = 109 | —0.2128 % 10F | —(0.8682 = 10°
g (L1337 x 10P 0.6388 x 10° .25366 x 107
£k 2.11% 2771 1.2571
¥ 4 £ 5,358 1. 2655
£rg —1.575 —1.271 -2.650%
£¥y —3.571 —3.252 —4.G5RY

Table 10.1- Least squares fit of hyperfoam model to porons test daia

Since the material is used with a maximum tensile strain of about 30 % under physiological con-
ditions, these himits were not considered problematic. The patch tests also show that results at
higher strains diverge from the physical tests and therefore are unreliable for fallure analysis.
From these simple unit model analyses, the mathematical expressions for the material behaviour,
namely porous structures, were viewed as substantially usable in a wide range of strains (less
than 30 % for compression and 35 % for tensile).

10.2.2 The latex hyperelastic model and patch test

Similar tensile material tests were carried out on the latex liner. Specimens were obtained from
liner samples by utilising a standard 5% 25 mm dog bone cutter to cut samples along the axis of
the liner samples. These were then set up in the water bath using a set of standard tensile jaws
for uniaxial tensile testing (see Fipure 8.9).

Single element models vs. experimental data. Using a single plane siress (033 = 0,
four-noded unit square membrane clement as described in Section 8.4, model tensile tests (see
Figure 8.1) were analysed and the results compared to experimental data. The comparative curves
for the latex experimental data vs. the single element model are shown in Figure 10.3, where 1t
can be seen that the model solution has a very satisfactory fit, and follows the experimental data
exactly. This experimental data was utilised in the computational model and a Ogden hyperelastic
model (order n = ) was used to fit the data. The least squares errors for the Jatex material
model to experimental data are shown in Table 10.2. The root mean square (rms) error for the

mathematical expressions fitting the physical test data is zero,
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Description [ Lalex
Cirder (n) '\ i
Fffective Poisson s Rotie it) : 0.0
Root Mean Square Emor (oms %) 0
Max Tensile Strain : (1%

Fhiperelastic AMdodel eocfficients

My
Ha
o
ta
s
Lt
oy
f¥p
€1y
¥y
R
rg

i 06023 < 108
i —(LMN5 = 1P
! T102.0
L —0.2971 x 10°
(LATHN « 107
2513.0
2.0
4.0)
6.0
— 2.0
4.0
—G.0)

table I.2: Least squares fil of hvperelastic model to lalex test data

10.3 Fabric material coefficients

The validation of the porous and latex material models has been shown above, using intrinsic

hyperfoam and hyperclastic material models. However, duc to the use of a medified Fung model

with compressibility to model the fabric material which has not been shown to modcl fabrics

before, onc nceds to show that the material model dees display fabric mechanical properties, as

well as validate it against experimental data. Thus section looks at the single element models and

the effect of each fabric material coethcient (€, ¢;) on the matenal mechanics.
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10.3.1 The fabric single element models

Arbitrary fabric coefficients were employed in the single element tensile and shear patch tests and
varied shghtly 10 observe their influence on stress and strain behaviour Figures 10.6 and 10.7
display the stress-strain results, while Figures 10.8 and 0.9 plotr the normalised stress values,
which are obtained from dividing the stress values obtained at 20% tepsile strain and 10% shear
strain by the €7 = [0000.0 and &, = 10.0 model solutions.
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From Figure [0.6 the typical umaxial tensile stress-sirain curve for the matenal model displays
the characteristic nonlinear stiffening effect secn in fabrics. If we define the subscnpts 7 and 7 to
denote the direclion of uniaxial tension and the transverse direction, respectively, the following

can be observed {note: that results abowve are for & = 2
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o The magnitude of stress increases proportionately to the coefficient C.

e The nonlinear stiffening effect is greatly increased by increasing coefficients which affect

terms containing F2

~, 1.e. a1 and as.

e No change in tensile stiffening is observed by increasing coefficients which affect terms con-
taining F;;, i.e. a3 and ay.

e The nonlinear stiffening effect is greatly reduced by increasing coeflicient as which affects
the E;, E;; term. It 1s shightly reduced by increasing coefficients which affect Ej”j terms, and
moderately increased by increasing coefficients which affect E3 terms, i.e. a5 and ag.

e The nonlinear stiffening effect is slightly increased by incréasing ag which affects the Ej’-’j E;;
term, and it is slightly reduced by increasing ay which affects the Ej; E3 term.

o The effect of changing the coefficients a; to ag is dependent on the power of the strain terms
to which they contribute. Those that affect lower order terms have a larger influence.

More information regarding coefficient change 1s gained from Figure 10.8, which plots the
normalised stresses and transverse strain values for each modified coeflicient. The following is
observed:

e The magnitude of both axial and transverse stresses is proportional to coefficient C'; however,
transverse strain is not affected by its change.

e The transverse strain or Poisson’s effect is dependent on terms containing both £;; and E;;,
i.e. a4, ag and ag, where increasing terms a4 and ag increases the transverse strain (note:
both these models did not run to completion, a4 is 65 % and ag is 87.5 % complete), while
increasing ag greatly reduces the transverse strain.

e The transverse strain is heavily dependent on the terms Ej; and E,,

and ay greatly reduces the transverse strain (note: model as = 1.5X ag 1s only 66 % complete).

i.e. increasing terms ay

e An increase in a, which affects term Efj, greatly reduces the transverse stress 5;; while only
slightly increasing the axial stress 5;;.

e Anincrease in ay, which affects term EZ increases both axial and transverse stress, where the
change in axial stress is dominant.

® An increase in a4, a5, ag and ag, reduces both axial and transverse stress values. Terms ay,
as, and ag greatly reduce both stress values, while ag greatly reduces the transverse stress and
moderately reduces axial stress.

® An increase in ag greatly increases the axial and transverse stress values, however, this in-
crease is not as pronounced as that observed by increasing as.

e Negative coeflicients typically reduce transverse strain. A negative a4 produces a negative
normalised transverse strain, indicating that positive strains are observed in this direction,
which is unrealistic. For a7 no change is observed in stress values or transverse strain, while

anegative a, and ag reduce the stress values but do not affect the transverse strain. (note: the
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finite element models could not converge upon a solution when a; and ag were negative).

e Negative values of a4 and ag increase the axial stress while reducing the transverse stress.
Coefficient a5 does not change the axial stress but reduces the transverse stress. Terms ay and
ag both make the axial stress compressive whilst in tension, which is unrealistic. Coefficient
ag reduces both the axial and transverse stress values considerably.

It is apparent from the strain energy function described by (4.122) that the magnitude and ratio
of the coefficients contribute to the change in stress and strain. Thus, the above observations are
only made for specific changes in coefficient magnitude, namely, 1.5x and —1x.

Figure 10.7 shows typical shear stress-shear angle curves obtained from the simple shear
model. It can be seen that the model does not match the initial high modulus which is a char-
acteristic of fabrics under shear as observed in Figure 3.8; however, this initially high modulus
is only seen between 0 — 0.8 °, after which the relation is predominantly linear. Although not
clearly observed in Figure 10.7, the shear stress-strain relation becomes slightly curved by in-
creasing coefficients a3 and a7.

Although the coefficients used were arbitrary, a number of combinations were tried. The
stress-strain relations above show that it is possible to describe a fabric’s tensile and shear prop-
erties with the anisotropic strain energy function used by Fung [32] to describe soft tissue.

Curvature. Using sixth order polynomial curve fitting and Figure 10.6, the maximum
curvature (Kmax), its corresponding radius of curvature (p;,) and the tensile strain values at
which these occur can be used to obtained a better understanding of the nonlinear stiffening
effect with coefficient variation, by using the formula
Do ¥ (10.1)
P (1+@)?")?
for curvature [173], where 7 and §j are the first and second derivatives of the curve fitted function
y(g). Table 10.3 lists the obtained maximum curvature values, and their corresponding strains

and ratios.
Fabric Coefficients/Ratios || max | Ppin | Strain (€) | Ratio of £y | Ratio of €

C = 10000.0, a; = 10.0 0.108 | 9.270 10.2 1.000 1.000
C = 2x 0.252 | 3.965 9.6 2.338 0.941

a; = 1.5% 0.124 | 8.065 9.0 1.149 0.882

a9 = 1.5% 0471 2.123 8.7 4.366 0.853

as = 1.5% 0.108 | 9.270 10.2 1.000 1.000

a4 = 1.5% 0.078 | 12.751 16.7 0.727 1.637

as = 1.5% 0.095 | 10.523 10.8 0.881 1.059

ag = 1.5% 0.126 | 7.907 8.8 1.172 0.863

ay = 1.5% 0.108 | 9.270 10.2 1.000 1.000

ag = 1.5% 0.138 | 7.264 10.1 1.276 0.990

ag = 1.5% 0.146 | 6.836 134 1.356 1.314

Table 10.3: Curvature values for tensile stress-strain curves
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As indicated in Table 10.3, increases in coefficients C, a;, ao, as, ag and ag all increase the
maximum curvature values and thus have a substantial nonlinear stiffening effect. As expected,
by increasing a, there is a significant increase in curvature (4.466 x). The strain value at which
maximum curvature occurs is reduced by increasing C, a;, as, ag and ag, most notably for ay
and ag while only slightly for ag. Increasing ag greatly increases the position at which maximum
curvature occurs. No change in curvature or position is observed by increasing coefficients ag and
ay, while increasing coefficients a4 and as reduce the curvature. An interesting result observed
in Figure 10.6, by increasing ag there appears to be a reduction in nonlinear stiffening, yet from
Table 10.3 curvature is seen to increase. This may be explained by the observed higher strain
value at which this maximum curvature occurs.

Uniform and non-uniform multi-element fabric meshes. The uniform four-noded and
non-uniform three and four-noded multi-element fabric patch test meshes in Figure 8.2 were also
analysed and compared with the single element models presented in Figure 8.1. Table 10.4 below
shows the results of the comparative tests and Figure 10.10 shows the results of the corresponding

tensile and shear tests.

Description Multi Element Single Element
Uniform Non-uniform
Tensile S11 6.776 6.776 6.776
522 0.168 x 107 0.168 x 107 0.168 x 107
S12 0.0 0.0 0.0
U1l —0.581 —{.581 —{.581

Shear S11 | —0.24 x 105 — 1.75 x 10° | —0.23 x 10° — 1.73 x 10° 0.41 x 10°
(Range) 522 | —0.188 x 10° — 4.92 x 105 | —0.193 x 10% — 4.82 x 10° 0.59 x 105
S12 | 0.072 x 10° — 2.86 x 10° | 0.097 x 10° — 2.81 x 10° 0.86 x 10°

Table 10.4: Comparison of uniform and non-uniform multi-element patch test results

As can be seen no differences were observed between the various models, and the observed
stress values (11 and 22 directions) at 40 % strain were equal and uniform throughout the el-
ements, indicating that the material model is implemented correctly in the commercial finite

element package.

10.4 Validation of the fabric constitutive equation and UMAT
subroutine

Before the fabric model can be implemented, it needs to be validated against experimental data.
Four random fabrics with potential use as a reinfdrcing were chosen to assess the GA and the
ability of the fabric constitutive model to simulate the physical fabric mechanics to a reasonable
degree. These four fabrics were physically tested to obtain transverse uniaxial stress-strain data
as well as local and global strain effects. The data obtained was utilised in GA2 to obtain the
exponential model coefficients C, a;, as, a3, a4, a5, ag, a7, ag and ag which best described
the mutually orthogonal tensile behaviour of these fabrics. GA2 is also used to measure the
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Figure 10.10: Comparison of sfress fields across uniform and non-uniform mudti-clement shear
palch tests

etfectiveness of the GA as well as the typical objective and penalty functions implemented.

1(L4.1 Tensile experimental data for fabric samples

The Instron™! tensile test rig was again utilised to obtain uniaxial stress-strain curves in the warp
and weft directions of fabric samples. Samples of dimensions 60.0<20.0 mm were mitially pre-
loaded to 1 % nominal strain at a siraip rate of 30 mm/mun to ensure that material inconsistencies
were reduced before daia collection. The samples were then strained 1o 50% nomipal strain at
a sirain rate of 200 mm/min, the strain rate stipulated by medical implant authorities [167, 168].
Tests were performed in a water bath maintained at 37°C. Figure 10.11 shows the Instron'™
tensile rig and a fabric sample being tested.

10.4.2 Transverse strain tests

Due to the difficulty in monitoring lateral strain effects with the Lnsiron'™ lensile tester as a result
of the curling effects at the edges dunng the tensile tests, fabric samples were strained in steps of
10, 20 and 30 % on aflat bed in a water bath maintained at 37 °C.. Digital images were then taken
1o view lateral strain effects. A uniform square grid (3% 5 mm) was marked on each sample to
visually determine the localised strain effects {refer to Figure 10.12). Strengthening stitch lines
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were also sewn at both cnds of the samples to minimise localised siress concentrabions,

Figurc 10.12 shows a collection of the digital images collected for a fabnc sample, where a
single grid al the fabrics centre is tighlighted, A central grid was chosen as it was (ound during
tests that edge effects such as curling affected the strain measurements close to the edges,

Figure [0 {2: Unicocial tensife test images colfecied at 0, 10, 20 and 30 % axial straim (central
grid used w0 obiain local sirains is highfighted)

The transverse (warp and weft) stress-strain data collected for each fabric sample can be
viewed in Figures C. 4. C 5 and Table C.1 of Appendix C.

10.4.3 Optimised model solutions for fabric samples

Implementing GAZ2 for cach of the four fabnc samples from a single starting peint {namely
= 10000, a; = 1.0), a total of 47, 42, 39 and 45 generations were reached before convergence
on a set of single solutions was found. Table 10.5 shows the model coefficients for each fabric
sample obtained from GAZ, including the fitness values and the generation number. Table 10.6
shows the stress-strain data compared to model solutions found by GAZ. Figure C3 and C.6 of
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Appendix C show the axial stress and fransverse strain vs. axial strain curves obtamed from GA2

compared to test data.

Fabric Sample 1 | @ 3 4
Coelticients
o 26444.0) a766. 2 12401.0 | 102049.0
] 6714 12,77 as. GRY 51. 056
o 15,815 | 15,414 5. 283 5 af, 152
ty S6.94 0 12 395 25,122 39, 747
4 15,742 . 12 322 19. 878 84 2849
g —3.8816 | 23204 | —0.9038 | —22 657
oG 21, 377 —5.3510 | (.92224 200 526
i —30 528 | —13.246 28.7T7H 44. 484
g —5.021la | 51202 10, 485 04 312
it 8 K257 —1.174 12. (56 194, 26

Fitoess Yalue () a;} | 0999554 | 000062 | 000965 | 0.999 70

Objective Value ¢, a;) | 099085 | L0962 | 0.990658 | 0.09970

Pastial Objectiva Values
Bea O.OUUSH | 0.D00BT | 099998 | 000998
g 0.09303 | 0.99938 | 999947 | 0.99974
A4 009372 | 0.99951 | 0.00080 | D.OODST
@n 009938 | 0.90967 | 099991 | 09998
ger D.996T1 | 0.09957 | 0.99935 | 0.99034
o 009981 | 099903 | 009979 | 000935
Gonoration 47 42 a4 45

Table 18.3: Model cocfficients for fabric samples obtained from GA2

10.4.4 Maodel solutions vs. experimental data

Axial stress with axial strain. Fabric samples 1, 3 and 4 show high dcgrecs of anisotropy
and nonlinear stress-strain relations in both the warp and weft directions, while fabne sample 2
shows a comparatively lower degree of anisotropy and an almost linear stress-strain relation in
the weft direction (Figure C.3 of Appendix €). Figure 10013 illusirates the difference between
model and physical stress-strain curves obtained for fabric sample 1.

The modct solution found for fabric sample 1 tollows the weft siress-strain curve aceurately
up to 28 % strain, and thereafter diverges, giving higher stress values. In the warp direction, there
is marked ditference between the model solution and physical data after 13 % strain. This, and
the mode! solutions found for fabric samples 3 and 4 show cxcellent model fits to test data in one
of either warp or weft directions, and a reasonable solution n the transverse direction. Since the
normalised difference between model solutions and test data is not biased towards one direction
or the other (1., 1t treats warp and wefl equally), the GA tends to bias itself m either one direction

or another once a possible solution 1s found.
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Fabric Sample I | 2 3 ]l 4
Data | Model | Daa | Model | Datla [ Model | Data | Model
n_ga.rp

105 <25 [ 53360 | 35436 | 30427 | 19704 | 4828 W ST s
20970 | 487022 | 275388 | 113327 | 66708 | 11163 | 11235 | 5218 | 52196
30% =5°7F | 2627791 | 2109254 | 217058 | 234610 | 22321 | 20054 | 01164 | 88428

e T
0% 7| 790 | 1095 | 7602 [ 103 12.5 10.47 13.51 10.84
0% | 1842 | 2168 | 2051 | 2041 225 2105 | 2162 | 2211

' 0% | 3158 1226 | 2821 | 30.5 325 31.79 H).54 34.87

gl L=

i i i
W57 | =1316 | <1112 | —5.26 | -5.16 | -9.62 294 | -1 | 617
200, | —26,82 | 28591 | —7.895 | <1053 | —1667 | 647 | 3611 | -1392
30% e | —44.74 | 4278 | —15.79 | <1594 | -2381 | -{072 | 7778 | -24.34

105 <377 | 21995 | 23731 | 67401 | 16851 | 124041 | 36879 | 83924 | 74167
200 =57 | 6022 | 63709 | 135218 | 58352 | 722478 | 332393 | 780401 | 524116
3006 =57 | 131508 | 148320 | 197992 | 217081 | 2064245 | 3048101 | 2835539 | 5135705

0% 257 | 5.26 1063 769 | 1022 | 1282 | 11325 9.76 1109
o v | 1842 21.34 1535 | 2046 | 2308 21.97 a1.71 2197

A
30% E::B‘rt Ao 3l 23.08 wn Addd 3266 A0.02 3508
Eﬁkw‘:"' -
L0% Eﬁc‘ﬁ ~F5.0b -5.93 —6.13 =460 —26.47 -22.13 —39.349 -13 36

0%t | —2222 | <1368 | —1026 [ -10.31 | 5588 | 3995 | —7870 | -26.19
0% | 3056 | 22494 | —1538 <1728 | —6471 | 5398 | —8788 | 4036

Tabie 10.6: Model sofutions compared (o test data for fabric samples
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ple 1
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The GA or the fabnic model, however, failed to find a good sclution for fabric sample 2, which
has an almost linear stress-strain relation in the weft direction. Since the objective and fitness
functions used were the same for all fabric samples the GA may be regarded as stable, and does
converge upon good solutions. Thus, Failure is due to the fabric model’s inability to model almost

linear uniaxial tensile stress-strain behaviour.

Transverse with axial strain. Curves of transverse strain vs. axial strain in the warp
and weft directions for the fabric samples can be observed in Figure C.6 of Appendix C. Fig-
ure 100,14 shows the selution obtained for faboc sample 1. A close correlation is obtained, with a
small difference seen in the warp direction (< 1 % transverse strain), while in the weft direction,
differences are roughly 1.3 % the fransverse strain.
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Figure 10.14: Comparison of physical and model transverse strain-axial strain curves for fabric
sample |

The warp transverse strain curves obtained for fabric sample 2 give a difference less than
1.2% in transverse strain, and for axial strains less than 20%. However, the solution obtained
for fabric sample 2 is largely linear, while fabric sample 1 shows an increase in the Poisson's
effect with an increase in axial strain. Large differences are seen for fabric samples 3 and 4 |
however the weft model solution for fabric sample 3 compares well, where a difference of less
than 2% in transverse sirain are observed.

