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Figure 2.2: Pressure andj/ow waveforms in the human aneria! free [38] 

Figure 2.3 shows the variation of mean blood pres~,ure in both arteries and veins through the 

body_ The bar on the right of the human figure sl-Im>,'s the variation of mean blood pressure up 

the human hody in the veins (left scale) and the arteries (right ocalc) .The higherup the body, the 

lower the mean blood pressure_ 
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Figure 2.3: Mean blood pressure dislrihution across the human hody [39J 
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2.4 Histology of blood vessels 
The histology of blood vessels is all important aspect to consider before studying synthetic reo 

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

2.4.1 Tissue types found ill blood vessels 

Blood vessels consist of six major cell/tissue types. The cellular components inc1l!de endothelial 

cells (EC), 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 10 the mechanical properties of the artery. 

Collagen (Stiffening) lypically forms long fibres, bound together in bundles which have a 

serplglOus (wavy) form. Collagenhas ahigh elastic modulus about 1 GPa and a low extensibility, 

where a maximum strain of 2·4 % can be observed. Due to the sCllJigious (wavy) fonn, length 

change can be seen \vithoul strain due to the initial alignment. 

Elastin (Rubber-like) is a typical protein which has a low elastic modulus in the region of 

0.300-0.6 MPa and a high extensibility where strains of up to 130 % are commonly observed. 

Elastin has similar properties 10 thaI of rubber. 

Smooth muscle cells, SMC (Pre-tensioning and responsive) are the major cellular component 

of a vessel wall and arc spindle shaped with typical lengths of 20,50 /-tm and diameters of 5, 

10/-tm. Th,s cell type help~ pre-stress the blood ve~sel wall. Some smooth muscles respond to 

the pressure wave by contracting periodically. 

Ground substa&e (Nodules) are mainly mucopolysaccharides and are cement-like nodules 

which hold components in some regubr configuration. nus is similar to the action of carbon in 

steeL 

Endothelial cells, EC (Regulating) are highly sophisticated cells, which have no apparent 

efIect on the mechanical properties of the blood vessels apart from regulating the shear stress on 

the lumen wall. 1be release of growth und response factors by the EC achieves lhis regulation, 

controlling SMC contraction and wall tissue growth and structure. 

2.4.2 Typical structures {)fyarious blood vessels 

A lypical blood vessel wall is composed of three majorcollCentric layers (tunics): namely; tunica 

advenlitia (lhe outermost layer or tunica external), tunica media (internal to the adventitia) and 

thc tunica intima (found nearest the lumen). Separating these layers in some blood vessels are 

elastic laminae. Figure 2.4 shows diagrammatically these layers and their location within a blood 

vessel waiL 

"The tunica inlllna (Endothelial Layer) is the layer of endothelium cells covering the lumen 

as well as a basement membrane of sub-endothelial connective tissue with fibroblasts and con, 

nective tissue fibres, some of which run longitudinall y. The inner elastic lamifUl (JEL) is a layer 

composed of an accumulation of elastic fibres. This is the outermost component of the tlUlica 
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intima and is found in arterioles greater than 6211m in size. 

Tunica adventitia 
(colIDXtivc tiSSue) 

ExtmlOll clastic 
lamina - ___ ~ 

Tunicamedia 

lamina 

(endothelium) 

Figure 2.4: General structure o/blood vessels 

The tunica media is composed primarily of circumferentiaHy arranged SMC and connective 

tissue fibres, where fibroblasts are sometimes present. These fibres are fonned by specialised 

SMC. The erremai elastic lamina (EEL) is a concenrration of elastic fibres formingtheoutermost 

component of the tunica media. While the I1mica adwlllitia is the outermost layer composed 

primarily oflongitudinally-arranged, moderately dense, connective tissue, consisting of collagen 

bundles loosely connected by elastin 

2.4.3 Variation ofvessd wall structure along the human circulatory s~'~tem 

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 variatiOlls of the gen­

eral structure described earlier with the exception of the capillaries. These differences and the 

percentage make-up of each layer wiThin the vessel wall depend on the locatiOll and size of The 

vessel within the body. Figure 2.5 below shows a simple schematic of the human blood vessel 

system with the variation of wall structure along the circulatory system 

Artt'ries. Arteries can be classified in three groups: large elastic arteries, small to medium-

sized muscular arteries, and arterioles. The transition between these groups is not sharp, so 

intennediatetypes exist which possess the characteristics of two ofthemajor 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 composition and vice Verlla, the following is a summary of the characteristic arrangement of 

the various artery sizes. Inrge elastic arleries (¢> - l 0-25 mm. example: Aurta). The EC ofthe 

intima may be polygonal. The sub-endothelial connective tissue is relatively thick with many 

fibres, and the JEL i~ not a~ distinct as in muscular arteries. The media contains SMC and 



Univ
ers

ity
 of

  C
ap

e Tow
n

(,h~pter 2 n,e Structure and Mc.:hanics of Arteries and the ReqUlrermllts ofa Prosthetic Graft 10 

has much elastic fibre fonning many thin rnbular elastic membranes (ela~tic lamina). The high 

elastic content allows expansion to accommodate excess blood during ventricular contraction 

and diminishes pulsatile delivery to the peripheral vessels. The EEL is indistinct 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 aroond the vessel. Over-distention of the intima and 

media is prevented by the adventitia. 

---

iii ----.............. -........ ' .......... -- ~ 

Figure 2,5: Varia/lOn of vessel wall proper/ies along circulatory sys/em [40] 

Med/llm-sized mllscu/ar arteries (1)=05-10 lllIll, example: Femural). 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. 

Coilagen may also be present Smaller arteries in this groop have a relatively low elastic fibre 

content while the larger arteries have increa~ing quantities of elastin. Autonomic nervous control 

of the SMC in the media helps regulate the distribution ofblood flow to the various tissues and 

organs. The EEL of these vessels i~ well developed. The adventitia of these vessel~ is usually 

thinner than the media and compri5e~ mainly of collagen with some elastic fibres p£esent 

Arterioles (1)= 0.05-0.5 mm). The intima is very thin with little or no sub-endothelial connec­

tive tis~ue. The TEL is not distinct and consii\t~ ofa 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 

in arterioles i~ also important in controlling blood 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 body is the aorta which in an adult ha~ a diameter of ±25 mm 



Univ
ers

ity
 of

  C
ap

e Tow
n

Chapter 2: The ~U"C(urc and Mechanics of Arteries and the R"'IIJ1CCl11Cnts of a 'Prosthetic Graft II 

and a wall thickness of ±1.2 mm, while lhe ~m~llest arteriole has a diametcr of ±8,.m and a wall 

thickne~s of ±0.2/lm. 

\'ein ~. Veins can be cla.~sifiro ,IS venulcs, small"mcdium veins, and large veins. General ly, 

the boundaries betwcen tunicae arc not sharp in Ihese vessels. The tunica intima is normally very 

thin where smooth muscle may be present., arnl11ged 10ngJludinal ly. An TEL can only be seen in 

larger veins. The media varies in size and tends 10 1,lck dcfinllion. Vein wall ~ genenilly h,lve more 

collagen lhan any olher tis~ue component and are vcry thin compared wilh the lumen size. Very 

little smooth muscle and clastic fibre is pre.~ent in veins and if fOUlld, they tend to he arranged 

in a splnll fa.~hion. No diMinct EEL i~ found, whereas the adventitia i~ thicker, consisling of 

fibrous comlcctivc tissue where longitudinally or spirally-oricnted bundles of smooth mu~clc can 

be present Medium-sized vcins oftcn have valves, which aid the movement ofthc blood UIldcr 

low pressure. Although great variability exists, the fol lowing is a summary of the components 

charw;teristically found in veins of various si/.e. Large Veins (¢ - 1 0-25 mm; examples: Vena 

C,avae, Porlal win). In the intima of these ves~e1s, sub-endolhclial connective tissue is nearly 

always present as well as longitudinal smooth muscle. A delicate JEL can be ob~erved while the 

media i~ generally very thin and has little or no circumferential smoolh muscle. Thc ,Idventitia 

is VCl)' thick in comp,lrison to both the intima and media, and in addition to coHagcn bundlcs it 

consists of longitudinal or spiral ~mooth musclc bundlcs. 

Small /() medium veins (00 - 0.2-lOmm; example: Saphenous). In the intima lhe Ee may be 

polygonal where ~mall amoWlt~ of sub-endothelial connective tissue may be prcscnt. Longitu­

dinal or spiral smooth muscle fibres are ,Il~o present, while elastic fibres, when present, fonn ,I 

diffuse internal elastic membrane . The mcttia is thin \vith ~piral bundles of smooth muscle sepa­

rated by collagen. In thc lower extremities of the body there IS more longitudinal smooth muscle. 

The adventitia in these vessels is well developed, where coHagen and elastic fibres predominate. 

Longitudinally or spirally-oriented smooth muscles may ,11so be present near the media. 

Venules(q, <0.2 mm). The intima in these veins is composed predommantly of endolhelium. 

Thc mcdia is very thin and cont,lins onc to thrce l'lyers of SMC, where scattered elastic fibres 

are sometimes present. The ,Idventitia is the thickest part of the vessel wal l and i ~ composed 

primarily of longitudinal rollagcn bundles. 