From the preceding discussion and the data presented in Appendix C, the solutions obtained
from GAZ2 are satisfactory, where the fabric matenal model is capable of modelling large varia-
tions in transverse anisotropy. However, inthe case of fabric sample 2, where a linear stress-sirain
relation is observed the fabric model fails to provide a good solution.

The uniaxial stress fields and the deformation states for fabric model 1 in both the warp and
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weflt directions are shown in Figures 10.13, 10.17 and 10.18. Figure 10.15 and 10.17 show
the increase in principal stress and deformation at 10, 20 and 30% axial strain respectively,
Figure 10.18 compares the principal stress states and deformations at 30 % axial strain for both
the warp and weft solutions.
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Figure 1043 Maximum principal stress and deformation at O, 10, 20 and 30 %6 avial strain for
fabric sample [ model in warp direction
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In Figures 10.16 and 10,17 the stress fields observed across the fabric at various axial strains
are consistent. As expected, stress concentrations tend toward point (7 (the displaced corner).
For the transverse stress or minimum principal stress 57 {as these cotncide), a reduction is seen
toward edge AH (the horizontal centre line). For axial stress or maximum principal stress 5F5
(as these coincide), stress concentrations tend toward point A (the centre), These were to be
expected, although for 555 this is seen to increase half way down the free edge BC and toward
the midpoint of edge 17 as seen in Figure 10.16. This increase can be accounted tor by viewing
the fabric as a system of cables, as shown 1n Figure 10,20, where the maximum axial stresses
would be observed along the cable ties.

______ fitd

,/.j/_.{m "

. '
Bgunvabnt wabbe ' \\"\- Iegion of
myatetl b nrreasl STesE

Figure 10.20: Equivalent cable system for fabric in unicocial tension

The region of increased axial stress along the free edge at point I can be accounted for by the
observation that the further away from the displaced cdge, the more evenly distributed the axial
stress will be across the fabric.

10.5 Concluding comments

From the patch tests and experimental results it can be seen that the latex and porous structures
are acceptably modeled, and thus validated, using the procedures detailed in earlier chapters.
With the single element patch tests on the fabric material model, the effect of cocfficient change
on material characteristics was observed and assessed, The viability of the fabric model was
donc using GAZ and a range of fabric samples tested under uniaxial tension, where a variety
of fabric behaviour is capable of being modeled by the strain energy function. However, linear
stress-strain relations are not capable of being modelled.



Chapter 11
GA1l and Optimisation on Compliance

11.1 Introduction

The chapter deseribes the static and dynamic numerical graft model solutions for the various
pore sized grafts without adventitial fabric reinlorcing. GAL 15 ublised to find optimal fabric
reinfurcing selutions 1o each of these graft types. The solutions found by (GGA ] are discussed,
These fabric reinforcing solutions are then implemented in the ¢circumlerential and longitudinal
lensile (mite element models to obtain the fabric requirements in terms of force per unit length

vs, displacement, as stipulaled in international standards for vascular implants | 167, 168].

11,2 Non-reinforced porous finite element gratt models

11.2,1 Dynamic compliance and wall compression
Table 11.1 gives the dynamic and static complance values obtained for cach porous graft tvpe,
from the grall numerical models. Other values displayed include wall compression (%) and

diastolic and systolic internal diameters (mmy).

Graft Pore Size {rrm} || 0-108 106-125 125150
| Seatic | Dyugmic | Statc Dymamic | Matie  Dynamic
e (% [00mmHe) || 16.9 6.0 B0 19.2 35,9 314

Internal Disneter i, L)
Lheestalic 1185 1.061 4, 1G] 4153 1.378 4.5342

Sustalic 4377 43110 14016 4.445 500 4,874

Wall { om pression (5]
Dhasralic h.46 |4 £.25 1.97 S0l 1.4
Spseedic 774 5,08 5040 fi.iv | FA.06 i

Tabie {11 Ihmamic compliance values for non-reinforced graft models

As expected compliance increases with increased pore size, as the larger the pores the weaker
the structure, There is little dilference between the dynamic and static compliance values: how-
cver, as pore sive increases, a slight increase is scen in the statle compliance, Diastolic and
systolic internal diameters reflect sumilar characteristics with respective static and dynamic com-
pliasnce. However, there 13 a large difference between the static and dynamic wall compression
values oblained; for dynamic valucs the compression observed is much lower. this is due 1o the
lageing wall response with pressure pulse observed in the dynamic numerical models. On aver-
age, the pores created in the graft structures were 1.21 = (1L.07 times the diameter of the porogens
from which they were lormed. while the interconmecting windows were 00,52 &£ (.04 times the

LR ]
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diameter [9]. Thus for the lower diameter porogen group of 90-106 gm, the minimum pore size
window produced is approximately 47 pm in diameter; after a maximum wall compression of
5.68 % during the pressure eycle, a minimum window pore size of 44 xm is obtained for cellu-
lar in-growth. The average diameter of a capillary is 8-10 um, while the diameter of a functional
arteriole, endothelium and a single layer of smooth muscles is roughly 30 um [32, 174]. Thus,
all the pore sized graft groups with maximum wall compression allew for arteriole. endothelium
and smooth muscle cell activity and in-growth based on the results observed.

Stress fields in the non-reinforced graft walls. Figure 11.1 displays the dynamic hoop
{circumferential}, radial and axial stress fields through the various pere size non-reinforced graft
structures at mean internal pressure (100 mmHg). The stress fields and sizes are displayed to the
same scale to highlight the difference in field and diameters.

a) Hoop b} Radial

106-125um

[
Figure 11.1: Hoop, radial and axial stress variation through 90-106, 106-125 and 125-150 um
porous grafis obtained at 100 mmHg

Figure 11.2 plots the hoop, radial and axial stress prohles for the various pore sized non-
reintorced graft structures.
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Figure 11.2: Comparisan of (a) hoop, (b) radial and () axial stress through various porous graf
wall structures af 100 mmHg

From the contour piots and graphs in Figures 11.1 and 11.2, the hoop stress fields increase
with increased pore size, with the difference between the 90-106 and 106-125 pm being less than
that observed between the 106-125 and 125-150 4m. The magmitude of the radial stress for each
pore sized group is equal through the wall thickness, as expected.

It is also observed that the axial stress fields decrease considerably in magnitude with in-
creased pore size. The shape of the hoop and radial stress profiles through the graft wall are
simmlar for ncreasing pore size. However, a variation in axial stress profiles is observed between
the pore sized grafis. The stronger 90-106 um pore sized graft has a higher axial stress at the
luminal suface which decays as it tends toward the adventitial surface, while the axial stress
profiles through the wall are almost constant for the weaker 106-125 and 125+150 pm, Thus, the
weaker large pore sized grafts tend to distribute the axial load evenly through the wall.

11.2.2 Static pressure-diameter curves for non-reinforced grafts

Figure 11.3 gives the static pressure vs. normalised change in internal diameter (P vs. Ad/d,)
curves for the individual pore size grafis. Typically, increasing the pore size weakens the praft
structure and thus over-inflation occurs at lower pressures, causing higher compliance values. As
observed, these non-reinforced porous grafts display no stiffening characterstics; in fact, they
become weaker at higher pressures, and thus ballooning {(aneurysms) may occur if the structure
fails while in vivo, hence the need for an external support.

11.3 GA1 optimised fabric reinforced graft model solutions

11.3.1 Reinforcing fabric model solutions

Implementing GAl, a total of 38, 31 and 29 generations were required before reascnable solu-
tions were obtained for increasing pore sized grafts, respectively. A further ® and $ generations
were required to attain the desired 0.95 fitness value for the 106-125 and 125-150 pem graft types;
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Figure [ 1.3: Numerical model static ' vs. internal £5d [/ d, curves for the pove sized grafis

however, the full 50 generations were needed before the 90-106 pm graft type obtained a 0.948
fitness value Table 11 2 displays the optimal fabric medel selutions obtained from GA1 for each
of the pore sized grafis. The tabie inciudes compliance values, compression, internal diameter,
fabric circumferential strain, model coefficients, and fitness and objective values obtained.

11.3.2 Dynamic compliance and wall compression

The resuits obtained from GA] gave dynamic diameter compiiance values of 6.4, 69 and 7.1
%o/ 100 mmHg and diastolic diameters of 3.965, 3. 998 and 4 000 mm for the 90-106, 106-125 and
125-150 um pore sized fabric reinforced grafis, respectively. The resulls demonstrate that GAl
does converge to good solutions. Wall compression values at diastolic and systolic pressures are
presented in Table 11,2, where a maximum compression of 6.20 % is obfained by the 125-150 pm
pore sized graft. The circumferential sirain observed in the fabric solution is greatest for the 106-
125 pm pore size fabric reinforced graft, with a value of 8.85%, while values of 8.13 % and
8.70% were observed for the 90-106 and 125-150 um reinforced pore size grafis, respectively.
In contrast, the internal diameters at Lhe sysiolic pressure for the 90-106 and 106-125 pm are less
than the 125-150 1m reinforced pore size graft, implying that the adventitial reinforcing fabric
plays a larger role in the weaker structures, or increased pore size.

Figure 11.4 displays internal diameter and wall compression with time curves for the 1235-
150 pm non-reinforced vs. the reintorced pore size praft types. The internal diameter is in phase
with the pressure pulse. However, the external diameter change is lagging, as expected. Radial or
wall compression for the non-reinforced graft leads the pressure by (.04 5, while the reinforced
grafi lags by 0.02s. The non-reinforced graft’s wall compression vanes considerably over the
pressure cycle, which is an undesirable charactenstic for a self-healing porous graft, where it is
essential that the pores remain open, and varying little in dimension over the ¢ycle.
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Graft Pore Size {4 go-fos | 106125 | 125158
Dynamic Cg (%/100mm 1) 64 [ 69 71
Infernal Diameter i {1am)
I Mastolic 4.965 2008 4. 0N
Sustolic 1,067 1,109 4.113
Wall Comprossion - ()
fliastolic 203 324 3.82
Sustodic 1.82 531 6.20
Fabric Circumferential Strai (0)
Digstolic 661 7.19 T8
Sustalic 813 5.8R BT
“Fabric Model Coefficients
|| BOT.069 977.145 38R 518
fiq 0.028 15.885 17,748
o 270643 204,607 133.838
iy 1.719 21012 6.662
Ty .30 15.631 25,7
25 2745 28013 13,785
a4 64.376 500642 66498
fy B2.014 —24.693 —18.083
5 —&.797 —13.284 2018
ay | —9.13% 14.190 20619
Fitness Value F(C.6:) 0.9181 09552 0.0500
Objective Vafue S, ;) (L9484 0.9552 0.9500
FPartio! Chjective Values
M | 09693 09329 0.8230
b 09119 £1.9943 01,5996
Generation Number ) CTT R B
Total Time (hhmmcss) || A1 48 12 | 30- 13- 31 | 22:37;13

Table 11.2: Solutions obtained from GAL for remforced porows grafis
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Figure 1{.4: Internal (I1}), external divmeter (OD) and wall compression vs. lime curves for
non-reinforced and reinforced 125-150 pm pore sized grafts
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Dynamic stress fields throngh graft wall and fabric reinforcing. Figure 11.5 displays the
dynamic hoop (circumferential), radial and axial stress contour plots, while Figure 11.6 plots the
hoop, radial and axial stress profiles for the various pore size adventiial fabric reinforced grafts
at mean pressure (100 mmHg)

a) Hoop b) Radial c) Axial

106-1250m

ETUNSEE]

4, LT

126-150pm

[LTE e
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. RITHA

(RS Tl ‘.
1 AW &

Figure 11.5: Hoop, radial and axial stress variation through 90-106, 106-125 and 125-150 pm
optimal fabric reinforced porous grafis obiained af 100 mmHyg

The high fabric stress values, indicated by the sharp change in stress profile in Figures 11.6{a)
and (c), obtained for the 125-150 gm reinforced grafi compared to the 106-125 and 90-125 pm
structures, illustrate that the fabric reinforcing used for the weaker 125-150 pm graft plays a
dominate role, while this role is reduced for the 106-125 and 90-1235 ygem struchures.

Comparing Figure 11.6 with 11.2, the fabric reinforcings reduce and level out the circum-
ferential stresses observed. They also reduce and level out the axial siress in the 125-150 pm
graft, while only a reduction is observed in the 106-125 and 90-125 gm structures, With the ad-
dition of the reinforcing, the compressive radial stress is observed to increase toward the outer
{adventitial} surface, while relattvely small changes are observed at the lumen for all graft types,

The stress contour plots and profiles cbserved in Figures 11.5 and 1 1.6 indicate that the fabric
reinforcing plays a dominate role in providing the correct compliance, and reducing circumfer-
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Figure 11.6: Comparison of (a) hoop, () radial and (c) axial stress through optimal fabric rein-
[forced porows wall structures at 100 mmHg

ential and axial stresses observed in the porous graft structures,

11.3.3 Static pressure-diameter curves for fabric reinforced grafts

The fabric model solutions obtained from GAIl were utilised in static numencal graft models to
obtain static pressure vs. normalised change in diameter curves for the reinforced 90-106, 106-
125 and 125-150 pm pore sized grafts, Figure 11.7 digplays the internal and external diameter
curves obtained for the varicus structures. The region where nonlinear stiffening starts to occur

is indicated on the hgure.
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Figure 11.7: Numerical model static £ vs. infernal and external Ad/d, curves for the optimal
Jabric reinforced porous grafts obtained from GA{

From Figure 117, the grafts exhibit nonlinear stiffening charactenstics when the fabric re-
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inforcing is utilised. The remon where nonlinear snffening starts to occur 15 below the physi-
ological range, and occurs at 33 mmHg for the 125-150 um and 36 mmHg for the 90-106 pm
reinforced pore size grafis. In natural bicod vessels this nonlinear stiffening is observed through-
out the vessels' loading history {see Figure 2.9). The difference in nonlinear stiffening berween
the internal and external diameter curves is apparent, where the internal stiffening is not as pro-
nounced due o compression of the graft wall, However, after tissue ingrowth the porous struc-
tures’ compression charactenstics will be reduced giving a pronounced intemal diameter nonlin-
ear stiffening effect,

1f one views the pressure-diameter relaions of the external porous graft wall (without the re-
inforcing) and the reinforcing fabric separately one obains two characteristic curves, By the
addinon of these two pressure-diameter relations, one can obtain an estimate for the pressure-
diameter relanon of the combined structure. This is demonsirated in Figure 11.8 for the 125-
| 50 pom pore size graft, where the addition of the external diameter non-reinforced graft curve
(Graft OD) with the fabnc's pressure-diameter relation (Fabric) one obtains an estimate for
pressure-diameter relation of the combined structure (Addition of Graft and Fabric OD curve)
which i3 similar to the fabric retnforced graft solution (Fabne+(raft OD).
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figure 11.8: Natic P vs. external d/d, for 125-130 pum pore sized yrafl, the reinforcing sock
and the combined strucinre

11.4 Circumferential and longitudinal model solutions

The fabric model solutions obtained from GALl are also implemented in the circumterential and
longitudimal tensile numertcal models to obtain the fabric requirements in terms of force perunit
length vs, displacement. These force per unit Iength vs. displacement curves will be used to
develop physical fabric reinforcing samples.
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11.4.1 Circumferential stress-strain curves

Figures 11,9 and 11,10 display plots of force per unit length vs. displacement for the first three
fabnic remnforcing solutions obtained from GAl for the 125-150 yum graft in the circumferential
and longitudinal directions, respectively.
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Figure 11.9: Three fabric reinforcing sofutions for 123-150 jum pore sized grafts obtained from
GA I cireumferential wasile numerical simulation results
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Fignire 1110 Three fabric remforcing solutions for {23-150 pm pore sized grafis obtained from
(rA 1, longituelinal tensile numericad simulation resules

The circumferential force-displacement curves for the first three solutions are simtlar, how-
ever, a large difference is observed in the longitudinal force-displacement curves, Table 11.3
exhibits the variation in compliance, wall compression, internal diameter, fabnic circumferential
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strain and the fitness values for the first three fabric reinforcing solutions to the 125-150 um graft.
As can be seen, a number of reinforcing solutions are possible to obtain the desired compliance,

diastolic diameter and nonlinear stiffening characteristics for a particular porous structure.

Solution Number 1 2 3
Dynamic Cgy (%/100mmHg) 7.1 7.0 7.2
Internal Diameter ¢, {mm)
Diastolic 4.000 3.992 4.000
Systolic 4.113 4.104 4.115
Wall Compression (%)
Diastolic 3.82 3.82 3.82
Systolic 6.20 6.20 6.20
Fabric Circumferential Strain (%)
Diastolic 7.08 7.03 7.07
Systolic 8.70 8.68 8.74
Fabric Model Coefficients
C || 3881.518 | 4282.580 | 4282.589
ay 17.748 13.737 12.918
ap || 133.838 | 133.236 | 126.283
as 6.662 2.250 2.554
a4 25.734 15.106 12.542
as 13.785 18.598 14.050
ag 66,498 68.905 66.776
a7 | —18.083 | —11.465 | —21.364
ag 2.018 11.242 4,791
ag 20.619 18.212 14.993
Fitness Value f(C,a;) 0.9509 0.9451 0.9448
Objective Value (T, a;) 0.9509 0.9451 (.9448
Partial Objective Values
a0 1l 09230 | 0.9257 | 0.9134
%% || 09996 | 09791 | 0.9997
Obtained from Generation 34 32 30

Table 11.3: Three best solutions obtained from the generations of GAI for 125-150um fabric
reinforced grafis

Figure 11.11 illustrates the different pressure-diameter relations obtained from the first three
reinforcing solutions for the 125-150 um graft. Slight variations are observed in the curvature,
however the compliance and diastolic diameter requirements are consistent for each solution as
indicated in Table 11.3.

Figures 11.12 and 11.13 compare the circumferential and longitudinal tensile fabric reinforc-
ing solutions obtained from GA1 for the different pore sized graft types. From these figures,
pronounced differences are observed in the required fabric reinforcing for each pore sized graft.

In the circumferential direction, there is a large change in force per unit length at 16, 18 and
20 % circumferential strain for increasing pore size, respectively. The circumferential transverse
strains are high in the 90-106 and low for the 106-125 um graft types reinforcing solutions. In the
longitudinal direction, the fabric reinforcing requirement for the 125-150 pm graft stiffens much
earlier than the 90-106 and 106-125 um reinforcing solutions, and the longitudinal transverse
strains are high for the 125-150 pm fabric reinforcing.
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Figure 11 1f: Numerical simulation of staric P vs. internal and external 2d/d, for the first three
Jfabric reinforced solutioms obtained from UA L for the 125-150 um grafi

It ts apparent that the fabric reinforcing solutions for the various pore sized grafts display
significantly different behaviour, yet they achieve the goal of reducing the stress ficlds in the
porous structures while obtaining the correct compliance and diastolic diameters indicated in
Table 11.2.
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reinforcing longitmdinal tensile model solidions for porons grafls

11.4.2 Circumferential stress fields for reinforcing fabrics

Figure 11.14 displays the deformed and undeformed fabric circumferential tensile model solution

for the 125-150 gem graft obtained from GAL
during circumferential tensioning, indicating that

As expected, the fabric contracts transversely
GA1 found realistic model solutions.

Figure 11.14: Deformed  and  undeformed  optimal  circumferentiaol  tensile  solution  for

125- 150 jum porons graft tvpe

Figure 11.15 depicts the circomferential (522), axiaf (S11) and shear (512} stress fields for

the fabric circumferential tensile modet solution

above. The siress fields are reasonable, where

the maximum stress values observed are in the circumferential direction. This circumferential

stress is a2 maximum at the centre and reduces toward the edge of the fabric reinforcing tube.

The distribution of longitudinal stress 15 similar,

where a maximum is observed at the centre. Tt

should be noted that both the circumferential and longitudinal stress fields are in tension and the

circumferential stress is roughly 25 times higher

than the longinudinal stress.
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11.4.3 Longitudinal stress fields for reinforcing fabrics

[

Figure 11,16 displays the axial (511) and circumferential {522} stress fields and the deformed
and undeformed configurations of the fabnc longitudinal tensile mode! solution for the 125-
150 prm graft obtained from GA1. Again, realistic deformation in the circumferential direction is
observed due to longitudinal tension.

The axial stress field observed is a maximum at the centre of the fabric reinforcing tube (if
one ignores edge effects due to medel constraints), while circumferential stress is observed to be
a maximum at the clamped end, as expected. The maximum longitudinal stressis 3 » 10" times

higher than the maximum cireumferential stress.
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Figure 1116 Circumferential {522) and axial (511) stress fields for oprimal longitudinal tensile
sotution for 123-150 pm porons graft tipe
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11.4.4 Physiological circumferential strains of reinforcing fabric solutions
Figure 11.17 displays the physiological operating region of the reinforcing fabric solutions in
the circumfierential tensile models based on the circumferential strain values specified in Table
11.2, From this the force-displacement region in which the reinforcing solutions operate can
be obtained, Corresponding circumferential lorce per unit length values o' 3 and 22 .5 Nim were
obtained from circumferential strains of 6.61 and 8,85 % as indicated 1n Figure 11 17,
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Chapter 12

The Development of the Fabric
Reinforcing Samples

12.1 Introduction

The previous chapters have focused on the use of computational approaches to simulate the be-
haviour of three fabric reinforced porous graft types. The simulations have been used in conjunc-
tion with a genetic algorithm to optimise the fabric model coefficients to ensure that these rein-
forced grafis have a desired compliance, diastolic diameter and a nonlinear stiffening response.
These optimal fabric model coefficients were used to find the transverse force-displacement re-
quirements of the fabric reinforcing in the circumferential and longitudinal directions.

This chapter discusses the development of two prototype fabric reinforcing tubes and the dif-
ferences between the prototypes produced and the solutions obtained by GA1. The chapter then
considers the fabric solutions obtained from GA3 to model the prototypes produced. Finally,
finite element simulations and compliance values are re-established using the fabric model solu-
tions obtained from GA3. These new numerical solutions are used in the following chapter to
validate the numerical solutions.

12.2 Development of sample fabric reinforcing socks

A specialist manufacturer of medical grade fabric prostheses' was approached to produce proto-
type reinforcing structures which displayed the required longitudinal and circumferential force-
displacement numerical solutions obtained from GAl as described in Figures 11.12 and 11.13.
Other fabric characteristics, such as fabric porosity, texture and yarn thickness were specified; as
detailed in Table 12.1.

Description Units || Idesl | Maximum | Minimum

Sock Internal Diameter | mm 5.0 5.5 5.0
Fabric Wall Thickness pm 50 250 50
Fibre Thickness pm 20 50 20
Pore Size Diameter mm 1.0 1.0 0.3
Surface Area Coverage % 30 75 30

Table 12.1: Desired characteristic of fabric reinforcing

A number of initial fabric reinforcing samples with a large variation in characteristics were

YSecant Medical LLC, 700 Park Avenue, Perkasie, PA 18944, USA, Tele # : 215-257-8680, Fax #: 215-257-8875.

148
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manufactured for review, a subset of which are shown in Figure 12.1.

"a I |
Im l | IF}

Figure 12.1: Initiad fabric reinforcing samples provided by manufacturer

Samples C, E and F were identified as being preferential, as they satisfied the requirements
of Table 12,1, The ideal solution would be sample F, as this has a fine mesh structure which
will not adversely affect the grafts’ healing properties by preventing cellular ingrowth. How-
gver, 1t is a straight braid structure which is unlikely to produce the required nonlinear stiffening
characteristics, unlike the knitied samples C and E,

From these candidates, a number of sample iterations were carried out 10 obtain the required
circurnferential and longitudinal force-displacement characteristics obtained from the solutions
in GAl. Figure 12.2 shows a sequence of iterative reinforcing socks developed from initial
candidates C. E and F.

Figure 12 2: lterative development of reinforcing prototype |

It was not, however, possible to develop and manufacture final fabric reinforcing socks with
the desired characteristics obtained from GA| due to ime and cost constraints, Instead, two of
the iterative reinforcing samples which displayed similar circumferential and longitudinal force-
displacement characteristics described in Chapter 11 are used to obtain physical results. The two
samples chosen are referred to as prototypes I and I1, Both prototypes were produced from 50 pm
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Dacren fibre threads with a .35 mm pore size diameter and a surface coverage of between 70
and 75%.

Apart from not matching the transverse force-displacement requirements of GA1, the pro-
totype samples were produced with a 6 mm internal diameter, which is larger than the external
diameter of the porous grafts {5 mm}. This was to allow the graft sample to be inserted into the
reinforcing sock. To ensure, that the adventitial reinforcing socks fitted the outer wall of the
porous grafts. the fabric reinforcing had to be pre-strained in the longitudinal direction over the
graft samples Figure 12.3 illustrates the difference in reinforcing sock and graft diameter and the
required longitudinal straining of the fabrics over the graft samples, in order for the reinforcing
to fit to the external wall of the grafi.

R ¥l

-

s
e
G

Figure [2.3: Required longitudingl straining of protothype reinforcing samples to fit the porous
graft samples

To ensure that consistent reinforced graft test samples were produced, each prototype sock
sample was longitudinally strained over the graft by the same amount. Table 12.2 shows the
longitudinal strains applied to the adventitial reinforcing sock prototypes T and 11, to ensure that
they conformed 1o the external surfaces of the porous grafis.

Reinforcing || Longitudinal Strain
Prototvpe (o)

1 BOk 1.0

LI o+ LY

Table 12.2: Longimdingl strains applied to fabric prototypes to fit porous graft samples

The longitudinal straiming induces a pre-stress in the reinforcing structure. This change in
stress and deformation states will need to be accounted for when comparing finite element model
solutions and expenmental results,

Fabric reinforcing tensile tests adjusted for longitudinal strain. Due to the longitudinal
straining, new circumferential and longitudinal force-displacement curves had to be obtained. In
order to obtain the new curves, the fabrc socks were pre-sirained longitudinally as specified in
Table 12.2, and then placed in a tensile tester. Figure 12.4 shows prototype Il in the circumfer
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ential tensile tester, where the sample is longitudinally strained prior to testing,
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Figure 12.4: Protorype 1T before and after longitudingl strain in circumferential tensile tesi

Variation between GA1 model solutions and prototype fabric reinforcing samples. (a)
Circumferential: Figure 12.5 shows the circumferential force-disptacement curves for prototypes
I and 11, with and without longitudinal stain. The optimal fabric reinforcing model solution for
the 90-106 jsm pore sized graft obtained from GAl is also displayed.
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Figure 12.3: Circumferential tensile test vesults of reimforcing protonvpes I and I, with end with-
out longitudingl strain applied

The prototype characteristic curves are considerably different to those required by the numer-
ical solution for the 90-106 zm pore sized graft. Both prototypes stiffen in the circumferential
direction earlier than required. The position of maximum curvature for the solutions obtained
from GA1 occur at around 9.1 % strain (refer to Section 10.3.1}, for prototypes 1 and 11 this oc-
curs at 2.2 and 1.9%o respectively, and 2.8 and 1.9 % tor the longitudinally strained prototype
samples. Little difference 1s observed between prototypes [ and 11 without longitudinal straining,
only when the samples are longitudinally strained is a large difference observed. The difference
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in the circumferential force-displacement curves for the longitudinal straincd prototypes vs. the
model solution will give lower compliance values for the prototype samiples, as gradients are
larger and stiffening occurs earlier than the numerical solution.

When reviewing Table 11.2 it can be seen that the physiological ¢ircumferential sirains at
which the 90-106 :m fabric reinforcings will possibly operate according to the computational
solutions of GA1 occur between 6,61 and 8.13%. 1f one looks at this region in Figure 12.5, it
can be seen that the circumferential force per unit length of the longitudinally strained prototype
samples is 6-12 times greater in magnitude.

Using the circumferential numerical solutions obtained from GA1 at the physiological oper-
ating strains for a particular graft type, one can obtain the diastolic and systolic circumferential
force per unit length requirements of the adventitial reinforcing as described in Section 11.4.4,
These diastolic and systolic force per unit length values can then be used to gain estimate phys-
1ologzeal circumferential strains which would occur if other reinforcing tvpes are used. This is
illustrated in Figure 12.6 for the 90-106 ;2m GA| solution and prototype 1.

L i : [ + :

% PHD% Girdin JII.:

—tr— PP ARG Longiludinal Pre-Strain

Hox et Gl odel Sabet

Cirirmlsrantial Binar (%)

Figure 12.6: Estimare physiological circumferential strains for prototype | based on force per
umit length requirements from 90-106 pn GA 1 solution

From Figure 12.6, the physiological strains of ©.6 and 8.9 % give diastolic and systolic force
per unit length values of 5.1 and 11.5 N/m from the GAl solution, Using these force per vnit
length values and the circumfercential curve obtained from prototype [, one can obtain estimate
physiological circumferential strains which would be observed :f prototype I were used to rein-
force the 90-106 pm grafi type. Estimate circumferential strains of 1 and 2 % are obtained which
are substantially lower than 6.6 and 8.9%. For prototype 1, the circumferential curve between the
diastolic and systolic force per unit length values is approximately linear compared to the GA1
solution.

GA1 optimises on a 6%/100 mmlig compliance, a 4 00 mm drastolic iniernal diameter, and
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nonlinear stiffening. Thus, given that compliance is proportional to the difference in the dias-
tolic and systolic circumferential strains, it can be seen that the compliance of the graft using the
estimate circumferential straing of prototype 1 will be reduced considerably (roughly two thirds
assuming that little or no wall compression is observed). A circumferential strain of 6.6% from
the GA1 solution which gives a 4. 088mm diastolic internal diameter (Table 11.2), thus, the esti-
mate circumferential strain value of 1% will give a considerably lower diastolic diameter, This
and the fact that the circumferential curve between the diastolic and systolic force per unit length
values is approximately linear for prototype I, means that prototype | used as a reinforcing for
the 90-106 ;:m graft will not produce the required 6 %o/ 100 mmHg compliance, 4.00 mm diastolic
diameter and nonlinear stiffening.

(h) Longitudinal: Figure 12.7 shows the longitudinal force-displacement curves of both rein-
forcing prototypes, with and without longitudinal staining. These are also compared to one of
the optimal reinforcing solutions for 90-106 pum pore sized gratis obtained from GAL.
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Figure 12.7: Longitudingl tensile test results of reinforcing prototypes I amd 11, with and without
fongitudinal strain applied

From the longitudinal corves of Figure 12,7, the manufactured prototypes do not match the
optimal requirements cbtained from GA1. The maximum curvature of the unstrained prototypes
occurs at 163% and 198% longitudinal strain. However, with the longitudinal straining this
is reduced to 111 and 109% respectively. Thus the model compliance and diastolic diameter
predictions from GA1 will not be achicved.

General reinforcing characteristics of prototypes. Other required characteristics of
the adventitial reinforcing were assessed for prototypes 1 and £l with and without lengitudinal
straining. Table 12.3 shows the other required prototype charactenistics.

From Figures 12,5 and 12.7 and Table 12.3 it can be seen that the prototype reinfor¢ing sam-
ples are far from ideal as an optimal reinforcing sock based on the results of GA 1. However due
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Tathle 12.3: Fahire prototype characteristios with and without applied fongitudingl strain

to lime constramis and cost factors 1t was not possible o produce the required samples for direct

correlations,

12.3 GA3 and prototype fabric model solutions

To validate the numerical solutions. a reverse procedure of obtaining the (abric models which
descnibe the prototypes” circumiferential and longitudinal tensile stress-strain charactenistics are
required for implementation in the numerical grall model. The genetic algorithm GA3 is used
o oplimise the fabric material model cocfheients to the circumferential and longitudinal tensile
experimental results for prototypes [ and 11, As described i Chapter 9, this GA ulilises the same
fitness and objective functions as GA2; however, the partial objective and fimess lunctions for

loeal axial and transyerse steains are excluded, as transverse strain data was not collected.

12.3.1 GA3 solutions to prototypes

Implementing A3 [or both the longliudinally sirained prototypes, the full 50 generations were
necded in order to obtain a set of solutions lor prototypes [ and [ Table 124 shows the model
parameters [or the longitdinally strained reinforcing prototypes obtained from GA3, including

the fimess values and the gencrabion number.

Pre-strained protulype 5 f _ L_..._...E_-._.
" Fubric model cocfficients
£ | fiRERA,0 1 Varcp
uyp | (463 {544
fa hERE S LRI
) 19,278 23770
aq | TR I 1604
ar | aaT —[b 41k
a. | —20 g — 15 245
HEAN 7005 1.313
g T.a13 ERISY
Lo 1.183 —[hLGT
Fitness value FiLr a, {.x122 (. TEZ
Oyective valne @l ag) {.51452 7523
Pariial obfective vafuss
GF ST 09683 (10613
oFET L s (h.36001
Greneralion numbor ) alk 5l
Tutal lime (hhoramessd |- 64 A8 36 | 720381 32

Table 12,4 Muodel cocfficients for fabric prototvpes obiained from (343
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As observed the fitness values obtained are low, namely. 0.81 and 0.76 for prototypes T and 11
respectively. If one views the partial objective values from which the fitness values are calculated.
namely 7" " and ™1 the circumferential force-displacement models fit the experimental
data well (77" = 0.96). while the longitudinal force-displacement model do not TR
0.66)

Figures 12.8 and 12,9 show respectively the circumfercotial and longiudinal force-displacement
solutions obtained from GA3J compared to test data. The tabric models obtained trom GA3 wve
good solutions in the circumlerential direction while correlations in the longitudinal direction are
reasonable at Jower strains (<2 807 ), hence the low r;':F"r e partial objective value in Table 2.4
However, with the longitudinal force per umit length vs. strain curves, the fabric reinforcings are
not likely to operate at longiludinal strains greater than 25 %, thus, the model solution is accept-

able.
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Frgure 12.8: (GA3 circwnferenticd force-displacement solutions vs. experimental data for fongi-
tudinally strained pratolvpes
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Figure 12.9: GA3 longitndingd force-displacement solutions vs. experimenial data for lowgitudi-

nelly stratned prototypes

12.3.2 Numerical graft simulations with GA3 model solutions

Using the fabric models solutions obtained from GA3 which describe the pre-strained prototypes

L and Il in circumferential and longtudinal tensile tests, compulatonal graft simulations were run

and new static and dynamic compliance curves and values obtained, Table 12,3 gives the vanous

compliance, diastolic and sysiolic diameters_ radial (wall} compression and fabric circumferential

strain values obtained from these ssmulatigns for prototype L

Graft Pore Sive {pm) 106 106-123 125-150
Wl Static | ihmagmic | Static | Dhwamic | Satic Dynamic
o, _ (W l00mmitey | 5061 | 53l | 6578 5.54 .21 | 508
" Internal Piantcier o, (i}
fhasrelic J:78 3.75 .76 3.76 377 3,78
Swseolic || 884 | 383 | 385 3.84 3.87 3.86
Wall Compression (%0} .
Fhasicdic N i okl 47 A.68 A7 424
Susrerdie S 5,09 5.GY 3.00 G.58 G.19
Fahric Crroumferential Steaim (%)
{Mavterte 208 217 214 223 223 2.3
Swsfolic | 324 d.22 S A3 .49 S.47

tahle 12,3 Oraft numericad solutions wsing prototype [ model obiained from (GA3

From Table 12.5, the tabric circumferential strains observed are low, between 2 and 3.5%

However, these are higher than the expected 1 and 2% for the 90-106 pm pore sized graft solu-

tions (refer io Section 12 2)

Figures 12.10 and 12 11 show the stress fields through the vanious pere sized grafts, for the

prototype | reinforeing fabric model.
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due te the stif reinforcing, while only a stight difference is observed in the radial stress values.
This is considerablv different to what was observed for the non-remforced grafis in Figure 11.2,
As can be seen, the prototype model solutions play a dominant role in the mechanics of the praft
struectures, due to their non-compliant characteristics.

Figure 12,12 shows the predicted pressure-diameter (internal and external) relations of the
various prototype | reinforced pore sized grafts utilising the fabric solution obtained from GA3.
An approximately linear relation is observed (a straight line 1s highlighted on the graph to display
the slight nonlinear stiffening characteristics).
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Figure 12.12; Model static P vs. internal and external Jdfd, curves for the prototvpe T rein-
Jforced porous grafis



Chapter 13

Compliance Experimental Results and
Implant Studies

13.1 Introduction

Tn this chapler expenmental compliance resnlts are obtained for the various reinforced and non-
reinforeed pore sized grafts using the visual techmique discussed w Chapter 7. Unlortunately,
the supply of protolype 1l reinforong was limited and no samples were lefl after tensile testing
to obtain compliance data, thus, in this chapter reinforeed grafis xefer to those grafts reinforced
with prototype I enly.

The expenmental comphliance results obtained are used to correlate the grafl mumencal models
solutions which include the latex liner. The chapter concludes with a single baboon implant
study, where the effect of the fabric reinforcing in vive is observed using a 125-150 pm pore size
prototype [ reinforced grafi.

13.2 Luminal latex liners and pressure loss
With in vitro testing of porous graft structures, to prevent pressure loss through the graft iumen

a luminal latex liner is emploved. A local manufacturer of latex products’ was asked to develop
these luminal latex liners. The liners were mamulactured by dipping various sized mandrels in
latex solutions and then allowing them to dry, before removing them. To ensure that the liner wall
thickness was uniform aleng its length, the mandrels were rotated continuously in a horizental
plane. Details of the latex solution used, the number ol latex coats (dipping) and the speed at
which the mandre] was rotated wiule the latex was allowed to drv could noet be obtained from the
manufacturer dug to protection of manulacturing methods.

It was found that latex liners made on a 3.7 mom diameter mandrel gave the required 3.62 +
(1,15 mm external diameter after dryimg. The liner wall thickness varied from sample to sample:
however, after visual inspections and the removal of bad samples a wall thickness of 192+ 22 ;m
was obtained. The method used to take tmeasuremenis and visually inspect the liners was done
from digital images under a micrescope, as deseribed in Chapter 7.

13.2.1 Static compliance curves for luminal liners and numerical solutions

Static pressure vs. diameter curves for a number ol latex liners (sample size: n = 6) worc

'"Roynlardt Pvi Ltd, lohannesburg, Republic of South Africa, Tel # 127 11 474 3453,

159



iapter 13 Compliance Expenmental Rosulis and Implant Studies [§vil)

collected using the digital imaging method and the compliance nig described in Chapter 7. An
equivalent finite element model was used to gain numenical solutions, where the hyperelastic
constitutive model obtained in Chapter 10 was impiemented for the latex material. Figure 13.1

shows the experimental and numencal curves ol pressure against diameter change obtained.
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Figure 13.1: Experimental and numevical model static P vs. external £udfd, curves for luminal
fatex liners

From Figure 13.1, a good numerical solution is obtained. Even though the numerncal model
fits within the boundanes of the experimental results and follows the shape ol the curve, it does
over predict the diameter change with pressure. This is due to the initial small diameter change
observed in the experimental data as the pressure 15 increased from 0 te 20 mmHg. Although
every care is taken te ensure that the experimental data coliected is consistent and accurate, this
initial small increase in diameter with pressure may be attributed to the axial pre-strain applied
to the sampies prior to testing. This axial pre-strain would cause a pressure drop in the latex liner
due to the compliance rig being a closed flow arewit; thus, the initial increase in pressure is used
to bring the internal pressure back to zero, while a smali increase in diameter is observed. Inspite
of the difference in computational and experimental results the numerical model was deemed

satisfactory.