Comparison of arteri es a nd veins of the same size. Thc lwnen of an aTlery is always 

smaller than that of the accompanying sized vein, while an artery's wall is always thicker and 

contains more smooth muscle and elastic fibres. Vein walls tend to contain mOre collagen, where 

typic,11 elastin-collagen nltio~ of some blood vessels are 2.0 for the intrathoracic aOl1a, 0.5 for 

olher arterie~ and 0.33 for veins [32]. An lEL is always prescnt 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 complcx a:; a re:;uU of their complex comlXlsite 

strudurc. Generally, blood w:;~cb ~an be ideali>ed as l1onlinear, anisotropic and incompressible 

elastic vessels. They are also pre-stressed, both longitudinally and circumfcrentially. Mu~h work 

has been done 132, 41· 45] to quantify these mechanical propcrtic:;; a summary follows. 

I Dcomprcssibility, Carew e/ <II .. Lay,'ton, Dobrin and Rovick [46] have all shov.ll that artery 

deformation is approximately isochoric (the volume remains constant). Chollilg and rung [331 

measured fluid extrusion during the compression of rabbit aortic walls and reported thatthc com­

pression stiffness increased slightly due to small amounts of fluid being cxtlUded. However, the 

amount offluid dispelled (compre~sibi1ity) is dependcnt On the extent oflhe loading. The results 

of these im-estigations have shown that it is reasonable to assrune that arteries are incompressible 

under physiological loadings. 

Pre-stressed slate, Arleries have been observed to be in a pre-stressed state when no 

internal pressure is present [23,47]. This is demonstrated in l'igure 2.6 which shows the pre­

stressed nature of a rat's pulmonary artery and a hrunan's ileal artery. Figure 2.6 (a) shows 

the pres>uri:;ed stat~ (physiological pressure, fa! & hrunan), (b) the non-pressurised statc~ (the 

aneries have a burJ<:hed-up, corr"gated appearan<;e due to intcrnal wmpres~ive stre :;~), and (c) 

the zero-stress state (when the "esse! is sliced open longitudinally). 

", ," - "< 0 ,,,.,, '. 

-,~- 0 o 
-"'-.rl 

Figure 2.6' In vim, no-load and zero stress Slares of a rats pulmonary and a humans ileal arrerie,~ 
[23] 

Arteries can be regarded geornetrkally a, thick-walled ~ylil1ders. For a typical e!astic thick 

walled cylinder with an internal pre :;~ure, the cir~umferential stres:; de~rea~e ~ through the wall 

thicklles:; to the outer :;urlace '¥ith the inverse square of the radius, while the axial ~tres, is 

wn~tant throughom th<! wall, and the radial stress is a maximum comprcssiw strc~:; On the inner 

surfacc and reduces to zero at the outer surface [4~]. 

To reduce the maximum circrunferential stress experienced on the inner surface of a thick-
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walled cylinder due to an internal pressure, one may pre-stress the inner section of a cylinder. 

This can ea~ily be demonslTated III the ease of a com)XIund cylinder, \\(here an outer cylinder is 

shrunk onto an inner sleeve, thereby inducing compressive stresse~ on the inner sleeve, under no 

load conditions. When an internal pressure is applied, the stress distribution through the COll­

pound cylmder wall in the circumferential direction is reduced due 10 the influence of the initial 

pre-stressed state. This is ~een diagrammatically for Ihe cirellmferential stress in Figures 2.7 

(a), (b) and (e). This can also be observed in the longitudinal and radial direclions, although 

pre-stussing in the radial directiml can only be obsClTed at the interface of the compound cylin­

ders and does not help reduce Ihe radial stress at Ihe inner or outer surface, as demon~lrated in 

Fjgure~ 2.7 (d) and (e). 

Therefore, the pre-stressed state of arteries helps reduce the peak internal wall stTe~ses and 

helps create a UnifOlTIl stress state through the wall thickness, thus allowing the artery to operate 

at a lower stress stare, similar to that obSCl"\fcd at the intCTface of the compollnd cylinders in 

Figure 2.7. 

(h) Sl ... in~'~. "nl)' (e) C."lbi •• J ,hrl.kog. 
oml in!ornal W."U'" 

~\:,­
H'+1 -1-' I ~ ___ ~"."'. 

Y 

(djlloopS"' .... (0) R.dial SIT ... ", 

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

Much work has hecn done in the way ofmea,;uring and observing the pre-stressed "tates of 

arteries (23,47,50]. The degree of pre-stre~sing is nonnally determined by the opening angle~ 

made by the artery wall when sliced open longitudinally and in the zero-stress state. Figure 2.8 

schemalically defines these angles. 

Pre-stressing ofthc artery is also found in the longitudinal direction. During growth from in­

fancy arteries stretch longitudinally, causing tension, which helps regulate length changes during 

the cardiac cycle due 10 pressure and ViSCOllll drag forces. The length mcrease of the ahdomi-
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• '9--

Ngllre 2,8: AnKles Iised /0 measure pre-stressed stares qfbfood "".'ise!s [32] 

nal aorta is usually I % while the pulmonary and the aocending aorta increase by 5-11 % during 

the cardiac cycle [SOl- It should also be noted from the hi~tology of the blood vessels that at the 

extremities smooth muscles are longitudinally orientated to curb this response, 

Nonlinear mechanical behaviour. The mechanical behaviour of most biological tissue. 

including blood vessels is nonlinear, Figure 2,9 show~ the pressure·~train relationship ofa lypical 

blood vessel and the existence of hysteresis as shown by the area between the loading and otT­

loading curves, 

_ """,k..,;l EI""io 
• • 

, 
,~" 

, 
, 

~ : F' .. ,oo 

,;;;;;: , 

'''"' 
Figure 2.9: 1he nonlinear elastic andviscoeiaslic !x:Jxwiour of blood vessel tisslle "nd lhe inter­
action !x:tween coll"Ken W1d e[a)'lin. 

Since the mechanical effects of the intima can be considered negligible in compari~on to those 

of the media and adventitia, the blood vessel can be treated as a compound vessel of the media 

and the adventitia (as shown in 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 physiological pressure range, arteries are under 

cyclic loading between 10.6-16.0 lPa (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 load is seen to transfer to the adventitia and the stress-
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2.7 Prosthetic grafts 
Two groups of prosthetic grafts, biological and synthetic. arc currently available, The merils of 

biological grafts far outweigh those of the synthetic in tenns of patency and success, however, 

biological grafts arc often difficult 10 oolalll. Fif,'Ure 2, 10 below shows the graft types and the 

trend toy,'ards combining the two distinct group; to obtain a combined biosyn\hetie graft. 

~t 

-----~ 

- "_. ,"'.-- ~ -. ~. -.-_.- ,-- • • -. 
Ic§' I ~ ---~ - u .... "'" -- """"'" ' ........ , 

•• '-, ~ 

• 

• 

,,-,-, 
,"",,"," ""' ~ ---_. 
~.---

Figure 2.IV- Pm",helic grafltype.1 

2,7.1 Biological grafts 

The body of biological grafts include; aUlografts (veins or arteries obtained from the host), ho--­

mografts (veins and arteries obtained from anOlher human being), heterografts (veins and alteries 

obtained from mammals). and ti;suc engineered grafts (cultured). Autografh currently have the 

highest SLlecess; however as described earlier il is not always feasible to obtain good undiseased 

samples from the host in the right length [5]. Homo--- and heterografts tend to be rttiocted by 

the hosl unless the host is heavily lreated against biological reactioos Allogralls and xenograft; 

arc crosslink lreated or fixed homo- and heterogralh, giving a more biostable graft This fix· 

ing, however, caw;es a redLlC\ion in graft patency as eross"linking causes stiffening and a marked 

redLiction in compliance. 

Recent bi~ogica1 graft developments include the novel tissue enginccred (IE) grafts. These 

were pioneered by Weinburg and Bell [82] who cultLired SMC and bovine collagen in annular 

molds over one month with an extemal Dacron@ sleeve. ['urther work includes that of Auger <II 
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al. [83,84], who utilised a completely biological approach where SMC from the umbilical cord 

and fibroblasts from adult dennis (skin) were combined. The SMC and coHagen were culll.lred 

and then wrapped around a mandrel in sequential layers. This was then placed in a bio-reactor 

for fwther culturing, taking a total of one to two months to manufacture. Figure 2. I I shows 

the biological graft prod~d by Auger e/ al. and the three distinct layers of lamina, media and 

adventitia through the wall. 