13.3 Static compliance curves for reinforced and non-reinforced
grafts

13.3.1 Static compliance curves including the tatex liner

Static external diameter F vs. /Ad/d, curves were cbtained for both the reinforced and non-
reinforced pore size grafts of 90-106, 106-125 and 125-150 gm, incorporating the iatex liner,
Figures 13.2 and 13.3 display the curves obtained from the various reinforced and non-reinforced
grafts {sample size: 12 = 3). The latex liners and non-reinforced pore sized grafts show a balloon-
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ing effect as pressure is increased. However, with the addition of prototype [, nonlinear stiffening

is observed,
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Figure 13.2: Static P vs. external Md[d, curves obtained for the porous grafts without reinforc-
ing (latex curve included for comparison)

] / o BO0-1 DRim G+ L+-Protobyes | o0y
R |
{ / —— 125 G L= Protatype | (008
|
—a— 175-150um G+L+Probayoe | (T4

- SO M G+l (000

o L

i

n.re (I8} n:z LR 0.6 nig na
Ak

Figure 13.3: Sratic P vs, external £d [d, cirves obtained for prototype 1 reinforced porous grafis
{90- {06 pm nen-reinforced povous grafi and latex curves included for comparison)

13.3.2 Static compliance curves after analytically removing effect of luminal
liner

Before dynamic compliance tests can be done on the grafis, equivalent physiological pressures
need to be found; these are the elevated pressures at which the grafts are physically tested 10 the
compliance rig, and at which the mechanical effects of the luminal liners are eliminated. Internal

diameter curves are obtained from the external diameter curves by subtracting the individual sam-
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ple graft wall thicknesses, as described in Section 7.2.2. 1t should be noted that this does not take
into account compression through the graft wall, The equivalent pressures and diameter changes
are obtained by finding where pressure differences of 80 and 120 mmHg occur between the in-
ternal diameter graft and the luminal liner curves. Figure 13 4 illustrates the process employed
to obtain equivalent diastolic and systolic pressures of 126.0 and 202.5 mmHg, and internal and
external diameter changes of 0.056 £ 0.008 and U.111 == 0.004 for the 20-106 gem non-reinferced
pore size graft.
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Figure 13.4: Calculaiion of internal dicmeter amd equivalent 80 and 120 mmHg pressure differ-
ences between porous graft internal diameter and latex

Table 13 1 gives the equivalent physiological data values obtzined lor the various reinforced
and non-reinforced pore size grafis after analytically subtracting the effects of the latex limer, This
table also gives the static compliance values calculated from the equivalent diameter changes
(uncertainty values for Static ¢y were calculated by using the weighted method proposed by
Kline and MeClintock [175]).

Graft Type Non-Reinforced Reinforved
Pore Size { ) 90-]06 | i06-125 | f125-150 osptoa | 1067 23 | 123150
Sample Size (n) 3 3 3 3 2 T 3
Equivalent Pressare
{numHg) Diastafic 1260 1440 163.2 R32 121 1164

_ Sywtalic 025 2183 243.0 1276 497 1678
Equivalent Tnfernal
Suliely Lhastedic || GO56E0.008 008340021 e || OGS OGF | 001520000 | 00380081

Swstofic || 611120004 L 390025 GARGEGOR | OO0 | 002910009 | 00500017

Static ¢y
(% 100manl 1g) 130424 129478 164444 1.3£1.2 2.5+33 4 1449

fable 13,1 Fquivalent physiological data for retnforced and non-reinforced grafis afier latex
subtfraction
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13.4 Dynamic compliance tests after adjusting for lnminal liner

The compliance rfig was set up io produce pressure pulses similar to those used in the dynamic
graft numerical model (Figure 8.4) with equivalent diastolic and systolic pressure values taken
from Table 13,1, However, it proved difficult to produce similar pressure waveforms for samples
which needed equivalent diastolic-systolic pressure differences greater than 70 mmHg; thus, new
numerical dynamic graft models were implemented using pressure functions which described
these pressure waveforms.

Figure 13.5 shows curves of pressure and internal diameter vs. time, for a 125-150 4m non-
reinforced graft sample. The actual equivalent diastolic and systolic pressures obtained were
169.6 and 238 5 mmHg, against the reguired values of 163.2 and 243 0 mmHg from Table 13.1.
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Figure 13.5: Pressure and infernad dicometer vy, fime curves obtained from compliaaice rig for
125-150 pm porous graft sample

From the pressure-time and internal diameter-time corves, values of diastolic and systolic
diameters were collected and used to calculate the dynamic compliance. Table 13,2 presents
the aciual equivalent pressures used, the external and internal diameter values obtained, and also
gives the calculated dvnamic compliance based on the collected data.

13.4.1 Dynamic compliance values

Figure 13.6 displays a bar chart of the dynamic compliance values obtained for non-reinforced
vs, reinforced pore sized grafts. Included on the chart are the probability values associated with
a Student’s t-test using a one-tailed distribution between the groups.
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T

Graft Type Non-Reinforved Reinforecd i
Pore Size {am) w106 | 106-125 125-150 907t | {06-123 1251500
Sample Size fn) 3 3 3 3 i 2 3
Pressure  (mmHg) N :
{iastalic (2349 1403 Feis.f R0.T g% 4 11irs
Systolic 2001 4 216.7 2385 1254 1508 165.1
External 4 fmm)
Diastalic || 32650061 521840064 332740107 || 53940059 | 525640105 | 53840130
Sysiofic || 5.47240082 | 541620031 SST7HO0Y8 || 541620055 | 529740072 | 5.4034£0.139
Internal {mmm) '
Diastefic || 38780075 30440043 | 4.042:10059 || 3256£0085 | 351320031 | 345740107
Svstolie || 40850088 AN | 429240052 || 328320079 | 35550002 | 351340004
Dynamic (4
(% | DtmmHa) 133412 12.7+29 155413 21408 324 40407

Table 13.2: Dynamic data for retnforced and non-reinforced grafts using equivalent pressures
from static curves
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Figure 13.6: Bar chart of dvnamic compliance values for reinforced and non-reinforced porous
grafts (p values oblained from aifed (Hest)

With the addition of the adventitial reinforcing prototype I (described in Chapter 12), it was
observed that there is a significant reduction in comphance (1-tailed t-test, » = 3: p < 0.0015
for all pore size graft groups). Between the various pore size graft group, significant differences
were observed between the 90-106 and 125-150 pum grafts, both reinforced and non-reinforced
{(p = 0.018 and 0.053 respectively).

13.4.2 Static and dynamic compliance values

Figure 13.7 presents the static and dynamic compliance values obtainedin a bar chart for the non-

reinforced pore sized graft groups. No significant difference was observed between the static and
dynamic compiiance values.
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Figure 13.7; Comparison of dynamic and static compliance values for porous grafts

13.5 Comparison of numerical and experimental data

Table 13.3 presents numerical and experimental static and dynamic compliance values. Exper-
imental data was obtained from internal diameter £ vs, Ad/d, curves after latex subtraction,
while the numerical solutions were obtained from Chapters 11 and 12 wathout modelling the

latex lincr.
Graft Type Non-Reinforced Reinforeed
Pore Size (um) || 90106 106-125 125-150) || 90-106 | 106-125 | 123-130
Static (;  (%/100mmHzg)
Experimental || 130424 129478 1446 || Bidl2 25433 4. 1+449
Numerical Model 63 203 EXR 554 3% 6,21
Dynamic C; (%/100mmHg)
Fxperimenial || 133212 12.7+£2 0 155413 || 21308 N e it | 404H07T
Mumerical Aodel 16.0 19,2 .5 #3 55 a0

table 13.3: Numerical vs. experimental dynamic compliance values

The numerical solutions obtained over estimate compliance by 2.7, 6.5 and 16.0%/100 mmHg
for the non-reinforced grafts wath ingcreasing pore size, respectively, These differences are large;
however, if one considers external diameter data, thus eliminating any crrors caused by sub-
tracting the grafi wall thickness and wall compression to obtain internal diameter data, and re-
computing the numerical solutions with the iatex liner, one can obtain comparable numerical
pressure vs. external diameter solutions for the non-reinforced and reinforced graft types.

Figures 13.8 and 13.9 show comparisons of static F* vs. external Ad/d, model solutions
including the latex liner vs. experimental daia for the 90-106 and 125-150 #m non-reinforced
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and reinforced pore size grafts.
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Figure {3.9: Fxperimental and numerical vesults of static P vs. external Md/d, for reinforced

grafts

Erom Figure 13 8, the numerical solutions are more compliant and display a reduced nonlinear
P ys. 2l /dy vesponse than physically observed. From Figure 13.9 the numerical solutions are
again more compliant with the addition of prototype I, and little difference is observed in the
numerical solutions between the various reinforced porous graft types, However. the effect of
the reinforcing on the numerical solutions does follow the experimental data, where a 3.6%
reduction in diameter change is observed in the numerical solution and 4 3.1 % reduction for the
physical data for the 90-106 m graft at 120mmHg, The same 1s observed for the 125-150 m
graft where a reductfon in diameter change of 4.5 % 15 observed in numerical data and 3.8 % for
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the physical data at 120 mmHg. Despite the more compliant numerical results, close numerical
correlations based P vs. external Ad/dy are obtained for both the non-reinforced and reinforced
125-150 pm graft types. v

Table 13.4, compares the numerical and experimental static compliance data obtained using
external diameter data. Better numerical and experimental correlations are obtained for compli-
ance from the external diameters, illustrating that the method used to calculate the compliance by
subtracting the wall thickness and latex liner is not ideal. The numerical compliance values ob-
tained fit the physical results, however, the reinforced 90-106 pum grafits numerical solution does

not.

Graft Type Non-Reinforced Reinforced
Pore Size {1am) 80-106 106-125 125-150 90-106 106-125 125-130
Sample Size (n) 3 3 3 3 2 3
Pressure (mmHg)

Diastolic 126.0 144.0 163.2 83.2 102.1 116.4

Systolic 202.5 2183 2430 127.6 149.7 167.8

External Ad/dy
Experimental

Diastolic || 0.040+0.006 0.061:i:0.017‘ 0.085:£0.009 || 0.004-+0.002 | 0.012::0.007 | 0.025::0.012
Systolic || 0.082::0.005 0.10240.020 0.138:£0.014 | 0.006::0.003 | 0.019::0.006 | 0.03540.015

Numerical Model

Diastolic 0.062 0.076 0.099 0.014 0.021 0.015
Systolic 0.103 0.118 0.161 0.023 0.033 0.024
Static’ Cy (%/100mmHg)
Experimental 10.14+1.9 9.745.9 12.24+3.9 0.54:0.7 1.74+2.1 24445
Numerical Model 9.7 9.8 14.2 2.0 2.8 2.0

Table 13.4: Numerical vs. experimental static compliance values based on external diameter

13.6 Comparative compliance study on reinforced and non-
reinforced graft samples

Two randomly chosen graft samples, one reinforced and the other not, were sent to a commercial
compliance test company’® and a research group* for a comparative compliance study. Table 13.5
shows the dynamic compliance results obtained from each group.

Group Commercial Tester’ | Research Group® In-House
Dynamic Cy {%/100mmHg) {%/100mmHg) {%/100mmHg)
Non-Reinforced (Sample code: 150-212) 4.4 10.7 9.6
Reinforced (Sample code: 125-201) 2.9 2.6 2.5
Latex Liner Utilised 9.7 20.2 20.6

Table 13.5: Comparison of complaince values obtained by various groups

?Static compliance calculated from the external diameter without analytically subtracting the latex liner.

3Dynatek-Dalta Scientific Instruments, 105 E. Fourth Street, Galena, MO 65656, USA, Tele # : 417-357-6155,
Fax #: 417-357-6327.

4Vascular Hemodynamic Laboratory, University Department of Surgery, Royal Free and University College Med-
ical School, UCL, The Royal Free Hospital, London, NW3 2QG, UK, Tele # : +44 207 830 2901, Fax #: +44 207
431 4528.
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From Table 13.5 the commercial company obtains a significantly different result for the non-
reinforced graft sample, while consistent results are observed by all for the reinforced graft sam-
ple. The deviation in the commercial companies result for the non-reinforced sample may be due
to the different testing method used as discussed in Section 7.3. However, from Section 7.3, when
a number of standard silicon samples which do not require latex liners were tested, the in-house
results were consistently lower for the compliant silicone samples (> 4 %/100 mmHg), while for
those lower than 4 %/100 mmHg the results were consistent with the commercial company. From
this, and noting the variation in the compliance values for the latex liners used by each group it is
believed that this difference is due to the variation in liner used. Where the commercial company
used a non-compliant liner which when used with the relatively weak non-reinforced porous graft
sample the liner plays the dominant mechanical role. With the stiff reinforced sample, the latex
liner does not play a dominant mechanical role, thus, the variation in compliance is low. This
illustrates the need for highly compliant liners when testing weak porous graft samples and the
variation in obtained compliance results using different liners.

13.7 Primate implant study

To see the effect of the fabric reinforcing, a four week in vivo primate study’ was done using pro-
totype I on a 125-150 um pore size graft. An isolated chacma-baboon femoral model was used,
which differentiates between transanastomotic and transluminal healing (details of this model,
implant and explant procedures, histological processing and image analysis can be obtained from
the work by Bezuidenhout [9]). The graft samples are prepared in a similar manner to those used
in the in vitro compliance testing (refer to Figure 7.17); however, this isolated chacma-baboon
femoral model does not allow for the study of compliance effects on healing due to the use of
shorter graft segments (20 mm) and longer stiff e-PTFE (30 mm) segments.

13.7.1 Explant histology

Histological staining and analysis were done on cross-sectional slices of the graft explant from
the center of the vessel. Figure 13.10 shows an Hematoxylin and Eosin (H&E) stain. A cross-
section plane is indicated on the pre-implant graft sample to show the relevant position of the
H&E stained slide. An H&E stain gives a general overview of what is happening on a cellular
level. More specifically, it stains cell nuclei and highlights foreign body giant cell (FBGC)
activity and thus cellular inflammatory response.

From Figure 13.10 there is a large body of FBGC activity around the fabric reinforcing
fiber, indicating an inflammatory response around the fabric reinforcing. This response could
be heightened due to the shearing and frictional forces between the individual yarns as they re-
spond mechanically to pulsating pressure loads. In order for a knitted fabric to display nonlinear

5 All animal experiments described in this dissertation were performed after approval by the Animal Ethics Com-
mittee at the University of Cape Town and in compliance with the "Principles of Laboratory Care” and the guidelines
for the care and use of laboratory animals [176].
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vam filaments from
Eemloromg

Figure {3.00: Circumperential cross-section X=X of implanted sample showmg HEE stain and
FRGC inflammatory response

stiffening, individual varns arc required to slide over cach other as they straighten and lock as the
load is increased, thus under pulsatile conditions this interaction between the yarns is heightened
causing high cellular activity in this region and thus inflammation, From this initial in vivo study
of prototype 1 it is too premature to totally exclude the use of fabrics due to the localised inflam-
matory responsc, but rather an optimal fabrie type and material solution should be sought which
reduces the inflammatory response such as mono-filament which will reduce the yam interaction

to single points and inert materials.



Chapter 14

Discussion of Results

14.1 Introduction

The design characteristics of a small diameter prosthetic graft have been the subject of this study.
Using a combination of mathematical and computational models for the mechanical character-
istics of fabrics and the porous graft structures, optimal reinforcing fabric models were found
using a genetic algorithm (GA1). The reinforcing fabric models combined with a particular
porous graft structure were required to achieve a specific compliance, diastolic internal diameter,
and to display nonlinear stiffening characteristics. The mathematical models, numerical methods
and optimisation techniques have produced satisfactory results and have been shown to converge
on a number of solutions to the problem. Physical correlations were made with the numerical
solutions. This chapter discusses the results of the preceding chapters.

14.2 The fabric constitutive material model

The fabric constitutive relation is a nonlinear, anisotropic elastic material model, and does not in-
corporate all the complex aspects of fabric behaviour. It does however, give an indication for the
requirements of an ideal fabric reinforcing for a compliant, adventitial-styled graft. The exponen-
tial strain energy model does not include anisotropic viscoelastic and plastic components which
are complex to model and implement [177], and which falls outside the scope of this study. The
model does, however, describe the nonlinear stiffening characteristics of a fabric under tensile
loading and a linear characteristic under shear, as observed in Chapter 8. These characteristics
are heavily dependent on the fabric model coefficients used to describe the material properties.
It was found from the fabric patch tests and the solutions obtained from GA2 that a number
of the coefficients namely; C, a;, as, a3 and a4 should remain positive to ensure realistic fabric
uniaxial tensile solutions. Negative coefficients would produce unrealistic compressive stresses
and negative Poisson’s effects under tension. GA2 validated the fabric model against warp and
weft uniaxial tensile test data for a number of fabric samples, where good correlations were ob-
served (Figure C.2 of Appendix C). However, the fabric model fails to model fabrics with linear
stress-strain relations, as seen with fabric sample 2. To possibly overcome this, a combined poly-
nomial and exponential function was used by Tong and Fung [32] to model the large variation in
anisotropic nature of a rabbit’s abdominal skin, where the function took the following form:

W=P+ -g—eQ , (14.1)
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where .
P = §(a13§1 + a3 E% + 03(EL + EZ) + auEn Eay) (14.2)

and

Q = (& EY +a2E% + a3(Ely + E%) + asB11 Egg + 7, B3 + 7, B3y + +7v3 B3 Egg + vs E EZ,)
(14.3)
This strain energy function was shown to give greater anisotropic behaviour and variation in
relations in the transverse directions, thus, a similar function could be utilised to cater for the
linear stress-strain components. Thirteen coefficients however would need to be solved for when
using this function. The P term in (14.1) may cause "polynomial wiggling", giving unrealistic
fabric behaviour [130]. However, it is observed that small amounts of "polynomial wiggle" are
seen in the circumferential tensile test data in Figure 12.5.
Another possible fabric material model which would be convex for all possible sets of material
parameters, thus avoiding material instabilities could be adapted from the constitutive model for
artery layers proposed by Holzapfel et al. [178] which takes the following form:

Do Ts) = 2’“—;;2 > {ewp[L-1" -1}, (14.4)
where, Iy = C : A; and Is = C? : A;, A; is defined as the tensor product of ag; ® ag;, where ag;
is a material reference direction vector. This particular anisotropic material model uses only two
coefficients, k; and k; for two dimensional problems making it easier to implement and utilise.
ky > 0 is a stress-like material parameter and &, > 0 is a dimensionless parameter.

Other methods which could be implemented are discrete models and a function similar to that
proposed by Alsawaf [112] (refer to Section 4.10). Discrete models could be used to simulate
individual fibre structures, however, present findings strongly suggest that this is not a realistic
possibility without better and faster modelling techniques used to describe each individual fibre
in the fabric construction. Another case against discrete modelling would be its implementation
in the genetic algorithm, where the fabric design will take on several parameters, such as, fibre
yarn and fabric construction, frictional play between yarns and methods of penalising discrete
models which are not possible to manufacture. Estimates of friction and the ideal approach
of modelling yarns as cylindrical rods would compound the error in approximating the fabric
structure.

Alsawaf [112] proposed a two stage linear function to describe uniaxial deformation of a
weave, however instead of linear functions, two exponential functions could be used, one with
an initially low stiffness and curvature and a second, which is only implemented when a critical
point is reached which has a higher stiffness and curvature. This method may however be difficult
to implement, where continuity along the function would need to be enforced and transverse
interplay would be difficult to define.
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Although time and effort may be spent on the modelling of the fabric and its behaviour outside
the body, its physical application in the human body must be assessed. When implanted in the
body, the physical behaviour of the fabric will change considerably over time, where cells will
seed themselves to the fabric, changing its mechanical nature. Thus, a time dependent model
for tissue in-growth should be incorporated in the constitutive relation, where with time, an
increase in stiffness can be included by increasing C, while, the orthogonal anisotropic nature
and orientation may be adjusted by varying the a; coeflicients, i.e.:

Canda; = f(t) (14.5)

where C,a; — Limit whent — oo

The nature of this change with time will require extensive experimental data to obtain realistic
relations, with variation in material type and fabric construction. The use of growth factors in the
porous structure to enhance cellular healing would also need to be included.

14.3 Finite element modelling
A number of finite element models were implemented, namely; the graft, uniaxial tensile, cir-
cumferential and longitudinal tensile models. In addition the single element, uniform and non-
uniform multi-element patch test models were also implemented. In these models a number of
simplifications and assumptions were made, namely:
e The fabric is modelled as a continuum.
o Bending stiffness is not accounted for by modelling the fabric with membrane elements.
e The fabric reinforcing remains in a stress-free state after longitudinal straining over the porous
graft.
e No relative motion is allowed in the contact between the fabric, latex liner and the porous
graft.
o The latex liner and the fabric remain continuously in contact with the porous graft.
e Initial stress-free state of the fabric in the circumferential tensile model after pure bending has
been reduced to zero
e A soft contact model is assumed between the fabric and the pin in the circumferential tensile
model.

o The fabric sample remains circular in cross-section in the longitudinal tensile analysis.

A number of these can be considered poor assumptions, such as the initial stress-free state of
the fabric in the circumferential tensile model and the fabric sample remains circular in cross-
section in the longitudinal tensile analysis. The initial stress-free state of the fabric in the circum-
ferential tensile test is unrealistic as bending of the fabric prior to this initial starting point would
produce stress fields before pure circumferential straining took place (refer to Figure 8.7). How-
ever, membrane elements were used which do not account for bending stiffness, thus it would be
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better to model the fabric with shell elements which do incorporate bending stiffness.

The assumption that the pulled end of the longitudinal tensile model remains circular in cross-
section is not valid. In the physical test the sample ends are clamped flat prior to testing. This
would produce a stress to the sample end. Again, modelling the fabric with shell elements and
clamping the sample in the analysis would reduce the error in the assumption.

Other assumptions could be improved to give better approximations to the physical applica-
tion, such as allowing for the relative motion and dislocation of contact between the fabric, the
latex liner and the porous graft structure. With knitted fabrics a large amount of relative fibre mo-
tion is observed in the fabricated structure which is not necessarily uniform or evenly distributed,
thus, a contact model which allows for this relative motion should be implemented.

14.3.1 Mesh sensitivity studies

Element mesh refinement is an important factor in finite element modelling, typically the finer
the mesh, the better the approximation of the piecewise functions to a consistent solution. Mesh
sensitivity studies were conducted on all finite element models. In these mesh sensitivity stud-
ies, the element density and number were varied across the model until consistent stress-strain
results were seen at a number of critical point. The meshed models were compared to a con-
siderably refined model and the percentage difference in results evaluated, a summary of which
can be reviewed in Section 8.6 and detailed results examined in Appendix A. From these stud-
ies the lowest element number model which gave consistently equivalent stress-strain fields were
utilised. To reduce GA simulation times, a compromise was reached between mesh refinement
and analysis time, where only field variables used in the GA objective functions were considered
in the mesh sensitivity studies, thus, coarser models were used to speed up the GA simulation
times.

To reduce the error in the finite element approximation further and obtain better descriptions
to the field variables across the elements, higher order piecewise functions, or elements such
as eight-noded membrane and twenty-noded continuum elements could be used. Using higher
order elements will however increase analysis and GA simulation times.

14.3.2 Fabric constitutive model implementation in ABAQUS

The constitutive fabric model uses the conjugate Second Piola-Kirchhoff stress S, and Green
Strain E. Further UMAT subroutines were developed although not described in the work using
the same exponential function, however, other strain measures and their respective conjugate
stresses replacing E and S. These included stretch ratio A, the Right Cauchy deformation tensor
C, logarithmic strain In ¢ and pure stretch U, some of these proved difficult to implement while
others displayed convergence problems when more than one element was implemented in an
analysis.

Membrane elements are used to model the fabric as a continuum, thus bending stiffness is
not included in the finite element models. The exclusion of bending and the use of membrane
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elements is reasonable, not only from the aspect of coarse knit fabrics having a very low bending
stiffness, but under the physical applications the fabric is used to reinforce the graft, little bending
is observed. However, as stated earlier in the case of the circumferential and longitudinal models
this assumption is far from ideal and further steps should be taken to implement shell elements
which incorporate bending stiffness.

Patch tests were done on the implementation of the material model using single linear, uni-
form and non-uniform multi-linear element models where small relative variations in fabric co-
efficients were assessed. The single and multi-element patch tests show that the material model
is functional in ABAQUS®, however, no sensitivity or stability analyses were performed. Good
correlations were observed between the uniform and non-uniform multi-element models, while
the study of small adjustments in coefficient magnitude gave an indication of their mechanical
contribution to the material model.

14.3.3 The graft finite element model

The graft model makes full use of symmetry, thus only one half of the graft and a 90 degree
sector in the circumferential direction is modelled. Although an axisymmetric model would
be computationally efficient, it is not possible to implement the anisotropic fabric constitutive
material model in an axisymmetric membrane element. One could have modelled a smaller
sector, reducing analysis times or allowing for an increased mesh while keeping analyses times
constant.

The element density was biased toward the fixed end, where stress field gradients were ex-
pected to be high, while remaining constant through the graft wall thickness. The graft model
uses a pressure load on the inner surface and fixes the latex liner and fabric reinforcing to the
porous graft walls by fixing common element nodes. As discussed previously, this fixed contact
is not ideal.

Instead of implementing the longitudinal straining of the adventitial fabric reinforcing over
the graft in the numerical model, new axial strained circumferential and longitudinal tensile test
data were obtained for the reinforcing prototypes. By implementing the longitudinal straining
of the adventitial fabric reinforcing over the graft one would include the initial stress state of
the fabric in the numerical graft model, giving a better approximation to the physical situation.
However, the contact model between the fabric and the graft would need to be adjusted to take
into account large relative motion and friction in order to achieve this.

14.3.4 The tensile finite element models

The tensile models (uniaxial, circumferential and longitudinal) also make full use of symmetry,
where quarter symmetric models are implemented. Element density is biased toward certain
critical edges or points, where stress field gradients again were expected to be high.
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Circumferential model: The circumferential tensile model starts at a position where
pure bending in the sample has in theory been reduced to zero (see Figure 8.7), as mentioned
earlier this is a poor approximation as bending stiffness is not incorporated. Again implementing
shell elements will allow for bending stiffness to be incorporated. The soft contact model used
between the fabric and the analytically rigid pin, was not validated and could be a source of error.

Longitudinal model: The longitudinal tensile model assumes that the clamped end remains
circular in cross-section while being strained in the axial direction. This is not a representation
of the physical test employed and thus, a source of error. The implementation of shell rather than
membrane elements will allow the numerical model to simulate the ends being clamped prior to
longitudinal tension.

Uniaxial model: With the good approximations and boundary conditions used in the
uniaxial tensile model, combined with the element density being biased both in the horizontal
and vertical directions toward the displaced point C' (see Figure 8.9), this model was considered
reasonable.

14.4 The genetic algorithms and optimisation

The search features of the GA were; dynamic search space, a step-wise increase in search space
resolution after n generations and a linear reduction in search space range after each generation.
The dynamic search space allows the genetic algorithm to adjust the search boundaries after each
generation, where boundaries are redefined between the first and second ranked solutions, biased
two thirds toward the first ranked solution after each generation. Implicit constraints are imposed
on these boundaries, ensuring that certain coefficients remain positive, such as coefficient C. This
dynamic search space is seen as a major advantage as model coefficients diverged considerably
from the initial starting values (see Tables 10.5, 11.2 and 12.4). The step wise increase in search
space resolution was implemented to search a coarse grid over n generations before being refined.
With the linear reduction of search space range after each generation it was found that step-
wise increasing resolution after n generations was not necessarily effective, as this limited the
widespread searching capabilities of the GA. The implementation and magnitude of these GA
features can easily be adjusted, two distinct techniques were used, namely; 1. using an initially
large search space with a linear reduction in range and step-wise increase in resolution and 2.
using a small, fixed search range and resolution. Both techniques use the dynamic search space
feature. These techniques are illustrated graphically in the Figure 14.1.

Technique 1, is the general method, while 2 is a special case. There are advantages and
disadvantages of both methods, however technique 2 has the same disadvantage as traditional
"hill climbing" techniques in that a local maximum might be found limiting the GAs search
capabilities and fixing it on a single local solution which may not be the global maximum. This
technique was found to be a good for GA3 where a large number of finite element models did not
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run ¢r lailed due to heavy penalties. Using technique 14 only a small percentage of the population
(< 127) gave usable maodels, limiting the GAs capabilities. however, using technigue 2 this
percentage mereased 10 roughly 32 % In the case of GA2 it was found that technique 2 was time
mtensre,

Although no extensive study was performed on the adjustment of these parameters. a qualita-
five study revealed that, utifising the dvnamic search space was beneficial, where an imitial low
resolition and linear reductionin range gave better results  The step-wise increase of resolu-
tion and a hixed small séasch range should only be implemented when a reasonable solution 1s
found, thus, increasing the resolution 15 used o refine the obtaimed solution, this is referred to as
technique 3, 1 further studies are 1mplemented, 1t 1s recommended that techmgue 3 be utilised.

The magnitudes of the parameters used to comtrol the GAs can easily be adjusted  Thus.
weightings lor the partial objective funetions can be adjusted accordingly, allowing the GA to
optinuse on certain erileria frst or in 2 biased lashon, lor example. in GAT the parial objecrive
functions for ¢ and oy, were weighied woward ('; allowing the GA o optimise on £ first and
then refine lor d, later 1t was found that adjusting the partial objective weightings changed the
solutions found.

Each GGA was auomated to save a number of ranked solutions in each generation and grade
them into 2 global solutions array, Once a pre-defined fitness value was achieved (typically 0.95)
or a number of genertions reached, the GA would analyse the global solutions in a number of
numerical models (see Figure 2.2). GAt not only ualised a dynamic graft model, it also gen-

erated circumferental and longitudinal tensiie simulations and a number ol static and dynamic
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grafl models using the global solutions. Not all the global solutions would solve in the cireumn-
ferential and longitudingl tensile simulations, or the static and dynamie grall models. Thus. a
number of the global solutions were annulled, dug o (heir in-ability W converge in other finite
element models, redueing the number of possible solutions, Ilowever, this is not ohserved in

GAZ2 and GA3 as the same numerical models are analysed aticr optimisation,

14.4.1 GA1l and the fabric reinforced graft compliance

(AT optimtses for an objective [unctiom in lerms of dynamic diameter comphance ), diasiolic
diameter and an overall nonlinear stiffening characileristic in a dynamic graft model and s thus,
dircetly dependent on the grall’s intemal diameter with pressure and 15 indirectly dependent on
the compression seen through the graft wall and longitudinal changes, This has areas ol weakness
in terms of the grall’s physical application and the test results obtained from the eompliance
rig. For example, the appropristeness of lixing both ends when longitudinal constraints affcet
diameter change, in essence a grafls anastomoses will never be lixed but will allow longitudinal
strain physieally in the human body. Thus. if data 15 available on the longuludinal changes seen
by natural bload vessels and on the minimum amowit of compression allowable in the porous
structure to promote tssug ngrowth, these requirements can be impleméented nto the objective
finetion and weighted accordingly to find those solutions which give a required compliance,
aptimal wall compression and axial strain. Another possibility is optimising on the nonlinear
stilening index 3 defined by Mavashi ef af. [79] (Section 2.6), rather than compliance. A benefit
1o this, is the nonlincar stiffening requirements woukd be incorporated n the objective function
rathcr than as a penalty, as is currently implement in GAL.

Although the optimal solulions are intended 1o describe a fabric reinforcing, the sol wions
phtained [rom GAT can be used to find materials and struetures which behave in a similar fashion.
Thus, the adveniitial reinforeing solutions do not need o be restricied to fabrics, but can be used
for other structures as long as their apphication dogs not hmit other features, such as the allowanee

ol cellular ingrowth through the reinforcing structwre and into the porous graft.

14.4.2 G A2 and the uniaxial tensile tests

The resuits obtained frim GAZ, which rics 1o find the fabrie model coefficients of [our physical
fabric specimens and (heir uniaxial stress-sirain behaviour in the warp and well directions, gave
reasonable solutions for fabric samples 1, 3 and 4. However, a poor solution was found for
sample 2, which showed a linear stress-strain relation in the welt dircetion,
Variation in the optimiscd solutions and the physical tensile test data collecied could have
arisen dug to the following:
o The strain-cncrpy function used to deseribe the labrics behaviowr does net allow for both
lincar and nonlinear stress-strain relalions,

e The fitness function utilised in GAZ was not effeetive, allowing the GA to converge on 4
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solution which is not optimal.
¢ ‘|he penalty function and constraint crileria were harsh, causing polential generations to be

logl i they shghtly violated the constraints.

‘The strain-energy {unction has already been discussed n Section 14.2. The fitness (unction in
(vA2 utihsed a normalised difference method between the model axial siress and transverse strain
with test results at 10, 20 and 30% axial strain. 'Lhese normalised differences were weighled
accordingly to give a higher ranking (o those generation members which modelled the lower
straing better. Since good solutions were oblained lor fabric samples 1, 3 and 4, the objective
and fitness functions are seen to be funclional. Again, the same penalty functions and constraind
criteria were used to find good solutions to fabric samples 1., 3 and 4. From log files produced by
(GA2 the number ol polential generations lost due 10 these penally lunctions and constraints was
ne different for fabric sample 2 to those which produced good solutions. Thus, it is scen 1o be the
fabric constitutive relation which is the canse of the GAg inability io converge upon reasonable

solutions for the hinear stress-siram labric relation.

14.4.3 GA3 and the fabric circumferential and longitudinal tensile tests

(iA3 used similar partial objective, objective and fimess functions as GAZ, however instead
of warp and well uniaxial tensile models, circumicrential and lengitudinal models were 1m-
plemented. No experimental transverse strain behaviour was utilised, as no physical data was
collected. Thus, the model selutions obtained from GAS might not model some of the fabric’s

physical characteristics.

14.5 Uniaxial tensile test data of fabric samples

Uniaxial tensile tests. The use of custom built tensile jaws lor the uniaxial tensile

tests (Figure 10.11}, ensured minimal deformaticn of the tabric samples prior lo testing. During

the tensile testing of the fabrics it was obscrved that edge ellects, such as fraying and curling,

prevenied the evaluation of localised deformation, thus local transverse and axial deformation

way analysed using a flat bed with pre-sct deformation points. Livery effort was made to ensure

that 1ensile test procedures were consistent, however the following could have affected the data

collected:

+ The method of attaching the sample ends belween the tensile jaws allowed lor some lateral
slipping and thus the labric was seen lo coniract al points along the displaced edge,

+ Due to the highly deformable {abrics used, small amounts of delormation may have ocourred
during sample preparation.

» Test samples were cut from fabric sheets, this caused the edges io fray. This highlights the
crror in assuming the fabric is a continuum.

+ lost sample edges started to curl due to bending,. thus, it was difficult to evaluate local
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deformation.

Transverse and axial strain tests. The simple use of a flat bed 1o place fabric samples
on under uniaxial tension was nsed to prevent the edge curling observed in the Instron™ test rig
while oMaining local transverse and axial strain effects. This method is highly invasive and far
from ideal as results will be affected by preventing the fabric curling. However this curling effect
will not be observed when the fabric is being used as a reinlorcing over the graft, thus it was
deemed acceptable under the current circumstances. The following arcas could have affected the
experimenial results collected:

o The straining of one side sometimes produced a non-uniform, unevenly distributed straim from

one sample end to the other (see Figures C.3 and C.4 in Appendix ).
o Frictional interaction between the flat bed and the fabric,
o The use of a stitch hne and pins (o produce the uniaxial sirain produces a non-uniform dis-

placed edge.

Tl would be ideal to visually momtor the local stress-strain relation while the fabric is tested in
the Instron™ test rig, however, this was not possible due 10 the edge curling observed. The use
of the flat bed to prevent the fabric edges curling, sives an mdication of the local strains doe to
axial loading. Traditional engineering methods employed to measurc local strain, such as sirain
gauges, would be redundant due to their highly invasive nature and the weak deformable fabrics
tested.

The non-umiform displaced edge produced by using stiteh lines and pins could have been
prevented by using the custom built tensile test jaws and holder to provide the clamped cdge and

defined axial strain.

14.6 Circumferential and longitudinal tensile tests

The circumierential and longitudinal tensile tests were cmploved to gain the transverse siress-
strain characteristics of the fabric reinforcing prototypes.

Circumfcrential. Several problems arise with the circumferential tensile test method, model
correlation and assumptions used. The ensle test pins for the tests are only supported from one
side (see Figure 12.4). Bending at this point may have occurred during testing thereby allecting
the resutts. No bending was observed during testing at low strains, however at the higher strainsg
(= 25%) slight bending was observed. Thus, only physical data under 25 % circumlerential
strain was used to ensure that this did not affect the results. lI'rom Figure 12.5, a reduction in
fabric circumferential stiffness is observed between 50 and 75 N/m. It is unclcar whether this
ig due to fabric deformation or the sample slipping over the pins in the lateral dircction. lo
eliminate the latter, it may be useful to prevent the fabric moving in the lateral direction by

having a frictional surface on the pin, this would however, prevent circumferential strain. Thus,
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it may be convenient 1o hayve this frictional surtace on the apex of each pin preventing lateral
motton, while still allowing circumlerenttal sirain, This could be achieved by etching fine micro
grooves along the apex of each pin,

A soll contact model between the fabrie and pin was implemented in the numerical model. this
contact model was adjusted unitl g realisiic solution was observed, honvever, no study was done to
ensure the contact model was acceptable. Real time images ol axal strain walh crcumierential
tension could be captured to gain information on the relative motion between the pin and the

fabric. This information could be used Lo calibrale the contact model,

Longitudinal. The longitudinal tensile tests were easily implemented, however the clamp-
ing of the sample ends prior 1o lesting is not weal as this introduces stress-strain effects, Thos,
a better method of holding the ends of the lest samples without introdueing stress is required.
Figure 14.2 shows a sectional view of a test jaw which is proposed lo ensure the circular shape
remains during physical testing. The proposed test jaw can easily be manufactured and imple-

menled,
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Figure 14.2: Schematic of sectioned longitudingt 1ensile test end-clamp to ensure tubes circulur
shape remains during festing

14.7 Compliance testing

14.7.1 Non-reinforced and fabric reinforced graft samples

The method of manufacture and preparation of the porous grall samples and fabric reinforcing
can be found in Chapters 7 and 12, While every process is carcfully controlled and rigorously
followed, 4 high pereentage of inconsistent porous graft and fabric samples are produced. Cnee
samples are produced they go through a guality control process which eliminates unfit samples.
even 50, with the high expense and time Lo manufacture these samples, it is not always possible
tr obtain or use consistent samples, thus a degree of deviation is observed. A large qualita-
tive variation in texture and fecl was observed from one sample lo the next, especially m the
porons grafls. where non-compliant and complaint regions were easily distinguishable. This is
mainly due to inconsistent bead packing in the grafi rig (Section 7.2.3). With the onsct of a scmi-
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automated manufacturing process much of these inconsistencies can be eliminated [9]. These
inconsistencies contribute to the large variation in compliance results. Even though the mechani-
cal properties of the porous structures were assessed in Section 10.2.1, this was done on samples
cut from bead cast rods as it was not possible to get the required test sample sizes from the grafts.