Figure 2.1 J: 1issue <!ngi/Jeered graft; (aJ compl<!l<! specime/J and (b) wall cross-sec/ion showing 
dis/inc/layers of lamina, media and adwntitw [84] 

These grafts have well structured layers and organised collagen and elastin which resemble 

those of a natural vessel. Preliminary tests on dogs have shown that these grafts are suitable 

for suturing, and exhibit a 50% patency after seven days when inter-layer blood infiltrations are 

obselVed (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 saphenrus 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 grafts have a high patency, unfortunately they are not readily avail­

able. The cross-linking of naturally occurring biological grafts causes a dnlstic 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 Syntbetic grafts 

Dacron'll, e-PTFE (expanded Tetloo@), Nylon, and otherbiomedically stable polymers form the 

body of synthetic grafts. The advantages ofsyllthetic over biological grafts 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 grafts have shown limited success ifused as 

small diameter conduits. Manufacturing technology and a detailed understanding of blood vessel 

mechanics is lacking. Dacron®. e-PTFE and polyurethane structures fonn the majority of the 

synthetic group FiglJres 2.12 a), b) and c) show the micro-structures of each of these synthetic 

graft groups. 
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a) e-PTfE b) Dacron c) Porous Polymer 

Figure 2.12: VariollS ~}71thetic graft micro-structures 

Exp~udcd Tefl on grafts. Expanded Tefion® (e-PTFE) is an ~xceptionally strung, chemi-

cally incn, gas pcnneahle. hydrophobic and biocompatable materia\. making il usef"l as a syn­

thetic grail:. Expanded Tcfion'~ grafts were first introduced in 1975, and were produced by 

extrudmg PTFE tub~s which are then expanded at high temperature. resulting in a highly porous 

graft structure. The porous structure COIlsisis of a s~ri ~s of solid nodes of PTFE with intcr­

connecting small fibrils (sce Figure 2.12 all. The pores are elliptical splines with a dimension 

of 5-1 0 ,tm wide and 5-JOO Itm long with interconnecting fihrils having a diameter of less lhan 

0.5 ,um. This microstructure leads to an aniSOlropic material bchaviourwhichis strong in tension 

while weak in compr~ssion. The pore structurc is created during th~ expansion proc~ss, wher~ 

onentated pores ar~ producoo in the direction of apansion. Initial problems wilh ~-PTFE grafts 

included material creep and dilation; these were overcom~ by r~ inforcing or increasing the wall 

thickness, which invariably reduced compliance. These grafts are somctimes seeded with EC to 

help reduce the thrumbogenetic nature of the graft surface. 

D~cro" grafts. Following the discovery that cells grew on silk thre<!ds exposed to b lood 

by Voorhees in 1952. woven and knitted grafts Were introduced in the early 1970's [3]. Dacron® 

grafts are part of the textile grafts available and are formed from polyester multifilament yams. 

Two fonus of textile grafts are available, viz. woven and knitted. Woven Dacron® grafts tend to 

he slitfbolh radial ly and longitudinally and are thus structurally sound, but their compliance is 

poor. These woven grafts tend to have a low porosity and Iherefore do nol require pre-clotting. 

Woven grafts tend to fray and have a low suturahility. 

Knitted Dacron@ grafts tend to be highly porous compared to woven grafts and thus require 

pre-dOlling bcforeuse. The si;o;e of yam and type ofknil define porosity and with this variation of 

knit structure a certain amount of variation III the mechanical response can be achieved. Knitted 

grafts lend to be more compliant and do not fray to the ~xt~nt of woven structures, this makes 

them highly 51lturablc. 

Table 2.2 compare5 the characteristics of woven andknittoo Dacron® grafts to a typical artery. 

Novel designs in the line of textile grafts include a solution spinning technique used by 

Cooman et al. [85] to create an orientated fibre porosity. Z~ Zhang et al. [86] developed a fi­

broilS prosthesis made from a polycarbonate urethane. The lechnique creates communicating 
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1i:Jble 2.2.- Properties of various gu(ft wall strucnm!s 

pore, in the wall stmcture but!1(l orientation, Lymun fI al. [57] produc~d a Dacronrb reinl'orCi:d 

porous pro~lhe~i~ u,j ng a coagulation process. Gupta et al. [65] de\'e1oped a hybrid ",,,ven texti le 

graft; the graft bad a tv,,,-lay~r construct made fmm two dift(:r~nt clastic materials: an ilm~r fab­

ric luy~r 01' low clastic modulus polyuretbane yarn and an oukr lay~r ol'high mooulus poly~'kr 

yarn. 

Figur~ 2.13 shows a compariwn 01' load-elongation curves for Dacmn(i; and e-PTFE grafts, 

and nalural blood v~sscls. As can be >e~n_ CUlT~nl Ducrnn1D und Tel1on1D graft, are highly non­

complianl, \hu' r~ducing patency. 

Load 

I 
Dacron 

/ Teflon 

Elongation 

AMuminal aorta 

Femora! artery 

Figure 2,13, Compwl,mn (!fsy"lh~lic grafts with narural blood vessels 

Polyurethane g,·aft,. Thc mOSl recerrt development> in prosthdic d~sign include porous 

polymer gmfts, Th~~~ gr~J1..~ are advantag~ous, since well-developed. oricntukd POl'C structures 

can be produc~d rdalively ~asily. Early work in porous pro>tbdics includes Ih~l oj' Huyashi et 

"I, [61 wh~r~ ~ polyurethane porous prosthesis wos proouc~d lJ.~ing ~i1icon rublxr addiliv~,; a 

phas~ ~eparation technique was uscd to Jorm the pores ~nd a poly~ster net ~xkrnally rcinfi)rc~d 

th~ strucmre, Lyman l57] us~d a precipilalion method in the formation of a polyurethane foam, 

and a polyester mesh was inlroouced 10 r~inJorce the structur~, This gmft structure showed a lin­

~ar clastic response witb a relativdy low d<!.~tic modulus compar~d to other synthetic grafts. The 

wall thickness thus had to be iner~as~d 10 oblain th~ correct complianc~ and an external rdn­

forcing added to ensure lh~ gr~n~ integl;ly_ Polyurethanc gmft> are advantageous as they can be 

moulded into any 10n11 wilh a high degree of porosity (up to 90 % [87]), giving gr~ater compli­

ance and muking them well-suit~d for small ves>elr~placcment. How~\-~r, Il-..:y ~re slJ'uclur~lly 



Univ
ers

ity
 of

  C
ap

e Tow
n

Chapter 2: The Stmctun; and ~kchanics of 4.r(crie, and the ReqUln;ments ofa Pro,thclic Gran 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 beweak and requires strenb>1hening, Wound reinforcing was 

initially 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 ~osthetic scaffold remains highly porous and retains its well­

defined channels to the lumen surface, an adventitial style grail is proposed, in which a loosely 

attached, highly porous fabric supports the porous snucture externally, It is hoped that this fabric 

structure will mimic the mechanical behavioor of the natural host vessel and distribute the stress 

uniformly over the poroos scaffold. 

This thesis is concerned with the development of such a reinforcing structure. Figure 2,14 

shows the concept, in which a well established inner porous structure with little mechanical 

strength provides a scaffold for tissue regeneration, and the fabric externally reinforces this scaf­

fold, providing the graft's integrity and mechanical requirements, while pennitting cellular ac­

tivity to take place throogh it, 

The "Ad,-entitial" graft ,~ 

I:..J' • 1o,m '-

• • 25"" 

Micro-porous '~~_ 
,lnJ(;turc 

(in-gro"lh sc~rrold) 

·'Adven[itial" f~bric ~""f'~~m 'Im'''h~''''''''"i') __ .t 

rubric reinforetm~'Ill 
. lloW:! cd], ,,..,, 

CellulM' 

Fi~re 2.14: Thefabric reififofCed advenlitml graft mncepT 
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Polymoro 
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Figure 3.1: Dil'i.\lV/l vf/he polymer groups 

"'ow,", .. " 
C<ysto'- I 

I~ 
Fixure 3_2: Crystalline and amorphous stmc/ures 

3.2.2 Synthetic polymers 

Synthe!ic polymers can be subdivided into two group,_ namely, thelmoplaslics and lhermosets, 

Due to the difference in structure and chemical bonds; thelmoplastics and lhermosets display 

different mechanical properties. Elastomers, which can be either thennoplastics or thennosets. 

are rubber-like materials which are highly clastic, 

Thl'rmoplastics. Thennoplas~cs are those polymers which soften on heating and harden 

on cooling_ These processes can be repeated many times 'without changing the polymers' chem­

ical and mechanical properties once cooled, Thermoplastics account ror the majority or plastics 

available: examples include polyethylene, PTFE (Teflon®). PET (Dacl'On®) and Nylon® Ther­

moplastics are extremely ductile, have a high strain 10 railure, have good impact and chemical 

resistance and a low friction coefficient howeve!'. they have a low creep resistance and are diffi­

cult to fonn, 

In contra,t 10 thelmoplastics, thermosets flow and cross-link upon heat-

ing, fonning a rigid polymer stillcture which after cooling cannot be softened by further heating_ 

These pla,tics are produced from a two-stage cllemicai procedure: the tim stage produces large 

molecule, while the second CI'o,s-liilks these molecules under heat and pressure This process 

makes thennosets suitable for moulding. These polymers are quite rigid due to the strong bonds 

produced betweellthe molecular chains from cross-linking Thennosets are not affected by leJn-
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Figure 3.5. Fibre and yarn construction 

3.4. J l'-abrics 

Fabrics are yams which are interlaced together in vanous forms to produce a desired structure. 

Yams arc interlaced either in woven. knitted, hraided or non-woven structures. Weaves, knits 

and hraided structures arc all madc from yarns, while non-woven structures can be directly spun 

from Jihl-es. Thc propertics of a fabric d ep~nd on th~ characteristics of the yam used and the 

geometTy ofthe formed struemre. The follO\~ing describe, the various fabrication techniques. 