A variation in mechanical properties is also observed in the prototype reinforcing samples
produced. From the circumferential and longitudinal tensile tests (Section 12.2), it is observed
that the standard deviation between samples is low in the low strains where the fabric reinforcing
physically operates. The required longitudinal straining of the reinforcing over the graft could
also contribute to the variation of graft test samples produced. Slight differences were observed in
reinforced graft samples produced, even though care was taken to ensure the fabric reinforcings
were not over strained, twisted or loose.

Graft anastomotic attachment was prepared by bonding the samples to e-PTFE graft samples
(Figure 7.17). The bond produced is non-compliant, however, sample lengths (50 mm) ensured
that anastomotic compliance did not affect the readings at the sample centre.

The variation in graft P vs. Ad/dy samples can be observed in Figure 13.3, where the standard
deviation in results for the non-reinforced 90-106 um grafis is slightly higher than the reinforced
graft samples. However, with the 125-150 um samples the opposite occurs. There is also little
significant difference between the various pore sized graft samples used, only significant differ-
ences were observed between the 90-106 and 125-150 yum reinforced and non-reinforced pore
size grafts (p = 0.018 and 0.053 respectively). With the addition of prototype I, a marked reduc-
tion in compliance is seen and a slight nonlinear stiffening effect observed. The slight nonlinear
stiffening seen with the addition of prototype I, is due to the almost linear response the fabric
reinforcing displays in the circumferential tensile tests as illustrated in Figure 12.6.

14.7.2 Luminal latex liners

The use of latex liners or balloons to line the porous grafts for testing, brings about further com-
plications. Its effect on the overall structure has to be analytically subtracted to give compliance
values. From Figures 10.3 and 10.5, the Young’s modulus of the latex liner is considerably high
compared to the porous materials (Fy = 750kPa and Ey = 200kPa for the latex liner and the
125-150 um porous material respectively). Figure 13.2 displays the physical compliance curves
obtain for the latex liners and the porous grafts including the latex liner, one can see the latex
liner contributes largely to the mechanics of the combined structure. Thus, a weaker material or
thinner liners are required to reduce the mechanical contribution to the combined structure.

It is possible to produce weaker luminal liners; silicone liners were produced with a Young’s
modulus of 150kPa and a wall thickness of 30 um which were extremely compliant. However,
they were difficult to produce and inconsistencies along the length of the silicone liners was
an issue, where wall thickness could deviate by 20 um. These silicone liners were produced
by a similar dipping process as the latex liners, however once the silicone had cured they were
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released from the mandrel by swelling them in a solvent.

Hydrogels packed in the pores of the graft wall could also be used in place of the latex liners.
These hydrogels are weak in compression and tension, contributing little to the mechanics, while
preventing pressure loss. The hydrogel can also be adjusted to give similar mechanical responses
as a blood clot, thus, giving a possible simulated time based change in compliance with clotting.
A weak PEG hydrogel was utilised in the pores of a graft sample in place of a latex liner, where it
successfully prevented pressure loss through the graft wall to183 mmHg. This shows its possible
application in preventing pressure loss at low pressures. However, the following problems were
observed; 1. it was difficult to drive the hydrogel into the pores of the graft wall without causing
deformation, 2. when trying to form the hydrogel in the pores rather than drive it into the pores,
swelling was observed during the cross-linking or curing process, causing excessive deformation
in the porous structures.

The latex liner was observed to collapse or crimp when placed inside the graft. This is due
to the variation in diameter between the lumen and liner. When obtaining the static compliance
curves for the latex liners (Section 13.2.1) an initially low diameter change was observed be-
tween 0 and 20 mmHg pressure. This initial small diameter change was attributed to the samples
being axially strained by 10 % prior to the application of pressure. This axial strain would cause
the latex liner to collapse due to a pressure drop in the system as the compliance rig flow circuit
is a closed loop. Thus, this initial increase in pressure is used to get the internal pressure back
to zero while small diameter changes are observed. The same initial small diameter change is
seen in Figure 13.2 for the porous grafts. This could be due to the latex liner in the porous graft
collapsing, however, the porous structure would not as it would allow water to draw through the
pores between the latex liner and graft wall. This effect would offset the actual pressures mea-
sured during testing and could be contributing to the low physical compliance results observed,
as true sampling pressures would be lower.

With the 10 % axial strain the latex liner could circumferentially contract more than the porous
structure, thus, a discontinuity is likely to occur between the liner and the porous graft. This could
contribute to the differences observed between the numerical solutions and physical data. This
effect could be studied in the graft numerical model, if permanent contact between the latex liner
and porous graft is not enforced.

14.7.3 Compliance rig

The compliance rig was designed in-house and utilises either a digital or ultrasound imaging
technique to measure real time external or internal diameter change. However, ultrasound image
resolution and recordings were difficult to use due to the scattering of the reflected ultrasound
caused by the micro-pores of the graft structure (see Figure 7.12), thus, this technique was found
to be ineffective.

When placing the graft samples in the rig the orientation of the sample can greatly affect the
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results, especially when the porous structures have mechanical property variation in the circum-
ferential direction. In this study graft orientation was random, however, it may have been better
to have gained a number of compliance readings at various orientations, such as 0, 120 and 240°
for a single graft sample.

The head of water due to the water level in the water bath (see Figures 7.8 and 7.9) can also
affect initial pressure readings. To ensure that no errors were incurred due to this, the pressure
transducers were zero-set prior to placement of the graft sample. The graft samples were placed
in the heated water bath for several minutes prior to testing to soak the water into the pores and
allow the sample’s temperature to stabilise. The graft samples do expand and soften slightly with
increased temperature, however, this was not a concern as all testing and material characterisation
was done at physiological temperatures.

A roller pump, a one way flow valve, proximal and distal windkessels, and linear needle valves
are used to obtain physiological pressure and flow curves. The rig is sensitive to slight variations
along the system and thus, without user familiarity it is difficult to obtain consistent pressure and
flow curves. A wide range of flow patterns and systolic and diastolic pressures across the grafts
can be achieved with the compliance rig, thus, it is possible to simulate various regions of the
vasculature (see Figure 2.2). However, problems do arise in producing consistent curves from
one graft sample to the next, due to the highly sensitive nature of the system to variations in graft
compliance and back pressure. Certain sections of the compliance rig use compliant tubing, such
as at the roller pump, these compliant sections including the windkessels absorb and dissipate
energy, making it very sensitive to slight system changes. To reduce this effect and help produce
controllable and consistent waveforms, rigid tubing and a programmable positive displacement
piston pump, similar to those used by Holdsworth ef al. [154] and Charara et al. [148], could be
implemented.

Measuring the external diameter is not ideal for compliance calculations. The error incurred
in assuming the graft’s wall thickness remains constant is large and will result in reduced com-
pliance values being obtained. External diameter measurements were made via a CCV camera
connected to a microscope which focused on the graft sample (see Figure 7.9). Reliable mea-
surements down to 9.26 um could be made, which was considered reasonable for the purposes
of this study (see Section 7.2.2).

Image refraction through the water surface could lead to variation in results, however, a rule
was used to calibrate each measurement taken. Thus, the error due to refraction would be con-
sistently observed. However, good correlations are observed between our visual method and a
research group using ultrasound phase locked echo tracking (Section 7.3).

The analytical subtraction of the latex liner is also of concern. Some researchers neglect the
effect of the latex liner, as they assume it is a weak membrane, while others such as ourselves test
both the latex tube and then the combined latex tube and graft and then subtract the latex curve.
This method is not ideal.
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Human error and inconsistent test procedures can also affect results. Every effort has been
made to ensure that rigorous procedures are adhered to.

14.8 Compliance results and correlations

Experimental and model compliance results have been obtained, however, the supply of pro-
totype I reinforcing was limited and no physical data was obtained for this as an adventitial
support. It would have been beneficial to have had compliance data for prototype II to further
compare numerical data with experimental results.

For the non-reinforced numerical solutions, dynamic compliance values were 2.7, 6.5 and
16.0 %/100 mmHg higher than experimental observations, while prototype I reinforced numer-
ical model compliance values were 5.3, 5.5 and 6.0 %/100 mmHg higher, with increasing pore
size respectively. This data was obtained by adjusting for internal diameter and analytically
subtracting the luminal latex (refer to Table 13.3). These differences were reduced and were ob-
served to fall within the experimental results obtained for the non-reinforced and the 106-125
and 125-150 um reinforced grafts, when correlations were made with static pressure and ex-
ternal diameter data (refer to Table 13.4). It can be seen from the static P vs. Ad/dp relations
obtained (Figures 13.1, 13.8 and 13.9), the numerical models are over predicting diameter change
with pressure. However, the effect of the reinforcing on the numerical solutions does follow the
experimental data by showing a reduction in diameter change of between 3.6 to 4.5 % for the nu-
merical data and 3.1 10 3.8 % for the physical data at 120 mmHg. Errors which could contribute
to the difference in numerical and physical data are:

1. Model error:

o The hyperelastic and hyperfoam material models are not accurately describing the physical
situation. From Section 10.2, the hyperfoam material model solutions follow the tensile
data to 30 % strain in compression and 55 % in tension, whilst only to 0.25 % in shear.
These are all within the bounds of the physical strains observed by the porous structures.
The rms errors for the mathematical expressions fitting the physical test data for the 90-
106, 106-125 and 125-150 um porous structures were 6.13, 5.56 and 4.99 % respectively.
In the case of the latex liner and the hyperelastic material model the rms error for the
mathematical expression fitting the physical test data was zero.

o The fabric material models do not accurately model the physical situation. From Sec-
tion 12.3, the solutions obtained from GA3 for prototypes I and II give very good solutions
in the circumferential direction, while only giving good solutions at lower strains in the
longitudinal direction. The models are deemed accurate for the requirements. However,
no transverse strain data was optimised for, this may be contributing to the error observed.
When the fabric is longitudinally strained to fit the graft sample, the fabric model obtained
from GA3 for prototype I gives a 11.7 % circumferential strain while the physical situa-
tion would require 16.6% in order for the fabric to fit the porous graft. Thus, there are
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transverse strain variations observed between the fabric and the model used.

2. Experimental error:

e The porous test data used to obtain the hyperfoam material models was produced from
bead cast rods as opposed to sections cut from the grafts, Material properties could vary
between the cast rods and grafts due to different bead packing configurations during the
casting process.

e The large variation in fabric and porous graft properties due to the intensive manual man-
ufacturing process.

o The longitudinal straining of the fabric over the graft sample, causes a stress state in both
the fabric and porous structure prior to testing.

e The axial strain applied to the graft sample prior to compliance testing and the closed loop
system (constant volume) would cause the latex liner to collapse under negative pressures,
affecting compliance readings.

e The large variation in latex liner properties as observed by the large standard deviation in
Figure 13.1.

When assessing the above and noting that the effect of the reinforcing on the numerical solu-
tions follows the experimental data. The use of bead cast rods rather than graft samples used to
obtain the porous test data and the hyperfoam material models is the most likely cause of error
in the results observed.

14.9 In vivo models and future developments

A four-week in vivo primate study was done using prototype I on a 125-150 um pore size graft
to see the effect of the fabric reinforcing on healing response. H&E stains on explanted graft
cross-sections revealed large FBGC activity around the fabric reinforcing fibers, which indicates
a high inflammatory response. This response could be heightened due to mechanical shearing
and frictional forces between the individual yarns as they respond to pulsatile loads. This initial
in vivo study of the fabric reinforcing is premature to totally exclude the use of fabrics as a rein-
forcing, as much research has been done on the use of fabrics in the body, where inflammatory
outcomes have been low. Thus, an optimal fabric structure type and material selection should
be sought which reduces the inflammatory response. The use of mono-filament fibre fabrics to
reduce the yarn interaction to single points could reduce this inflammatory response.

The desired effect over a period of time in vivo should also be considered, where it is hoped
that the overall mechanics of the porous structure including tissue in-growth will mimic that
of the host vessel after healing. With this comes the question; what are the initial mechanical
properties required before implantation? With the current work we have looked at producing a
graft which is similar to the common femoral artery and i.e. has a 6 %/100 mmHg compliance,
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a nonlinear stiffening effect and a diastolic diameter of 4 mm. This would be ideal if the graft’s
mechanical properties degraded at the same rate as healing occurred. This controlled material
degradation would be difficult to produce and will probably produce an inflammatory response.
Thus, an initial compliance of 6 %/100 mmHg is not ideal, as mechanical changes to the graft
will be observed, especially if rapid healing is induced by growth factors.



Chapter 15

Conclusions and Recommendations

15.1 Conclusions

Constitutive material models, numerical methods and genetic algorithms were used to assess and
optimise fabric reinforced porous graft structures, the variables being the coefficients of a strain
energy function used to describe the general characteristics of an ideal anisotropic elastic coarse
knit fabric used to reinforce the porous grafts.

The genetic algorithm, GA1 is used to optimise the fabric constitutive model coefficients to
obtain a 6 %/100mmHg diameter compliance (Cy), a 4.0 mm diastolic diameter and a nonlinear
stiffening characteristic in a dynamic numerical graft model.

Solutions were found for three porous graft types, namely; 90-106, 106-125 and 125-150 pym
bead cast polyurethane structures. These solutions were then utilised in a static numerical graft
model to obtain pressure-diameter relations, circumferential and longitudinal numerical tensile
models were also used to obtain the transverse stress-strain requirements of the reinforcing solu-
tions.

A nonlinear anisotropic elastic strain-energy function with ten coefficients was used to de-
scribe the material behaviour of coarse knit fabrics. A second genetic algorithm, GA2 and a
uniaxial tensile numerical model were used to show that the strain-energy function could model
a wide range of fabric characteristics, by simulating four diverse coarse knit fabric samples tested
under uniaxial tension in both the warp and weft directions. Good solutions were obtained, how-
ever, the strain-energy function failed to describe fabrics with linear stress-strain relations.

It was not possible to produce fabrics displaying the transverse stress-strain relations obtained
from GA1 due to time and cost constraints. However, two prototypes produced where chosen
based on selection criteria to be used for experimental purposes.

These two prototype reinforcing tubes were then physically tested in the circumferential and
longitudinal directions to obtain their transverse stress-strain characteristics. These stress-strain
characteristics were then implemented in a third genetic algorithm, GA3, to obtain the proto-
types’ strain energy coefficients. The coefficients were then employed in numerical graft models
to obtain numerical static and dynamic compliance data.

Only one prototype, prototype I was physically tested over the three porous graft types,
however, comparing the numerical compliance data with experimental results, the numerical
models typically predicted higher compliance values. Using internal diameter and analytically
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subtracting the latex liner, the non-reinforced numerical compliance values were 2.7, 6.5 and

16.0 %/100 mmHg higher than the experimental results with increasing pore size respectively,

while the reinforced numerical compliance values were 5.3, 5.5 and 6.0 %/100 mmHg higher.

The differences were reduced to 0.4, 0.1 and 2.0 %/100 mmHg respectively, for the non-reinforced

grafts and 1.5, 1.1 and 0.4 %/100 mmHg for the reinforced grafts, when the latex liner was not

subtracted and external diameters used. The main reasons for the observed difference in numer-

ical and physical results are the following:

e The use of bead cast rods rather than graft samples to obtain the hyperfoam material models
used to describe the porous structures.

o The inconsistent graft test samples used.

e The high mechanical contribution of the luminal latex liner used to prevent pressure loss
through the porous structures.

o The error in analytically subtracting the latex liner from the static compliance curves.

e The error in assuming no compression through the porous graft wall to obtain internal diam-
eter measurements from external diameter data.

e The failure of the fabric model coefficients obtained from GA3 to accurately describe the
behaviour of the prototypes.

Finally, the specific objectives of the present study as set out in Section 1.2 have been achieved.

15.2 Recommendations

Much can be done to improve the numerical models, genetic algorithms, samples and the exper-
imental techniques. The following are recommended:

15.2.1 The hyperfoam material model

e Hyperfoam material model should be fitted to tensile, shear and compressive test data for
porous graft samples and not bead cast rods.

15.2.2 The fabric constitutive model

e Implement a different strain energy function described in (14.1) and (14.4).
e Develop time dependent material constitutive relations for tissue in-growth and material degra-
dation.

e Implement anisotropic viscoelasticity and plasticity.

15.2.3 Finite element models

e Implement higher order elements.
e Model fabric with shell elements.
e Study the effect of axial load vs. fixed strain on compliance using the graft model.
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¢ Allow relative motion between the fabric, latex and porous structures in the graft model.
e Study the effect of longitudinally straining the fabric over the porous graft.

o Validate the soft contact mode! used in the circumferential tensile model.

15.2.4 The GAs and optimisation

e Implement further partial objective functions into GA1 to minimise wall compression and
obtain specific longitudinal compliance.
e Reduce GA simulation times by implementing penalties prior to analysing numerical models.

e Reduce GA simulation times by starting with coarse meshed finite element models and refin-
ing the element mesh with increased generations.

15.2.5 Graft samples and fabric reinforcings
e Develop GALl fabric reinforcing solutions to experimentally validate the numerical solutions

obtained.
e Develop fabric samples which match the external diameter of the graft samples.

15.2.6 Circumferential and longitudinal tensile tests

e Develop high friction surface on apex of circumferential test pins.

o Develop longitudinal tensile end clamp as shown in Figure 14.2.

e Implement real time image capturing technique to obtain transverse stain data with circum-
ferential and longitudinal tension.

15.2.7 The compliance rig and testing

e Develop mechanically weak hydrogels or consistent silicone liners.
e Develop computer controlled displacement pump with feedback loop to replace roller pump.
¢ Develop a method of removing micro-bubbles from the porous grafts to reduce ultrasound

image scatter.

15.2.8 In-vivo studies

¢ Investigate the effect of tissue in-growth on fabrics and porous structures under physiological
conditions.



Bibliography

[1] Sauvage L. R. AndBerger K. E., Mansfield P. B., Wood S. J., Smith J. C,, and Overton J.
B. Future directions in the development of arterial prosthesis for small and medium calibre
arteries. Surgical Clinics of North America, 54(1), 1974.

[2] Niklason L. E. and Langer R. S. Advances in tissue engineering of blood vessels and other
tissues. Transplant Immunology, 5(4):303-306, 1997.

[3] Burkel W. E. The challenge of small diameter vascular grafts. Medical progress through
technology, 14:165-175, 1988.

[4] FlemmaR. J., Mullen D. C., and Leply D. Artocoronary Vein Bypass Grafting. Appleton-
Century-Crofts, N.Y., 1978.