\\'ea\'cs. Weave, are sets of yams interlaced at right angles to each other: the yarn, a] ' ~led 

lengthwise are warp yarns Ol}(\ perpendiclllar to these are the weft yarns. Figure 3.6 (a) shows 

the basic weave structure. Weaves tend to be very >tiff and structurally sound. and due to the 

tight interlaced yarns the8e tend to he less porollS than other structures. A dioadvOlltage of woven 

fabrics is their tendency to fray and wlravel at the edges, which greatly reduces the ,utllrahilily 

ofthe.<;c struernrco. HowevCT. a weave known as the leno w~ave, where two warp threads twist 

around a weft, substantially reduces fraying and unrHVeling. Many weave variatiom are possible, 

somc of which are shown in Figures 3.6 (h) and (c). 

'" 
Figure 3.6: Weave cons/ructions: (a) piain, (b) twill and (c) salin 

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 weft and warp knits (Figures 3.7 (a) and (h) respectively). 

Warp knits are highly complex compared to weft, many of the medically implanted fabrics are 

warp knih. Weft knit structures tend to be highly extendable but are structurally umtahle, un­

less interlocking OCCllrs. This in1erlocking tends to reduce extenslbiJi1y bu.t does help I'i~th elastic 
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recovery. Advantages ofkniUed Iabrics indudc dlcir flcxible, comfortable nature, ard their tcn­

dency l1Q1 to Ii-ay and unravel at the edges. Many knit patterns are possible. Figures 3.7 (c) and 

(d) >Imw two variations in knit construction. 

'''' 
Figure 3.7: Knir col1.l'lJ'ucr;on.l': (a) weji, (h) warp (triml), (c) Waip mil wirh underlap.5 and (d) 
Waip knil wilh wefi jl1serled yarns 

Braids. Rraids are a simple method of forming fabric structures involving three or more 

yam> ~ros>ed over each other seqllentially at 45 degrees. These are typically llsed in cord~ and 

suture> but are n<J1 eXlen8ivel} ,,-~ed as liIbrics for medical purposes. 

NOll-WOWll. The>e fabric> are formed by tang:ling Jibre~ and/or yarns into fabric form. 

They can be processed directly from fibres and are needle-felted. hydro-entangled or bonded 

through thermal. chemical and or adhesivc methods. Non-woven propertics arc detcmlined di­

rectly from the fihre, the j'ams, and thc bonding process lxtwccn them, Polyurethane-based 

non-wovens pnxillce a prooucl that resemhles a collagenous matcrial in both structure and me­

chanical application, The porosity ofthesc stnlctures can lx controlled directly by thc manufac· 

luring process, 

3.5 General mechanical properties of textiles 
In general, Iabrics posse~s mechanical properties that arc nonlinear. anisC>tropic, and inelastic. 

figllre> 3,R (a), (h) and (c) show the typical rcsponscs of fabrics under various deformations. 

from these it ~an be >eenlhe behaviollr of Iabrics is complex compared to conventional engi­

neering materials. 

Stiffness and ,trength. Stiffness and strcngdl govcl'll the handling charactcristics and the 

confonnahility of a fahric, which is critical in medical application>. A low stiffness is generally 

required. factors affecting stiffne>s are fibre ~hape, modlLlu8, linear den8itj', and >pedfic gravity. 

Gcnerally, the higher the denier, the higher the stifTne~>. MonoJilamenl rabric8 tenuto be stiffer 

thanlnultifilament; wilh all faclorn being the same, the bending ~lil1l-.eS8 ofa mOn<JIilament of 
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hfiure 3.8. Fabric stress-slmin cun'cy in, ((1) {ensile, (h) hemiing (1nd (~) shew' IH9J 

d~nicr T, "vill be roughly n tim.,,; gr~ater Ihan a multifilam~lll with" filamenls and ,.kni~r 1 /'" 

Th~ ratio ofa yarn's bending stiffness compare·d to th,11 ol'a ,olid rod orlh~ sam~ diam~kr c,m 

be SOO\,11 10 be I X9J 

(3.2) 

wl..,re (t is the rati 0 0 I' wmm ~d ar~a of fibn;s to thc yarn's cross-section. R the radius of yam. 

and ,. is thc radius of yam's constitu~nt Ii bres, Thi, makcs it possible to produce thick yarns "ith 

a high degr~e ol'lkxibility, Coupkd with the fact that fabrics ,Ir~ very thin, this make, a labric's 

bcnding stiffness much low~r and som~timcs insignificant compared to its tensil e str~ngth, Fab­

rics g~ncmlly have a high stifin..ss in kn,ion, whik thdr sh~ar stiffness is low, and in bending, 

much low~r, For ~xampk a typical fabric in tension i, 30 \1Pa, whik in shcar, O.4lvlPa and in 

bending, 0,001 MP,I. 

L"I"I>(C ddormability. figur<: 3.8 (aJ shows a typical tcnsil e stress-stnlin curve for a 

fabric, and soows (hat larg~ strains arC achi~vabk under smalllmlds, This is achi~yed by th~ 

alignment of crimp~d yams wilhin thc fabric structure. At larg~r ddiJrnHltions this diminishes 

when alignm~nt ol'libtc and yarn is achieved and the stres> i> taken "p m S(nlimng tl", yams. An 

initial tensik modulus ofa fabric is of tile order 10y1Pa, which compar~d (0 sted (2 )< 1(1' \1Pa) 

is orders 01' magnitude smalkr. fabrics display e\'en gr~akr complian<;~ in b~nding. Fabric, 

can \Illder tl",ir own weight deform consid erabl~ and lxLckk at '~ry small in-pla.n~ compressiw 

stres>(·" II is this highly deformable natur( that giw, labric.s th~ r~quirem~nts of human body 

movem~n( and physiological cffects. 

"",,nlinear clastic brbaYiour, The s(r~,s-slrain rclation of a fabric is highly nonlinear in 

lhe low str~ss region ,Ind then becomes linear ali~r a critical point. "Ibis critical point varie, from 

fa.bric to fabric and (fit, \'arious ddorrnalion m()d~s, and is dependent on ,I n\llllber of faclQr,: 

fibre mateli'll. (he n"mixr ol'librcs in a yarn, yarn den,ity and fabric slruct"re, JJow~\'er, (his 

critical point is g~n~rally high in tcnsion and low in bending and sr.;,ar. This nonlinear b~ha\'irn.Lr 

"'0 
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is also attributed to the porous, crimped and looscly connected construction of fabrics_ Under 

tension, the crimped yarns straighten under small stresses, while at the higher strains, where 

decrimping is complete, inter-nm-e friction increases and the fabric structure becomes orientated. 

Thus at !bese higher strains the stress-strain relation becomes allIKlSt linear. For bending and 

shear, when stresses arc low, inter-fibre friction causes a high initial resistance, bm as the applied 

stress is increased, this frictional resistance is overcome and yam slippage occurs which causes 

a reductioo in stiffness [90]. This hehaviour is shown in Figures 3.8 (b) and (c). 

Inelastic and viscoelastic behaviour. From Figures 3.8 Cal, (b) and (c) hysteresis loops 

occur whcre, gencrally, pcrmanent defonnation occurs upon unloading. TIris demonstratcs the 

inelastic nature ofthc fabric. Conventional engineering materials show plasticity after a plastic 

limit is reached where YIelding occurs and permanent defonnation achieved. With fabrics an 

elastic limit is reached where the kinking of yarns becomes pennanent, and this elastic limit can 

he directly re lated to the bending stiffness ofa fallnc's constitutive yam [89J. Thus, the inelastic 

and viscoelastic properties of a mbrie can easily he reduced by simply utilising nbl-eS with a high 

elastic content or a low modulus, such as Lycra®. Such materials have boon successfully used 

in the garment industry to provide elastic fabrics which confonn to the body and can extend to 

strains of200 % without suffering from pennanent defonnation, examples are cycling shorts and 

tights. 
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Chapter 4 

Continuum Mechanics 

4.1 Introduction 
fn thi, chapler a review of lhme a,peets or continuum me~hanks that "re relevant 10 the devel­

opment of" mathem~tk"J model for de~Tibing: the mechanical behaviour offabric~ and gralls 

is given. l'or more details on the subject the reader is rcferre<.l to the works by Lai d al. [91], 

MoJvem [92] and Hol/aprel[93]. 

4.2 Kinematics 

x .... 

.... /' 

all''/ 

Figur~ 4.1,' Motion of (j cOnlimwus body 

Consider the motion of a continuous body, denoted in l'igurc 4.1. A material particle initially 

located at some reference ))Osition X will move to a ne" position x: this may be described by a 

one-to-one, invertible mapping \, ro that 

:;; =\(X,t), (4.1 ) 

and 

(4.2) 

Thus, field quantities such as density and velocity can be given a, funcli0n~ or X ami t, knov.n as 

the material or Lagrangian description, or of x and l. known as the ~patial or Eulerian ue,eription. 

Con~ider two neighbouring particles 1-' and Q, located at X and X + dX in the rereren<:e 

configuration. 1be body undergoes a displacement 11, so that x = X + l1(X, t) ror jXlint P and 

x + dx X - dX -ll(X + aX, t) for point Q. Subtracting: these two equations. we obtain 

ax=dX+(V'U)dX. (43) 

->., 
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Strain 

Figure 4.3: rffeci 'if increasing coeJficiellf a, 011 'he stress-slram relaTion 

4.9 The mathematical modelling of polymers (rubbers & foams) 
Substantial work has boon done in too development tt constitutive relations for rubber-like elastic 

polymers (Ogden [95], Mooney-RivEn [97,98] and Treloar [105]). Mathematically the material 

behaviour of polymers is conunonly referred to as hyperelastic or hyperfoam behaviour (see 

Section 4 7.1). Various relations have been pro(Xlsed since the 1940s in the fonn of a strain 

energy potential U and fonnulated in terms of strain illVariants, 1" i" and r.. The simplest 

of these is the Neo-Hookean model (equation (476)) proposed by Treloar in 1943 [105] and 

defined in tenns of a single parameter Mooney and Rivlin [97,98] provided a stram energy 

function (equation (4.79)) in tenns of two parameters and showed that results compared well with 

experimental data for uniaxial deformation modes. Ogden [95] proposed a strain energy function 

in teons of principal stretch ratios A; rather than strain invariants (equation (4.81)), and a number 

of coefficients dependent on the order of the functiOll. This functiOll can be reduced in special 

cases to fonn the NI;l(l-Hookean and Mooney-RivEn models. Hyperelastic materials describe 

generally incompressible materials, while hyperfoam models describe compressible polymers. 

4.10 The mathematical modelling offabrics 
The study of fabric mechanics dates back to the first work done by Hass [106] in 1917 on the 

development offabrics for airships. HowCIler, the first real model for fabric forces was presented 

by Perice [107] who simplified the stIUcture of a WO'olen fabric as idcal rods. His work has led 

the way for theories on the geometrical and mechanical behaviour offabrics. 

Much work has been done in fonning mathematical relations tor modelling the tensile de­

formation of fabrics: for example, Kagcyama and Kawabata [lOS], Hu and Newton [109], 

Hearle [IIOJ, Grosberg el al. [III] and AlsaWllf [112]. Kageyama and Kawabata [108J looked 

at a linearisation method in two zones to describe the tensile behaviour of fabrics . The predicted 

stress-strain relation presented by Hearle (11 al. [Il3] was based on strain energy principles., 

solving two systems of equations (geometric and mechanical) with physical yam properties 

Grosberg and associates presented a function which displayed an initially high modulus, yet Et-
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erarure does not confirm this, Alsawaf [112J characterised the tensile behaviour of fabric~ into 

two ~traight ~egments> one with an initially low modulus where decrimping occurred and another 

with a higher modulu~ representing yarn extension which OCCllrred after a critical point Fib'llre 

4.4 shows the variation in tensile ~tress-strain behaviour for each proposed model 

Aluwaf 

, , , , , , 
. , , , , , , , , , , , 

Figure -1.4: Proposedfabric tensile stress-strain relations [I09J 

Polynomial functions have also been used to describe nonlinear stress-strain tensile behaviour 

of fahrics [114J However, the llse of high degree polynomials for function fitting has given rise 

to polynomial "wiggling" [l151, where a nllmber of maxima and minima are observed. Due 

to this, alternate functions have been proposed, such as exponential and logarithmic functions, 

which do not suffer from polynomial "wiggling", Hu and Newton [109J established a number of 

exponemial constitutive equations for woven fabrics under tension. of the form: 
e'U' _ 1 

a= {j ,a= e""- l and a= CtlOil . (4,121) 

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

resulting solutions compared well with experimental data, However, ouly ~imple tensile tests 

were modelled, thus these models only represent a specific deformatioo state, They also llSC two 

separate sets ofpanlrneters for the warp and weft directions, and hence do nOl inclllde coupling 

effects between the fabric warp and wefl behaviour Since the early 1980s advancement in this 

field bas slowed due to the complex nature of the mathematical expressions needed to describe 

fabric behaviour 

Work by Bias-Singh e/ al. [116, 117] looked at modelling the non-uniform deformation of 

spun-bolmd fabrics under uniaxial and hiaxial tension, where a hilinear relation similar to that 

proposed by Alsawaf [112] is utilised, and which shows good comparisons with experimental 

data, 

Other researchers such as Collier et a/. [I 181, Kim [119], Gan e/ al. [120], Yu er al. [i 21] and 

Kang et ai [122] used an orthotropic linear elastic material models to analyse drape tests [1231 

Collier et al. and Kim showed good correlations to experimental data. while Kim gave quanti­

tative compari~011s where predictions varied by 10 "/0. However, drape tests exhibit small strains 
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and large deflection deformation "vhich is not ideal for the large ,train tensile deformativn m,xies 

needed. 

Due to the complexity of the problem Ihese mvdels have laken >pe~ific defonnation modes 

inlv ~on~ideralion and have ignvred vlher; . Thu>, mlKh work ~till needs to be done before an 

accurate and reliable mvdel i~ developed to model all the defoffilation modes [89]. 

4.11 Proposed constitutive relation for coarse knit fabrics 
I.arge ,Irain ~vnstirntive relations are needed when mvdelJing ~oar,e kni I rahri~> under ten>ion. 

Since Ihe nvnlinear slres>->Irain ~hara~lerislics or fahrk~ and wl"\ li8>ue lire similar. it is pro­

posed that rung'~ model (equation (4.118)) be adapted and u~ed to describe the genera! tensile 

behaviour of coarse knit fabrics. 

Since a fabrj~'s Ihkkness i~ cvn>iderahly ~mllll in ~vmpali>on Iv its vlher dimen~ions it can 

be considered a membrane. and ~ubject to pillne >tre>~ cvnditivns. By including shear and pre­

>enting the model in a general Noo-dimensional form, and increasing the order and the number 

of ~oelTicienls n,ed to de>cribe the fabric behaviour, the following strain energy function i8 ob­

tained 

w( 1'"') ~ cxp["dE~l) + a,(E~) + a,(Ei2 + E~l) + a~ (Ell E,·,) - a5(Ef,) + tIf, (E;~) 
-a7(Ef2 + Eil) + a,(E{lE",) - a9(E,1 E~2)l (4.122) 

Sin~e the knitted fahri~> are highly cvmpres,iblc, incompres,ibility will not be enforced. 
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Chapter 5 

The Finite Element Method 

5.1 Introduction 
As structures become increasingly complex, not only in design but also in material use. pure 

analytical methods begin to fail in describing their behaviour. Essl'Iltially, analytical methods 

are rendered impossible. Thus, computer aided mathematical techniques have been developed 

to obtain approximate numerical solutions to these complex systems. One such numerical tool 

developed over the past 50 years is the finite element method (FEM) 

A brief description of the finite element method and the underlying mathematics is described 

in this chapter. For more detailed te>..ts on the subject one may consult Cook el al. [124), Bur­

nett [125J, Crisfield [126] and Belytschko e{ al. r 1271, for example 

5.2 The finite element method 
Prcblems in solid mechanics generally take the form of systems of partial differential equations 

defined in tenm of the spatial coordinates and time, as seen in Chapter 4. The finite element 

method is useful foc solving such partial differential eqUatiOIlS in cases involving complex geom­

etry, bwndary conditions, nonlinear behavioor, and contact 

Thekcy feature of the finite element method is that ofdiscretisation (Figures 5.1 and 5.2). The 

domain is partitioned into smaller regions of simple shapes. These are known as finite clements, 

and designated points in the elements 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. 

Figurl! 5.1: Dm;retisation ora solid into elements and nodes 

Interpolation or shape functions are used to represent the field variables such as displace­

ment and stress. The order of the inteTpo1ation functions is linked to the number ofnodes in the 
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figure 5. 1: IJiscrerised aorti,· heart valve (colo1lred clements represent different regionsj 

element. Accuracy of the wlutiOll normally increases with an increase in the order of the in­

terpolation function Figure 5.3 demonstrates how an exact solution or continuous field may be 

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

, 
- ,,~.I-

, , 

Ngure 5.3: FiniTe clement piecewise appl"l.lXImationfor an exad solution 

5.2.1 Spatial discn:-tisation; Lagrangian and Eulerian meshes 

Lagrangian meshes, are where the elements and nodes move with the material. Finite element 

discretisatioo using these meshes can be classified as updated and total Lagrangian fonnulations_ 

The updated Lagrangian fOflllulation involves derivatives and integrals taken with respect to the 

Eulerian coordinates.T, while the total Lagrangian fonnulation is fOflllulated \>ilth respect to the 

Lagrangian coordinates X The development ofboth formulations are similar, and expressions in 

either fOflllulation can be transformed to the other using transformations and mappings. Eulerian 

meshes on the other hand do not deform with the material, thus, Eulerian elements retain their 

shape, 

The development of the Eulerian and updated Lagrangian formulations uses the principle of 

virtual power, while the development of the total Lab'flUlgian formulation uses the principle of 

virtual work. These arc termed weak fonns 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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Chapter 5: '!be Finite Element ~lethod " , 
where 6.d = tt:.:ti -~1 Equation (5.53) is the linearised model of the nonlinear equations. 