[5] Huynh T., Abraham G., Murray J., Brockbank K., O-Hagen P., and Sullivan S. Remod-
elling of an acellular collagen graft into a physiological responsive neovessel. Nature
Biotechnology, 17:1083-1086, 1999.

[6] Hayashi K., Takamizawa K., Saito T., and Kira K. Elastic properties and strength of a novel
small-diameter, compliant polyurethane vascular graft. Journal of Biomedical Materials
Research (Applied Biomaterials), 23:229-244, 1989.

[7]1 Lyman D. J., Fazzio F. J., Voorhees H., and Robinson G. Compliance as a factor effecting
the patency of a copolyurethane vascular graft. Journal of Biomedical Materials Research,
12:337-345, 1978.

[8] Mooney D. J., Baldwin D. F., Suh N. P,, Vacanti J. P,, and Langer R. Novel approach
to fabricate porous sponges of poly d, l-latic-co-glycolic acid without the use of organic
solvents. Biomaterials, 17(14), 1996.

[9] Bezuidenhout D. Porous Polymeric Superstructures as In-Growth Scaffolds for Tissue-
Engineered Vascular Prosthesis. PhD thesis, Stellenbosch University, 2001.

[10] Zilla P. and Greisler H. P. Tissue Engineering of Vascular Prosthetic Grafts. R. G. Landes
Company, Austin, Texas U.S.A, 1999.

[11] How T. V., Guidon R., and Young S. K. Engineering design of vascular prosthesis. Proc.
Instn. Mech. Eng., 206, 1992.

[12] Hayashi K. Experimental approaches on measuring the mechanical properties and consti-
tutive laws of arterial walls. J. Biomech. Eng., 115:481-487, 1993.

[13] Baird R.N,, Kidsonl. G., L’Italien G. J., and Abbott W. M. Dynamic compliance of arterial
grafts. Am. J. Physiol., pages H568-H572, 1977.

[14] Stewart S. F. C. and Lyman D. J. Effects of vascular Graft/Natural artery compliance
mismatch on pulsatile flow. J Biomech., 25:297-310, 1992.

[15] Hasson J. E., Megerman J., and Abbott W. A. Increased compliance near vascular anasta-

190



Bibliography 191

mosis. J. Vasc. Surg., 2:419-423, 1985.

[16] SeifertK. B., Albo D., Knowlton H., and Lyman D. J. Effect of elasticty of prosthetic wall
on patency of small-diameter arterial prosthesis. Surg. Forum., 30:206-208, 1979.

[17] Weston M. W., Rhee K., and Tarbell J. M. Compliance and diameter mismatch affect the
wall shear rate distribution near end-to-end anastomosis. J. Biomech., 29:187-198, 1996.

[18] Ballyk P. D., Ojha M., Walsh C., and Butany J. Suture-induced intramural stresses and
intimal hyperplasia. Advances in Bioengineering, 33:213-214, 1996.

[19] Ballyk P. D., Walsh C., Butany J., and Ojha M. Compliance mismatch may promote graft-
artery intimal hyperplasia by altering suture-line stresses. J. Biomech., 31:229-237, 1998.

[20] Hess F., Jerusalem C., and Braun B. The endothelialisation of a fibrous polyurethane
microvascular prosthesis after implantation in the abdominal aorta of the rat. J. Cardiovasc.
Surgery, 24, 1986.

[21] MacKellar I. The mechanical design aspects of a small diameter vascular prosthesis. Mas-
ter’s thesis, University of Cape Town, 1998.

[22] Hughes A. G. Mechanical design aspects of a small diameter vascular graft with structured
porosity. Master’s thesis, University of Cape Town, December 1999.

[23] Fung Y. C. and Liu S. Q. Strain distribution in small blood vessels with zero stress state
taken into consideration. Am. J. Physiol., 264:H544-H552, 1992.

[24] Fung Y. C. and Liu S. Q. Determination of the mechanical properties of the different layers
of blood vessels in vivo. Proc. National academy of science USA, 92:2169-2173, 1995.

[25] Demiray H. A quasi-linear constitutive relation for arterial wall materials. J Biomech.,
29:1011-1014, 1996.

[26] Carmines D. V., McElhaney J. H., and Stack R. A piece-wise non-linear elastic stress
expression of human and pig coronary arteries tested in vitro. J. Biomech., 24:899-906,
1991.

[27] Takamizawa K., Hayashi K., and Matsuda T. Isometric biaxial tension of smooth muscle
in isolated cylindrical segments of rabbit arteries. American Journal of Physiology, 263
(Heart Circ. Physiol. 32):H30-H34, 1992.

[28] Dobrin P. B. and Mrkvicka R. Estimating the elastic modulus of non-atherosclerotic elastic
arteries. Journal of Hypertension, 10:87-810, 1992.

[29] Yu Q., Zhou J., and Fung Y. C. Neutral axis location in bending and young’s modulus of
different layers of arterial wall. American Journal of Physiology, 34:H52-H60, 1993.

[30] Haas K. S., Phillips S. J., Comerota A. J., and White J. V. The architecture of adventitial
elastin in the canine infrarenal aorta. The anatomical record, 230:86-96, 1991.

[31] Langewouters G. J., Wesseling K. H., and Goehard W. J. A. The static elastic properties of
45 human thoracic and 20 abdominal aortas in vitro and the parameters of a new model. J
Biomech., 17:425-435, 1984.



Bibliography 192

[32] Fung Y. C. Biomechanics: Mechanical Properties of Living Tissue. Springer-Verlag, New
York, 2nd edition, 1984.

[33] Choung C. J. and Fung Y. C. Compressibility and constitutive equations of arterial wall in
radial compression experiments. J. Biomech., 17:35-50, 1984.

[34] Takamizawa K. and Hayashi K. Strain energy density function and uniform strain hypoth-
esis for arterial mechanics. J Biomech., 9:293-300, 1987.

[35] Wu 8. G. and Lee G. C. On non-linear viscoelastic properties of arterial tissue. ASME J.
Biomech. Eng., 106:42-47, 1984.

[36] Young J. T., Vaishnav R. N, and Patel D. J. Non-linear anisotropic viscoelastic properties
of canine arterial segments. J. Biomech., 10:549-559, 1977.

[37] Bergel D. H. Cardiovascular Fluid Dynamics, volume 2. Academic Press, 1972.

[38] Mills C.J., Gabe I.T., Gault J.H., Mason D.T., Ross Jr. J., Braunwald E., and Shillingford
J.P. Pressure-flow relationships and vascular impedance in man. Cardiovascular Res.,
4:405-417, 1970.

[39] Rushmer R. F. Cardiovascular Dynamics. W. B. Saunders, Philadelphia, 3rd edition, 1970.

[40] Rhodin J. A. G. Architecture of the vessel wall. In Handbook of Physiology, Section 2:
The Cardiovascular System, volume II Vascular Smooth Muscle. American Physiological
Society Bethesda, MD, 1980.

[41] Levy B. I. The mechanical properties of the arterial wall in hypertension. Prostaglandins,
Leukotrienes and essential fatty acids, 54:39-43, 1996.

[42] Litalien G. J., Chandrasekar N.R., and Lamuraglia G. M. Biaxial elastic properties of
rat arteries in vivo: Influence of vascular wall cells on anisotropy. American Journal of
Physiology, 267 (Heart Circ. Physiol. 36):H574-H579, 1994.

[43] Langewouters G. J., Wesseling K. H., and Goedhard W. J. A. The pressure dependent
dynamic elasticity of 35 thoracic and 16 abdominal human aortas in vitro described by a
five component model. J. Biomech., 18:613-620, 1985.

[44] Von Maltzahn W. W., Besdo D., and Wiemer W. Elastic properties of arteries: A nonlinear
two-layer cylindrical model. J. Biomech., 14:389-397, 1981.

[45] Mohan D. and Melvin J. W. Failure properties of passive human aortic tissue 1: Uniaxial
tension tests. J. Biomech., 11:887-902, 1982.

[46] Humphery J. D. Mechanics of the arterial wall: Review and directions. Critical Reviews
in Biomedical Engineering, 23, 1995,

[47] Choung C.J. and Fung Y. C. On residual stresses in arteries. J. Biomech., 108:189-192,
1986.

[48] Hearn E. J. Mechanics of Materials, volume 1. Butterworth-Heinemann, Oxford, 2nd
edition, 1996.

[49] Hearn E. J. Mechanics of Materials, volume 2. Butterworth-Heinemann, Oxford, 1995.



Bibliography 193

[50] Chuong C.J. and Fung Y. C. Three-dimensional stress distribution in arteries. J. Biomech.,
105:268-274, 1983.

[51] Fung Y. C. Stress-Strain History Relations of Soft Tissues in Simple Elongation. Prentice-
Hall, Englewoods Cliffs, N.Y., 1972.

[52] Hutchinson K. J. Effect of variation of transmural pressure on the frequency response of
isolated segments of canine carotid arteries. Circulation Res., 35:742-751, 1974,

[53] Newman D. L., Bowden N. L. R., and Gosling R. G. The dynamic and static elastic
properties of the aorta of the dog. Cardiovasc. Res., 9:679-684, 1975.

[54] Greenwald S. E., Newman D. L., and Denyer H. T. Effect of smooth muscle activity on
the static and dynamic elastic properties of the rabbit carotid artery. Cardiovasc. Res.,
16:86-94, 1982,

[55] Dehoff P. H. On the nonlinear viscoelastic behaviour of soft biological tissues. J. Biomech.,
11:35-40, 1978.

[56] Decraemer W. F., Maes M. A., Van Huyes V. J., and Van Peperstracte P. A non-linear
viscoeleastic constitutive equation for soft biological tissues. J. Biomech., 13:559-564,
1980.

[57] Lyman D. J., Albo D., Jackson R., and Knutsen K. Development of a small diameter
vascular prosthesis. Trans. Am. Soc. Artif. Intern. Organs, XXI11I, 1977.

[58] Kidson I. G. and Abbott W. M. Low compliance and arterial graft occlusion. Circulation,
58(3):11-14, 1978.

[59] KidsonI. G. The effect of wall mechanical properties on patency of arterial graft. Annals
of the Royal College of Surgeons of England, 65:24-29, 1983.

[60] Belz G. G. Elastic properties and windkessel function of the human aorta. Cardiovascular
Drugs and Therapy, 9:73-83, 1995.

[61] O’Rourke M. F. and Brunner H. R. Introduction to arterial compliance and function, Jour-
nal of Hypertension, 10:53-S5, 1992,

[62] Walden R. and L’italien G.J. et al. Matched elastic properties and successful arterial graft-
ing. Arch. Surgery, 115:1166-1169, 1980.

[63] Tai N. R. M., Giudiceandrea A., Salacinski H. J., Seifalian A. M., and Hamilton G. In vivo
femoropopliteal arterial wall compliance in subjects with and without lower limb vascular
disease. J. of Vacsular Surgery, 30:936-945, 1999.

[64] Rosset E., Brunet C., and Rieu R. Viscoelastic properties of human arteries, methodology
and preliminary results. Surgical and Radiologic anatomy, 18:1996, 1996.

[65] Gupta B. S. and Kasyanov V. A. Biomechanics of human common carotid artery and design
of novel hybrid textile compliant vascular grafts. J. Biomed. Mat. Res., 34:341-349, 1997.

[66] Millam R. Design of an adventitial type of reinforcing of prosthetic vascular grafts through
mechanical affirmed material and structural modulation. Master’s thesis, University of



Bibliography 194

Cape Town, 2001.

[67] Tai N. R., Salacinski H. J., Edwards A., Hamilton G., and Seifalian A. M. Compliance
properties of conduits used in vascular reconstruction. British Journal of Surgery, 87:1516—
1524, 2000.

[68] Martz H., Beaudoin G., Paynter R., King M., Marceau D., and Guidoin R. Physiochem-
ical characterisation of a hydrophilic microporous vascular graft. Journal of Biomedical
Materials Research, 21:399-412, 1987.

[69] Kowligi R. R., Von Maltzahn W. W., and Eberhart R. C. Fabrication and characterisation
of small-diameter vascular prostheses. Journal of Biomedical Materials Research (Applied
Biomaterials), 22:245-256, 1988.

[70] Muller-Glauser W., Lehmann K. H., Bittmann P., Bay U., Dittes P., Von Segesser L., and
Turina M. A. Compliant small diameter vascular prosthesis lined with functional venous
endothelial cells. ASAIO Trans, 34(3):528-531, 1988.

[71] Uchida N. and Kambic H. et al. Compliance effects on small diameter polyurethane graft
patency. Journal of Biomedical Materials Research, 27:1269-1279, 1993,

[72] Edwards A., Carson R. J., Bowald S., and Quist W. C. Development of a microporous
compliant small bore vascular graft. Journal of biomaterials application, 10:171-187,
1995.

[73] Chen J. H., Laiw R. F,, Jiang S. F,, and Lee Y. D. Microporous segmented polyurethane
vascular graft: Dependency of graft morphology and mechanical properties on compo-
sitions and fabrication conditions. Jowrnal of Biomedical Materials Research (Applied
Biomaterials), 48:235-245, 1999.

[74] Peterson L. H., Jensen R. E., and Parnell J. Mechanical properties of arteries in vivo.
Circulation research, 8:622-639, 1960.

[75] Mangoni A. A. and Mircoli L. et al. Heart rate-dependence of arterial distensibility in vivo.
J. of Hypertension, 14:897-901, 1996.

[76] MacWilliams B. A., Hoffman A. H., and Savilonis B.J. Variation of arterial compliance
within the cardiac pressure pulse. J. of Biomechanics, 31:867-871, 1998.

[77] Seifalian A. M., Giudiceandrea A., Schmitz-Rixen T., and Hamilton G. Noncompliance:
The Silent Acceptance of a Villain, chapter 2, pages 45~58. 1999.

[78] Conti J. C. and Strope E. R. et al. Frequency dependent radial compliance of latex tubing.
Biomedical Science Instrumentation, 33:524-529, 1997.

[79] Hayashi K., Handa H., Nagasawa S., Okumura A., and Moritake K. Stiffness and elastic
behavior of human intracranial and extracranial arteries. J Biomechanics, 13:175-184,
1980.

[80] Kawasaki T., Sasayama S., Yagi S. I., Asakawa T., and Hirai T. Non-invasive assessment
of the age related changes in stiffness and major branches of the human arteries. Cardio-
vascular Research, 21:678-687, 1987.



Bibliography 195
[81] Binns R. L., Ku D. N,, and Stewart M. T. Optimal graft diameter: Effect of wall shear
stress on vascular healing. J. of Vascular Surgery, 10:326-37, 1989.

[82] Weinberg C. and Bell E. A blood vessel model constructed from collagen and cultured
vascular cells. Science, 231:397-400, 1986.

{83] L H. N,, Paquet S., Labbe R., Germain L., and Auger F. A complete biological tissue-
engineered human blood vessel. FASEB J., 12:47-56, 1998.

[84] L H. N., Germain L., and Auger F. Tissue engineering. Science, pages 16211622, 1999.

[85] De Cooman R., Vandeweerdt P., Berghmans H., and Koningsveld R. Solution spinning of
fibres with orientated porosity. J. Appl. Poly. Science, 60:1127-1135, 1996.

[86] Zhang Z., Marios Y., Guidoin R. G., Bull P., Marios M., How T., Laroche G., and King M.
W. Vascugraft polyurethane arterial prosthesis as femoro-popliteal and femoro-peroneal,
structural and chemical analysis of four excised grafts. Biomaterials, 18(2), 1997.

[87] Gibson L. J. and Ashby M. F. Cellular Solids: Structure and Properties. Pergamon Press,
1988.

[88] Ferry I. D. Viscoelastic Properties of Polymers. Wiley, N.Y., 1961.

[89] HulJ. L. and Teng J. G. Computational fabric mechanics: Present status and future trends.
Finite Elements in Analysis and Design, 21:225-237, 1996.

[90] Hatch K. L. Textile Science. West Publishing, N.Y., 1993.

{91] Lai W. M., Rubin D., and Krempl E. Introduction to Continuum Mechanics. Pergamon
Press, N.Y., 3rd edition, 1993,

{92] Malvern L. E. Introduction to the Mechanics of a Continuum Medium. Prentice-Hall,
Englewood Cliffs, New Jersey, 1969.

[93] Holzapfel G. A. Nonlinear Solid Mechanics. A Continuum Approach to Engineering. John
Wiley and Sons, Chichester, 2000.

[94] Hibbit, Karlsson, and Sorensen Inc. ABAQUS, Version 5.8, Theory Manual. 1997.
[95] Ogden R. W. Non-Linear Elastic Deformations. John Wiley and Sons, N.Y., 1984.

[96] Rivlin R. S. and Saunders D. W. Large elastic deformations of isotropic materials: VII
experiments on the deformation of rubber. Phil. Trans. Roy. Soc. Lond., A243:251-288,
1951.

[97] Rivlin R. S. Large elastic deformations of isotropic materials; IV: Further developments
of the general theory. Philos. Trans. Roy. Soc. London Ser., A241:379-397, 1948,

[98] Mooney M. A theory for large elastic deformation. J. Appl. Phys., 11:582-597, 1940.

[99] Swanson S. R. A constitutive model for high elongation elastic material. J. Eng. Mat. Tech.
ASME Trans., 107:110-114, 1984.

[100] Alexander H. A constitutive relation for rubber-like material. Int. J Eng. Sci., 6:549-563,



Bibliography 196

1968.

[101] Gadala M. S. A unified numerical treatment for hyperelastic and rubber-like constitutive
laws. Comm. Appl. Numerical Methods, 7:581-587, 1991.

[102] Stordkers B. On material representation and constitutive branching in finite compressible
elasticity. Journal of the Mechanics and Physics of Solids, 34(2):125-145, 1986.

[103] Mehrabadi M. M. and Nemat-Nasser S. Some basic kinematical relations for finite defor-
mations of continua. Mech. Mater., 6:127-138, 1987.

[104] Vaishnav R. N., Young J. T., and Patel D. J. Distribution of stresses and of strains-energy-
density through the wall thickness in a canine aortic segment. Circ. Res., 32:577-583,
1973.

[105] Treloar L. R. G. The Physics of Rubber Elasticity. Clarendon Press, Oxford, 2nd edition,
1958.

[106] Haas R. Annual report. National Advisory Committee for Aeronautics, Germany, 1917.
[107] Peirce F. T. Geometry of cloth structure. J. Text. Inst., 28:T45, 1937.

[108] Kawabata S., Postle R., and Niwa M. Objective specification of fabric quality, mechanical
properties and performance. Textile Machinery Society of Japan, 1982.

[109] Hu J. L. and Newton A. Modelling of tensile stress-strain curves of woven fabrics. J. Chin.
Text. Univ., 10:46-61, 1993.

[110] Hearle J. W. S., Grosberg P., and Backer S. Structural Mechanics of Fibers, Yarns and
Fabrics, volume 1. Wiley-Interscience, N. Y., 1969.

[111] GrosbergP. In Structural Mechanics of Fibers, Yarns and Fabrics. John Wiley Interscience,
England, 1969.

[112] Alsawaf F. B. 4 Model for Textile Tensile Curves. PhD thesis, University of Manchester
Institute of Science and Technology, 1985.

[113] Hearle J. W. S. and Shanahan W. J. An energy method for calculations in fabric mechanics,
parts 1 and 2. J. Text. Inst., 69:81-100, 1978.

[114] Sun W. Constituitive Modeling of Composites Incorporating Nonlinear and Three Dimen-
sional Effects. PhD thesis, Drexel University, 1992.