The matrix ~.::'l is 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. 

, 

, 

Figure 5.7: N~'WfQn-Raphson "",thod/or mmlinew iterative pnK-"f!ciures 

Nonlinear iterative methods also include the Modified Newton-Raphson and the Quasi New­

ton-s method. The Newton-Raphson method 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 

iterntions, thus the tangent stiffness modulus is not updated at each iteration. The Quasi New­

ton's method stans an increment by iterating twice usingtbe 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 hy forming secants throogh the previ­

ous two iteration residual solutions. 

With large systems of nonlinear equations the time for a particular method to converge OIl a 

solution becomes important It has been fouod that the Newton's method has a better convergence 

rate for highly nonlinear problems [941-
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Chapter (, Optinmation and Genetic AlgOrithms ,,' 

Figure tU: Surface S%bjective fimdlO/J ¢ ilIl1stratlflKtraditional mid Kenetic alfiorithm merh­
ods 

Thc global maximum is denoted by point A, and local maxima by points D and C (point A. is 

also considcrcd 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 exam pIc, if point D is choscn as the starting 

point, the local solution of C will be found by thc optimisation algorithm. However, if a starting 

point E is ch05cn thc global maximum is found by the optimisation algorithm, 

GAs work in a different way and arc not path dcpendent. Thc only critcrion for starting is that 

the function should be a solution to the problcm (it is on thc surfacc S). Thc GA forms several 

offspring (population) which are similar in fonn 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 lIlId the process is continued until 

a global solution is found, For example, if a starting point F is chosen (refer to Figure 6.2), and 

a generation formed, where three members incorporate a generatioo (FI, F2 and Fil ), then from 

the two best members of the generation foond, i.e, F2 and F" a new generation is formed (C,\ , 

G" and Gal. This proccss is rcpeated until the global solution is found, 

Tablc 6, 1 summariscs some of the diffcrenccs bctwcen GAs and traditiooal optimisation meth­

ods [147]. 

""liable,; 
Searching MetOO:I 
PossibilIty of being tnlPped 
'IYpe of infonnauon 
Typ<s of ",les 

II Genetic algmitlun 

Work with a codod ",t of\'ariabJe:o; 
A poputa1iou of solutIOns 
WW 

I Traditio'Hal opHmisal.ion mcllKKis 

Wod< with tb;; variabks 
A ,ingJc sotuuon 

'"'" Objecrh'e flJrrlion iltfonnahOll anKhenllnfonnallOn 
ProbabiliSlic Irdnsitioll rule, DereJIllJ.IliJ;tic rules 

Table 6.1: D!f/eren('es between GAs and other oplimi.mlion methods 
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Chapter 7, Compli;UlCe Te;(ing 

• full range, adjustable flow wave characteristics fur shear forces and vanation in flO'>V charac­

teristics in vascularure 

• oxygenation, CO2 scrubbers, blood and/or cultivation media for extended testing of natural 

tissuetbJood vessels and/or the testing of a graO:'s selfhealing capabilities 

• realtime flow, pressure, diameter, volume and longitudinal displacement readings atproximal , 

central and distal. positions of test sample 

• ability to cater for the testing of porous grafts, either through natural clotting with blood or 

withaiuminalliner 

• physiological temperature control 

• graft attachment, fixed strain vs. free moving v s. 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, 

0 ..... ""· 
·~",v ...... , ·_lli ... "", .. 
b<o_~! 

}</gUN 7.1: Schematic of.wctiolled graft showing relevant design paramell!rs 

7.2.1.1 Reproduction of physiological prrssul"f' and How 

A number of methods have been used to simulate the physiological hemodynamics of the vas­

cularure Law et al. [153] made use of a modified peristaltic pump to create the desired flow 

waveforms; however the system was only able to mimic the flow and not the pressure wave , Out· 

put flow rates were only adjusted by changing the diameter of the compression tublng used in 

the pump. A needle valve was used to adjust the flow in the circuit and the pump was controlled 

by a stepper motor, which was linked to a computer; thus various wavefonns could be produced 

by computer control of the stepper motoc. 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 et ill. [153] , 

Schima e/ al. [lSI] 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 drive 

the membrane in an artificial ventricle, two one-way mechanical valves were used to ensure flow 
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Chapter 7 Compli3IIcc Testing 

direction was consistent (Figure 7.2 (b», Two windkessel chambers were used to smoolh out 

the flow characteristics produced from the pumping chamber, and to cceate the necessary back 

pressure (Figure 7.2 (c». Although good flow characteristics were produced, the system did not 

produce the correct corresponding pressure WlIvefonns 

Figllre 7. 1 __ &'hemaIJcs of; (a) modified puis/a/tic pump uyed by l.aw el ai. [153]. (h) ventricle 
pumpand (c) wmdkessd chamber used 10 ,Im,xi/h aU! pre.'>.mre waI'ejorms hy .'>chima e/ al. r 151) 

Holdsworth e/ al. [1541 msde use of opposing stepper cOiltrolled positive displacement 

pumps, where a valve was used to direct flow between strokes. Thus negative pressure and 

flow could be produced, which is dilficult to produce in a peristaltic pumping system such as that 

used by Law et al .. Since the amount of fluid displaced with esch step of the motor is COIlstant, 

wavefonns are easily programmed No feedback COIltrols or correctioo factors were required for 

the system since there was negligible sttenuation and the system was stable over 1000g periods. 

Labadie et al. [155] built a perfusion system and tested canine carotid arteries as well as 

human saphenous vein portions, using a fluid filled testing chamber maintained at physiological 

temperature and a tissue culrnre medium. A pulsatile w3Vefonn was produced with use of a 

centrifugsl pump and a computer COIltrolled gate valve, which allowed for accumte recrestion of 

the pressure pulse. Brant et al. [1)6] utilised s similsr system to test csnine vessels. Both groups 

used nOilinvasive methods to measure diameter change, namely a laser miccometer. This method 

only detennined external diameter changes of the vessels 

ChaJ<lraetal. [14~] produced good physiological-How conditions using a computer COIltroiled 

flow simulator, which used a programmable positive displacement piston pump, cOiltroiled by 

means of a stepper motor. similar to that used by Holdsworth et al., This is reported to produce 

physiological flow; however, the response of the pump to high frequency commands showed 

frequency dependent phase lags. Thus, for complex flow simulations a correction input command 

had to be predetennined to produce a desired flow pattern. To ensure thst laminar flow wss 

observed through the sample, a straight tube of length 25 times the internal diameter (ID) of the 

vessel was placed on the proximal side, although complications with laminar flow are observed 
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Illr small diamet~r v~%~b (( 6 mm)_ 

Giudiceandre~ ('/ ai, [67,149] developed a flow dr~uit \\(hkh utilised a variable speed e l e~­

\romaglle(i~ ~~Il\riJi.tgal pump, in s~ri~s wllh a guv~rnabl~ flow waveJornl condi\iulln In order 

to tcst porous graft structures the stmctures were pre-clotted, by forcing freshly obtaincd hUllliln 

bluoU through the graft. This process was repeatcd until no transluminal leaking was ob8~r\'~d, 

Th~y also tested human an~rial scgments, which w~re stor~d in Rmgcr\ \adak wlu\iun a\ 4 °C 

and studied within 24 hr8 uf har\(e8\. The measur~m~n\ of pr~S8ure Was don~ al disnete points 

with a " f iller mi~TO-lip tnUlsdu~er, The perfusion sulu\ioll Vias made of a mixture of Dextran, 

"1199 (mininllun esscntial mcdium!. bovine solution and L-glutaminc, thc Vi8cosity of whi~h 

appTOa~hed that ur human blood. A gas mixlure or 0, and CO2 was bubbled through the fluid, 

and was maintained at 37 'C by a heat exchanger, Ultrasound techniques wcre used to mca81Lfe 

internal diameter changcs noninva8ively, 

7,2.1,2 Diameter musurcmcnls 

Nouim-asiYC mclhods. Ul\r .. sound [67,71,80,157-162], laser mi~rumetn [148], imaging, 

volumc ch~nge [78, 1631, :'vfagnetic Resonance Imaging Cv1Rl) and X-ray tcchniqucs ll64 J are 

sume 0 nhe nuninvasi v~ methods used_ Ultrasound tcchnique8 are the most popular, Illllo\\(~d by 

volume change and the laser mi~rometer, Since no rcstri~tive dfe~ts are pl~~ ed on the vessel dur­

ing \~sting, thi8 makcs noninvasive mcthods advantageous. Bodl int~rill\l and external diame\~r8 

(OD) can he meawr~d using ultrasolLnd and MR.! techniqu~s, while X-rays and v()llllne change 

can only meaSlLf~ JD, and imaging and laser micrometers, only OD_ An advantage or lLltrasound, 

MRI and X-ray over other methods is thai they ~an be U8ed to make in vivu measurements, \\(idl­

out exposing the vessel, unlike imaging and the laser mkrometer, \\(hich would require vessel 

expo8uTe, Volume change Tcchniqucs cannot be uscd in vivo. Only instantancous measurcmcnt8 

can be made using the J\.-IRI \echniqu~, which limit8 its application_ 

With ultrasound, the higher tm, frequen~y pru!Jt, 118ed \h~ be(ler the resulution (7 .51vfH z gives 

a resolutiun oraround 111m, dept'nding on tm, signal8trength, po8ition, d~pth, and material being 

assessed). Jluwev~r, the t)'pe or equipment lL8ed is orimpoTlanc~. Kawasaki e/ ai, l80J used a 

phas~ lochd echo tracking 8)'8tcm cquipped wilh a real time linear arra)' 8canller tu ubtain tile in 

8itlL data. Various frequcncy ultraso\llld pro hes wcre used, depending on the location and acoustic 

condition of the vessel. 

A nlLm!Jt,r of mcthods havc been uscd 10 translatc the ultrasound data into meaningJi.t1 infur­

ma\iun, Kawasaki el of and Tai el o/. r67,801 uscd ph~se locked echo tracking system8 to 

lnlerprd this data (Figures 7.3 (a), (h) and (c)), while SlOk et of [165] used image analy8lS on 

M-mode captuTCd images, 

Charara e/ al. [148] used a lascr micrometcr (8enchmike model 1838, Laser:'vlikc Inc_, Day­

lOn, OJ-L USA) 10 measure the distension of a vessel, v,lth a resolution of 0.5 pm, Sonoda. el al. 

[164] used X-ray techniques to measure the internal diameter of a vessel under static conditions 
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Figure 73: ((,) R and At-mode images of sop he no us vein: (b) resultanr radio~rrequeney signal 
genera/ed by anterior and posterior walls; (c) dis/ension-lime curve generated by "'all/rading 
,Iystem [671 

at various predefined pressure points, FIgure 7.4 :;how8 a) lhe 8ehemalie Mthe X-ra~' :;et up ami 

h) captured images with incrca:;mg pres8ure. 

,--, 

" J_ 

• t >-... .... 

-'-

Figure 74: Schema/ie of X-ray illwJiinJi eq1lipmenr used by Sonoda e/ at. [1641 and series of 
capl1Ired images at various pNSSUre,\' (mm!!gj 

Igo e/ 01. [163] used fluid volume change in the vesscllO measure volume compliance. Fig­

ure 7.5 shows a schematic of their equipmem, 

imasiye methods. The8e include eantilewrs 121,66]. strain gauge8 [13,58, lMj and lin-

car displaccment tran~dl1Cer~ (LOT) Murgo et 01. [166] made use ofa cami\evcr :;train gauge 

method to ca\c111ate and measure diameter change in vivo, where they mea8ured diameter change:; 

of natural ves:;els. A numlx:r of other re~earchers haye l1:;ed the same method [13, 5RJ, Simulta­

neous pre8sure and diameter reading~ were taken in 8itu al two weeks and three months to assess 

the change in compliance with implant lime. A drawhack of this method is the amount of inva-
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Chapler 7: Compliance -Ie<lin~ 

1 k 
Figure 7.5: Schematic of equipment used by 19o e/ ai, [163J 10 measure dynamic l'olumc compli­
unee 

sive surge)}' r~<.juired 10 ~xpose II", ve~sc1 and 10 mea.~ure diamder ehang~. MaeKdlur [~I J used 

smalllcvcr arms which rested on the graft"s eXlemal surf.u:e: the mms had a displacement so­

nominomeler anached 10 the ends of the arms. Figure 7.6 shows the errors involved in using Ihi~ 

technique. 

.-
~~J~""~"---'11t ;= 

\.,-~ - , '",,--.---- ~ ~.> ... - ., ... " .. ~ .... .. 
Figure 7.6: Frmr.\' mused by amtilc..ers used hy MueKellar 1211 

Millam [66J lLs~d a weight ,uspcnded cantilever system attached to calibrated LDTs 10 mea­

su'" thoe diameter chang~s of grafts in vitro. However due to the forees required to move the 

weights, the ",adings '''''''' highly invasive. 

7.2.1.3 (; raft anastomotic attachment lind sampll' length 

Various ll"'thods oj" graft anaehment arc used, Commonly graft ~amplcs arc either l"1111)' lixed al 

the anastomosis. Ii-e~, p",-slrained by a certain axial strain, or a constant load i~ applied axiall)'. 

TI", two mo~t ~ommonly lI.~ed are predefined axial strain or load. Millanl 1661 and Tai e/ al. 1671 

used a predelll",d axial strain of 10'%, while Charara et al. 114); I and Jgo er al. 11631 used a 

axial pre-load. ("harara e/ al used a longirndinaltension of 4 'I (400 g). Jgo el al allowed the 
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graft sample (0 hang vertically and had a ,mall mass attached to the distal end (,ec Figure 7.5). 

MacKellar [21] on the other hand did not apply any axial load but ratheT fixed both anastomoses. 

Problem, encountered in trying to apply a con'>lan( aXlal load include the presence of friction. 

This was not an issue in the ,von. of Igo cr al. as their graft sample is sU'.pcnded vertically 

(Figure 7.5). However, this rig doc, not allow for fluid flow through the vessel sample. Chimml 

er al. attached a pulley ~ystem to the distal anastomosis of the graft sample and reduced friction 

with the u'>e of an air bed nillner. Sonoda cr al. rl641 allowed the graft (0 move fred)' in the 

longl(udinal direction (sec Figure 7.41. In the phy'>ical ca,e, (he graft would be eXJXlsed (0 lin 

axial load which 'would be dynamic. Thus a better methlKl (han simply applying a constant load 

or axial ,train would be to appl} a dynamic load; this could be achieved v.ith the use of a spring 

",!hich is axially loaded, where the spring load will vary v.ith longitudinal strain obseryed by the 

graft sample. 

It ,honid be noted (hat international standards soch as the AAM! require that an lIxial pre-load 

of 0.3-0.6 -"I (30-GO g) be applied to the graft sample priOT to tesling. 

Apart from the method of anastomosis attachment, the type or lubing used at the anastomoses 

is of importance. The use of highly rigid (Iloncom pi ianL) tubing ,,·ould lined the compliance 

of the vessel sample; ho'we\'er, this is heavily dependent on the sample length used. Other re­

,>earchers have used arteries or commercially available gralts (Dacron®, e-PTFE) to allo'w for 

,>ome compliance. Freshly harvested arteries 'would be best as these ,vould be similar to the ves­

sel application. while most comme-rcially available gTllftS arc noncompliant (,,; 1-2 %/ 1 OOmmHg) 

and are thus no difl'erent to rigid tubing. 

It is also imp()ltant Lo con,ide-r the length 01' the sample to be u'>ed, to en,urC that edge e(Teet, 

are minimised. 19o el ,,/. u,ed ve",ci segment, of roughly 160mm in length for te'>ting, \"hile 

Millam used ,ample lengths or 80-1 00 mm, Charara et ,,/. llSed ,>egmems length,> of 100 mm. 
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Ch"pkr 7: C:ull1p l i"n c~ T~,( ing 

7.2.1.4 Poroos grafts and pressure loss 

Most of the testing thus far has been on nonporous graft stnlcrures; prohlems arise in the case 

of in vitro testing of porous graft,. Two methods are pOs>ihle to test porous structures in vitro: 

pre-dotling lhe structure with blood until no lransmuralleakage is observed [67.149]. and the 

lIS e oi'thin luminal inserts [n.163]. 

Problems are encountered w·hen luminal liners play too great a mechanical role. Thus an 

important consideration is the type ofliner u,ed. Igo el at llsed polylITethane balloons which had 

diameters 50 % greater than the ve>sel diameters, with an average wall thickness of 0.005 mm. 

Conti e/ al. [78] used latex liners of minimum wall thickness of 0.38 mm. 

7.2.2 The compliance rig 

A compliance testing rig was designed and huilt. initially by 'vIacKellar [21 J. and then developed 

fUither by Millam [66J. 'vIajor adjustments have been made to the rig developed by Millam to 

en,me consistent ,tahle pre>sure curves and noninva,ive diameter meaSlITement>. A closed loop 

system was introduced with an adjustable non-return valve, allowing for further flow and pres­

slife control in the system. Diameter measnrement teclmiques were changed from the invasive 

weighted cantilever and LOT (see l'ignre 7.7) to noninvasive methods. which include uHra>ound 

and image captLlring techniqlIes. The compliance rig i, able to perfonn static and dynamic test­

ing and simulate a range of both blood flow and pressure waves. A short description of the 

compliance rig is presented. 

figure 7.8 shows a schematic of the compliance rig. The system consists ol'a dosed fluid 

channel simlilating the blood systemic tree. A reservoir (\VSV) which is pressurised to achieve 

the physiological preS>lITe range, and a roller pump (RP) are used to induce a cyclic pres'lIfe 

pulse similar to that 0 I' the heart. A adjustable non-rerum vallIe (I WV) is used to control the back 

flovd pressure during a cycle_ A grail ,ample (GS) I' placed within the sy,tem and it> temperature 

controlled by a water bath (WB) in connection with a heal exchanger (HE) and healing unit (HU) 

Syringes Siand S2 are used to control the ftllid air ratio in the windke>sei> WI and W2, which 

are used to smooth out the pre,sure cune'. Additionally W2 and a needle valve (T3) are used to 

control the back pressure and flow characteri,lics. Real time data lor pre>sme are recorded at the 

proximal (PII) and distal (PT2) positions as well as diameter mea,"rements collected through 

either a CCD Digital Camera (Son;. CCD-IRIS) cOlmected to a digital capturing card (Digiti,er, 

Apple Macintosh) and a computer (Apple Macintosh G3), or with ultrasound techniques using 

an ultrasound probe (7 .'vIllz, Acuson) and ultra sound machine (Acuson 128XB/IO). 