[115] Mathews J. H. Numerical Methods for Mathematics, Science and Engineering. Prentice
Hall Inc., Englewoods, N.J., 1992.

[116] Bais-Singh S. and Goswami B. C. Theoretical determination of the mechanical behaviour
of spun-bound nonwovens. J Text. Inst., 86:271-288, 1995.

[117] Bais-Singh S. and Goswami B. C. Prediction of the biaxial tensile deformation behavior
of spun-bound nonwovens. Text. Res. J., 1997.

[118] Collier J. R., Collier B. J., Toole G. O., and Sargrand S. M. Drape prediction by means of
finite element analysis. J. Text. Inst., 82:96-107, 1991.



Bibliography 197
[119] Kim J. H. Fabric Mechanics Analysis Using Large Deformation Orthotropic Shell Theory.
PhD thesis, North Carolina State University, 1991.

[120] GanL., Steven G. P, and Ly N. A finite element analysis of the draping of fabric. 6th Int.
Conference on Finite Element Methods, University of Sydney, pages 402-414, 1991.

[121] Ya W.R.,Kang T. J.,, and Lee J. K. Drape properties of woven fabrics. In Proc. 2nd Asian
Textile Conf., pages 455459, 1993.

[122] Kang T. J.,, Lee J., Yu W. R,, and Oh K. H. Prediction of woven fabric deformation using
finite element method. Proc. Int. Symp. on Fiber Science and Technology, Hong Kong,
pages 480481, 1994.

[123] British Standards Handbook 11. Methods of Test for Textiles, 1974.

[124] Cook R. D., Malkus D. S., and Plesha M. E. Concepts and Applications of Finite Element
Analysis. John Wiley and Sons, N. Y., 3rd edition, 1989.

[125]) Bumnett D. 8. Finite Element Analysis. Addison-Wesley, Reading, 1987.

[126] Crisfield M. A. Non-Linear Finite Element Analysis of Solids and Structures, volume 2
Advanced Topics. John Wiley and Sons, N.Y., 1997.

[127] Belytschko T., Liu W. K., and Moran B. Nonlinear Finite Elements for Continua and
Structures. John Wiley and Sons Ltd. England, 2000.

[128] Lindfield G. and Penny J. Numerical Methods Using Matlab. Ellis Horwood, N.Y., 1995,

[129] Ward A. and Seering W. An approach to computational aids for mechanical design. Pro-
ceedings of the International Conference on Engineering Design, 2:591-598, 1987.

[130] Faires J. D. and Burden R. L. Numerical Methods. PWS Publishing, Boston, 1993.

[131] Mitchell M. An Introduction to Genetic Algorithms. MIT Press, Cambridge, Massa-
chusetts, 1996.

[132] Dorea C. C. Y. Stopping rules for a random optimisation method. SIAM Journal of Control
and Optimisation, 28:841-850, 1990.

[133] Zuckerman D. Optimal stopping in a continuous search model. Journal of Applied Proba-
bility, 23:514-518, 1986.

[134] Holland J. H. Adaptation in Natural and Artificial Systems. MIT Press, Cambridge, Massa-
chusetts, second edition, 1992.

[135] Goldberg D. E. Genetic Algorithms in Search, Optimization, and Machine Learning.
Addison-Wesley, 1989.

[136] Rawlins G. J. E. Foundations of Genetic Algorithms. Morgan Kaufmann, San Mateo, CA,
1991.

[137] AkyildizI. and Shonkwiler R. Simulated annealing for throughput optimization in commu-
nication networks with window flow control. IEEE-ICC Conference Proceedings, 3:728—
738, 1990.



Bibliography 198

[138] Carlson S. E., Shonkwiler R., and Ingrim M. Component selection using genetic algo-
rithms. Advances in Design Automation 1993 Proceedings, 1:471476, 1993,

[139] Davis L. Handbook of Genetic Algorithims. Van Nostrand Reinhold, N.Y., 1991.

[140] Richardson J., Palmer M., Liepins G., and Hilliard M. Some guidelines for genetic al-
gorithms and penalty functions. Proceedings of the Third International Conference on
Genetic Algorithms, San Mateo, CA, pages 191-197, 1989.

[141] Michalewicz Z. and Janikow C. Z. Handling constraints in genetic algorithms. Proceedings
of the Fourth International Conference on Genetic Algorithms, San Mateo, CA, pages 151—
157, 1991.

{142] Michalewicz Z. A survey of constraint handling techniques in evolutionary computational
methods. Proceedings of the Fourth Annual Conference on Evolutionary Programming,
CA4, pages 135-155, 1995.

[143] Powell D. and Skolnick M. Using genetic algorithms in engineering design optimization
with non-linear constraints. Proceedings of the Fifth International Conference on Genetic
Algorithms, San Mateo, CA, pages 426-431, 1993,

[144] Shonkwiler R. and Van Vleck E. Parallel speed-up of monte carlo methods for global
optimization. Journal of Complexity, 10:64-95, 1994,

[145] Skalak S. C., Shonkewiler R., Babar S., and Aral M. Annealing a genetic algorithm over
constraints. Proceedings of IEEE Systems, CA, Oct. 11-14, 1998.

[146] Shonkwiler R., Mendivil F., and Deliu A. Genetic algorithms for the 1-d fractal inverse
problem. Proceedings of the Fourth International Conference on Genetic Algorithms, San
Mateo, CA, pages 495-501, 1991.

[147] Liu D. K., Yang Y. L., and Li Q. S§. Optimum positioning of actuators in tall buildings
using genetic algorithms. Computers and Structures, 81:2823-2827, 2003.

[148] Charara J., Ruel J., Lemay J., and Doillon C. J. Development of a flow simulator to study
haemodynamic behaviour of natural and artificial blood vessels under physiologic flow
conditions. Journal of Medical Engineering and Technology, 23(3):83-95, 1999,

[149] Giudiceandrea A., Salacinski H. J., Tai R. M., Punshon G., Hamilton G., and Seifalian A.
M. Development and evaluation of an ideal flow circuit: Assessing the dynamic behaviour
of endothelial cell seeded grafts. Journal of Artifical Organs, 3:16-24, 2000.

[150] Golledge J., Turner R. J., Harley S. L., Springall D. R., and Powell J. T. Development of
an in vitro model to study the response of saphenous vein endothelium to pulsatile arterial
flow and circumferential deformation. Eur. J. Vasc. Endovasc. Surg., 13:605-612, 1997.

[151] Schima H., Tsangaris S., Zilla P., Kadletz M., and Wolner E. Mechanical simulation of
shear stress on the walls of peripheral arteries. J. Biomechanics, 23(8):845-851, 1990.

[152] Schima H., Tsangaris S., Zilla P., Fasol R., and Kadletz M. Simulation of pulsatile wall
shear stress in peripheral arteries by means of a mock circulation., pages 189194, Karger,
N. Y, 1987.



Bibliography 199

[153] Law Y. F., Cobbold R. S. C., Johnston K. W., and Bascom P. A. J. Computer-controlled pul-
satile pump system for physiological flow simulation. Medical and Biological Engineering
and Computing, pages 590-595, 1987.

[154] Holdsworth D. W., Rickey D. W., Drangova M., Miller D. J., and Fenster A. Computer-
controlled positive displacement pump for physiological flow simulation. Medical and
Biological Engineering and Computing, pages 565-570, 1991,

[155] Labadie R. F., Antaki J. F., and Williams J. L. et al. Pulsatile perfusion system for ex-vivo
investigation of biochemical pathways in intact vascular tissue. American J. of Physiology,
270:H760-768, 1996.

[156] Brant A. M., Rodgers V. G. J.,, and Borovetz H. 8. Measurement in-vitro of pulsatile arterial
diameter using a helium-neon laser. J. of Applied Phsiology, 62(2):679—683, 1987.

[157] Hoeks A. P. G., Brands P. J., Willigers J. M., and Reneman R. S. Non-inavasive measure-
ment of mechanical properties of arteries in health and disease. Proc. Instn. Mech. Engrs.,
213(H):195-202, 1999.

[158] Roman M. J., Pini R,, Pickering T. G., and Devereux R. B. Non-invasive measurements of
arterial compliance in hypertensive compared with normotensive adults. J. Hypertension,
10(6):S115-S118, 1992.

[159] Meister J. J., Tardy Y., Stergiopulos N., Hayoz D., Brunner H. R., and Etienne J. D. Non-
invasive method for the assessment of non-linear elastic properties and stress of forearm
arteries in vivo. J. Hypertension, 10(6):523-826, 1992.

[160] Stadler R. W.,, Karl W. C,, and Lees R. S. New methods for arterial diameter measurement
from b-mode images. Ultrasound in Medicine and Biology, 22(1):25-34, 1996.

[161] Giannattasio C., Failla M., and Mangoni A. A. et al. Evaluation of arterial compliance in
humans. Clinical and Experimental Hypertension, 18(3 and 4):347-362, 1996.

[162] Wu 8. M., Shau Y. W., Chong F. C., and Hsieh F. J. Non-invasive assessment of arterial
distension waveforms using gradient-based hough transform and power doppler ultrasound
imaging. Medical and Biological Engineering and Computing, 39:627-632, 2001.

[163] Igo S. R., Meador J. W., and Frazier O. H. Comparitive in vitro evlauations of vascular
graft compliance during dynamic loading. American Society of Artificial Internal Organs
Transactions, 34.785--788, 1988.

[164] Sonoda H., Urayama S. 1., Takamizawa K., Nakayama Y., Uyama C., Yasui H., and Mat-
suda T. Compliant design of artifical graft: Compliance determination by new digital x-ray
imaging system-based method. Journal of Biomedical Materials Research, 60:191-195,
2002.

[165] Stok W., De Groot E., Kastelein J.J.P,, and Karemaker J.M. M-mode ultrasound imaging
of arterial wall movement and arterial wall thickness of distal carotid arteries in atheroscle-
rosis atudies. In Abstract to the 4th Pulse Wave Analysis Congress, London 2001.

[166] Murgo J. P, Cox R. H., and Peterson L. H. Cantilever transducer for continuous measure-
ment of arterial diameter in-vivo. J. of Applied Physiology, 31(6):948-953, 1971.



Bibliography 200
[167] American National Standard Association for the Advancement of Medical Instrumentation.
Cardiovascular Implants - Vascular Prosthesis, aami standard edition, 1994.

[168] ISO International Standard 7198. Cardiovascular Implants-Tubular Vascular Prosthesis,
1998.

[169] Hibbit, Karlsson, and Sorensen Inc. ABAQUS, Version 5.8, Users Manual, volume 1. 1997.
[170] Hibbit, Karlsson, and Sorensen Inc. ABAQUS, Version 5.8, Users Manual, volume I1. 1997.

[171] Hibbit, Karlsson, and Sorensen Inc. ABAQUS, Version 5.8, Users Manual, volume 111.
1997.

{172} Writing UMATs and VUMATS. In ABAQUS User’s Conference, Newport, Rhode Island,
1996. Hibbitt, Karlsson and Sorensen, Inc.

[173] Swokowski E.W. Calculus with Analytic Geometry. Prindle, Weber and Schmidt Publish-
ers, third edition, 1984,

{174] Gamble J., Matthias L., Meyer G., Kaur P, Russ G., Faull R., Berndt M, and Vadas M.
Regulation of in vitro capillary tube formation by anti-intergrin antibodies. J. Cell Biol.,
121(4):931-943, 1993.

[175] Kline S. J. and McClintock F. A. Describing uncertainties in single-sample experiments.
Mech. Eng., page 3, 1953.

[176] National Institute of Health, Publication no. 86-23. Guide for the Care and Use of Labo-
ratory Animals, Bethesda, Maryland, USA, 1985.

[177] Gadala M. S. Recent advances in numerical modeling of constitutive relations. Finite
Element in Analysis and Design, 24:171-185, 1997.

[178] Holzapfel G. A., Gasser T. C., and Ogden R. W. A new constitutive framework for arterial
wall mechanics and a comparitive study of material models. Journal of Elasticity, 61:1-48,
2000.



Appendix A
Mesh Sensitivity Analysis Results
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A3 Circuamferential tensile model parametric study results
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A.4 Longitudinal tensile model parametric study results

Figrure A 70 Schematic of longifudinagl fensile mimericu! model and oriticad points wsed in para-
mRerrie stndy
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Fabric Patch Test Results

B.1 Fabric single element fabric model parameter changes

Ckelell)

tiable B.1: Fabric model patch iest results with variaiion in model coefficens

X
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GA2 Uniaxial Tensile Model Results vs.
Test Data and SEM Images

C.1 SEM images of uniaxial tensile fabric samples

580 um

Fignre C.1: SFM images (50> of uniaxial tensile fabric test sampies; (a) sample 1: basic warp
ki, (B) sample 2. warp knitwith Lycra® suppori, (c) sample 3: coarse warp knit and (d) sample
4: monofilament warp fnt (Arrows indicate warp wefi direction)
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(.2 Uniaxial tensite test vs. numerical model data
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(.3 Transverse strain vs. numerical model data
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Figure C.3: Transverse strain vs. axial stram mpages for uniaxial fabric samples [ and 2 in the
wefl and worp divecliony
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Figure (. 4: Transverse strain vs. axial strain images for uniaxial fabric samples 3 and 4 in the
wefl ard warp directions
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GA1 Optimised Adventitial Reinforced
Graft Results

D.1 Dynamic data
D. L1 90-106 sm pore sized graft structures
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Table D.1: Compliance, dinneter and fabric circumferential strain values at diastolic and sys-
tolic pressures for 90-106um compesite grafis

D.1.2 106-125 ;1 pore sized graft structures
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D.1.3 125150 ;:m pore sized graft structores
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D.2 Static data
D.2.1 90-106 ;:m pore sized graft structures
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D.2.3 125-150 ;1m pore sized graft siructures
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D.3 Comparisons between various pore sized graft structures
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GA1 Circumferential and Longitudinal
Model Results

E.1 Comparisons between various pore sized graft structures
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E.2 Individual pore size solutions

Aturfanris B s

[ ] e, n
B) e
I -
1
L ] =
| - i |
] R T .'. 1
| s
®
i F o g
i i FH H Ve
= 1 o 1 E i 48
£ e i FL B | | = ] - Longhucira FiL Toigtion I|II =
- 1
§ vom = iyl FAL S ! i ‘E n - Cinamiemshal fran s | ! B
H = i — T £
£ e Cimun skl FAL Zuticnd 4 K i i RIAL % 1
", 4 —— Lirawmiswhal fden fi oo T &
- Lomjhafinl S Sakier ] | S i i
o S = 4 Longed i L St 3 ¥
- Loikai i St % 3 —— Charehsl Fran P k&
LongHuud md Srain Sedios 3 55 | Cleandarm i S S S " e
. = i
. cppe
OEmBE 8 @ BoECO; ||-0=l"""'|!:I " s i U AT ol i sy = — O &
n H n = n Y ] W 5 " ] T Fd kS * o & W
it ambeveniad Town FA Lan ginsd il S 54
W | - — N ] ) et — i L
P Sy _ F
i = D] Sy -
Cy - a N~ |
T 1
= I . Phal =3
il m |7
| %
s | ~
e [ f E | |
1 . :
o ;.,‘_“- S oF - T il Y
= | oo Al g i | |
— = | I | -
% -+ Chvarviverilal FL Taetion | | M"\u‘ .'f i i- . | ' Longaukral AL St 1 Il |
| =, i ; |
E NG~ —— Cimmdereri |1 St i | | .M.i E E s L s Lengied-e EAL Sainn 2 |' |
i , |
s & Caecurrma s FL S0 3 |II B Tl “ | L LR T |I |
H 1y, i ]
¥ gl Sran w1 i i & Canunfassiel S S 1 |
o ] iy i J
- rghurinnl mn ke m T JI 3 -n : £ vkl S Sckon 2 I{
! H I
|| ot Lo e B Sk 3 ; ; Gkl S Siion
! P o L A
Rt e A i !
i 5 . A P —— e .
n 1o [ o = m [ £ T " L] = W 5 " a5
rardera wrEn Longtd e Bmin W
A - A 1= 14 i
A | P,
e
E}) Wy | B ey
w E, ]:l 1
o te U] i | T
=, B l | Z
" i
w %
W b a
P M I .
P 3 if 4 o g
-
& ‘. - ll_|| 8 Z
’ | ; H
E v Aol L Skl 1| . b ~l H 5 | 5 Lorepetrmi FiL Sk §
im e Carcuminesrmal § 1 Sinkion "-#'i % i a E L ¢ Longphafmi il Sokikon
= & Clkumberda T ka0 " (= e %:3 = -+ Ligjurd-u =0 kb
L 1y L
{ = Longhiired i tokion 1 ‘:Ir L Rt T il = e .j:l
L =] i " : ‘:_. - ¥ § &TED v g
|— Longrashrad rsn Spilon 2 o i C s roumerantel Sin Sollon 7 i
3 L] . o
| Lnnaihom e 2o r % Ciroumibankal B Scken P
| & K
+ A - T
pemmnE m ow, " R — B ] T Ee— n " e
L i 1] ] E] [ El o = £l - 5 5 = -
Lanphdine Srain-g

Figure E. 3: Circumferential and longitudinal force per wnmit length vs. strain for (a) & (b)
90-106 1m, (c) & (d) 106-125 pim and (e} & (fj 125-150 jum



Appendix F

Static and Dynamic Compliance Data

for Graft Samples

F.1 Static data
F.1.1 90-106 ;:m static compliance curves
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and prototype 1. (¢} & (d) compiled static P vs. Ad/dg for (a) & (b)
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F.1.2 106-125 ;sm static compliance curves
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Figmre F2: Static PP vs d eurves for 106-125 jum grafi sumples; (a) with latex liner, (b) with latex
aid protorype 1 (o) & (d) compiled static P vs. Adfdy for fa) & (b
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F.1.3 125150 4m static compliance curves
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Ficure I 3: Static PP vs. d curves for {25-150 pm graft samples; (aj with latex liner, (b) with latex
and prototvpe 1. () & (d) compiled static P vs. Ad/dy for ta) & (b)
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F.2 Dynamic data

E2.1 Dynamic compliance curves
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Static and Dynamic Comphiance Data for Graft Samples
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F.3 Compiled compliance data
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table F1: Compiled complianee test data for graft samples
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Table F2: Complianee test data for sificon grafis



Appendix G
Compliance Conversions

G.1 Volume to diameter compliance

Volume compliance Cy defined by
AV
V" VAP
where V is the internal volume of a vessel, AP is the change in pressure and AV the change in

x 100 x 100  (%/100mmHg) , (G.1)

internal volume due to AP. The volume of a unit length [ of a vessel is given by
wd?
4

where d; is the internal diameter of the vessel. When the pressure rises by AP the diameter

increases by Ad;, and the fraction change in volume &£ is

AV 7(di + Ady)? — 7
vV nd?
2d;Ad; + Ad?

d
20d;  Ad?
 TEZ

V=

x1, (G.2)

2
The term %‘éﬁ is small with respect to Z%di so it can be disregarded. Thus

AV 2Ad;
VAP = 4AP

But the definition of Diameter Compliance (C}) is

Ad; .
Ci= 775 X 100X 100  (%/100mmHg) . (G.4)

(G.3)

Thus
C, = 2Cy (G.5)

G.2 Internal to external diameter compliance

Assuming that the vessel wall has thickness w and is incompressible, from equation (G.4) we

G XXXI
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XXX
have
ot = dff;v x 100'x 100
= %fix%xlﬁipxl()()xloo.

But Ad; = Ad,, as wall thickness does not vary. Thus

d.
E % Cdexternal . (G’6)

Cinternal —
p =