Fill static compliance testing, needle valves, II and T2 are fully closed and an internal pres­

slITe is applied to the graft sample from a water reservoir via syringe (SI). Graft samples are 

placed in a saline or phosphate buffered saline (PBS) solution, with the water bath kept at 37'(' 

via the heat exchanger (lIE), w·here diameter and pressure are recorded. Two methcxls of diatne­

ter lneasurement were used: digital imaging technique and the ultrasound technique_ 
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Figure 7.tI: Compliance lest equipmellt 

Digilal imaging lechuiQul'. 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 capt"re 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 

graft sample (Figllre 79) 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 (he graft and adjusted lIlltil 

it was brought into the same focal plane. This reference rule was used to ensure that minimal 

distortion in measurement was incurred due to refracted light throogh the water surface 

The video sequence was recorded over four pressure cycles (3.32s) at 25 frames per sec­

ood (0.04 S/frame) into phase alternating line (PAL) format at high resolutioo (763x576pixe1s) 

Thus, 33 frames were collected over the recording period. Due to the recording time lag of 0,01 s 

between the first, sec(X1d, third and fourth pressure cycles, diameter changes are recorded at inter" 

vals of 0.01 s for a pressure pulse period ofO,83 s overthe 3.32 s The recorded images were then 

converted into a series of ·.pct images (768x 576pixels) using Strata Videoshop0) (Macintosh 

Version 3,0.4) and analysed usillg Scion lmage® for Windows V: Beta 4.0.2 (Scion Corpora­

tion). Using the reference rule and Scion Image®, pixel measurements across the image are 

cooverted to millimeters. Using this frame resolution, reliable measurements dOV\l11 to 9,26 pm 
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Ngure 7.9: Schemuti<: of camera alld microscope setupfor diJ<itallmuKJIIK purpo$(!s 

Figure 7.10: DiKitulframes captured/rom lIoll-reiliforced and reinforced graft$ dllrl!lK compli­
ance Jesting 

could be made. 

Given the need to record compliance values greater than 2 %/100 mmHg and using equation 

(2.1). where l:lP = 40 mmHg (80 to 120 mmHg) and d=4 mm, gives l:ld= 32 pm. Thus, mea­

surements of9.26 tIm were considered sufficient. 

Due to the use of digital imaging techniques to measure compliance, and the measurement of 

00, it is important to quote results either in terms of OD or to adjll5t these to cater foc 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 ill and 00, 

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 to analyse the internal and external diameters from which wall thickness (w) is 

calculated 
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Figure 71/: Digital image ofgrafr cross-section tlsed in imoge analysis 

Readings from these are usoo dir'X'tly to calculate ID for graft compliance (assuming no wall 

compression); however for reinforced grafts, the fabric reinforcing thickness was added into the 

calculation. 

U1trasouud techuique. Ultrasound techniques were also used to measure internal diameters 

noniuvasively. An ultrasouud machine (AcU'lon 128XB/lO), with a 7MHz probe, gave image 

resolutions of up to 10 fim; however, image resolution and recordings were difficult to use due 

to the scattering of the reftected ultrasound caused by the porous PU structure. For vessels made 

of solid PU or silicone. images were very good: however. before using the porous grafts it was 

necessary to soak them in ethanol and water to ensure that all air was expelled rrom the porous 

structure prior to testing. Following this procedure, a lower scattering effect was seen from the 

graft surfaces due to the micro pores of the graft structure. Figure 7.12 shows the scattered 

ultrasound image of a cross section of the porous graft. 

Figure 7 /2: Ultra-.mund imaKe of porou< graft cro.<.<-.<cclion showing distorled image due /0 
trapped air in micro-porous structure 

7.2.3 The reinforced and non-reinforced graft samples 

i\ lanufaclure of the porous graft structures. The porous grafts were manufactured 

from a proprietary PU developed by Medtronic Inc. (Code M48) by vacuum/pressure casting the 

PU solution (20 % M48 by mass dissolved in NMl') with extractable porogens (particles respon­

sible for producing pores), followoo by phase precipitation (solidification of PO) and porogen 
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extraction Highly regular spherical porogens (Gelatin microspheres, Thies Technologies, SI. 

Louis, USA) were used to produce well defined pores and pore sizes. The porogen arc pre­

packed in an annular mould prior to infiltration of the openings with the polymer SOIUtiOll . The 

PU/microsphere moulds are then placed in 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 gel!ltin microspheres are then e:o;tracted with walei' once the PU had 

cured completely The process is illustrated in Figure 7.13. 

Polymer Solution Pre-Packed Beads 

tnfiltrale 

• 
Precipilate 

• 
Extract 

Porous Scafold 

fi'gure 7.13: Pre-packed spherical porogens and phase inversion and ertraction process to pm­
ducepores 

Porogen particles arc packed into an annular column coosisting of a glass tube (ID~ 5.4 mm) 

and central stainless steel mandrel (00 =4.0 rum) with an upper and lower reservoir. The upper 

reservoir is filled with the PU solution and a pressure (750kPa) applied. A vacuum is drawn 

(100 kPa) from the lower reservoir, forcing the PU solution through the packed column 

Upon complete infiltration of the PU/solvent solution into the packed gelatin microspheres the 

grafffi were demoulded on the stainless steel mandrels and the PU precipitated by phase inversion. 

Subsequent extraction of the porogen beads was done by e:o;tensive washing. Figure 7. 14, shows 

the sequential steps of the vacuum/pressure cast gnd't production after, (b) removal of column 

from mould with upper reservoir; (c) column with upper reservoir removed; (d) the graft on 

mandrel removed from glass cylinder and phase inversion; (e) porogen extraction in suitable 

solvent and washing; and (f) the grai) once dried and removed from mandrel 

The porogen particles were sorted by sieving teclmiques into three size groups: 90-106, 

106_125 and 125-t50pm. These different porogen sizes were used to produce different graft 

pore sizes. On average the pores created were 1.21 ± 0.07 ttm times the diameter of the poro-­

gens used, and the interconnecting pore windows were approximately half the size of the pores 

(windCM':pore 0.52 ± 0.04) [9}. Figure 7.15 shows SEM images of a) the gelatin microspheres 

(x 350); b) graft cross section (x 44); c) graft wall (x225); and d) pore showing pore windCM's 

(x 3500). 

Further details on the manufacture and differentiation of the porogen sizes and analysis of the 

porous structure lIS a selfhealing graft can be fOlUld in the work by Bezuidenhout [9). 
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+-
Vacuum 

Figure 7.14: Grajl rig and mamifacluring process 

Figure 715: SEM images of (a) porogens gelatin micro.~pheres, (b) porolL~ graft cross-sec/iun, 
(c) porous grajl wall and (d) porous structure 

Manufacturc of the non-reinforced and reinforced graft samples. The manul:a~ture of the 

non-reinforced graft samples us~d lOT compliance testing utilise a 50 mm porous graft core with 

Iwo 20mm .,..PTFE graft anastomoses (Atrium. 4 mm. 30/= 10) (refer to Figure 7.17). These 

e-PTFE graft ends were anastomosed to the porous graft section by repeated application and 

drying ofa polyul'{:thanc solution (5 % M48 by mass in Chlorofonn. CHCI'J) while the segments 

were constrained on a central mandrel. These e-PTFE graft ends ensure that graft samples arc not 

damaged dllling testing and can be rcused. They also ensure consistent longitudinal strain.~ dur­

ing testing. Reinforced samples utilise non·reinforced porous graft samples where fabric socks 

are applied gently and gradually over the porous grafts ensuring unifonnity. At ooc of the anas­

tomosis regions of the porous graft the fabric wllS anastomosed to the structure by additional 
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application of a polyurethane solution (10% M48 by ma~s in Chloroform). A higher concen­

trated polyurethane solution was used to reduce the ahsorptioo into the porous structure. Once 

this anastomotic region was cured, the fabric sock was strained, by uniformly and evenly stretch­

ing the fabric over the graft sample to the required amount, and then COIlstrained by clamping 

and then applying repeated layers of polyurethane solution This process is demonstrated in 

Figure 7.16. 

b) 5& ii ; .. ,,: ',', 
Rcmf'XCio8 Fot>ric Att""h«J (l~" M4~ 5oI,,'iOll) 

cJ 

d) t 

FiKilfe 7.16: PnK'e.~~e.,' to mallujacn,re IWll--fein/orced graft and rein/arced graft samples 

Pressure loss liners are inserted with the usc 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 grafts 

F.tx-ic Roinforcing Soc\; ~ 

Porou, 

20mm-----,! ___ _ ~m I 
' qJJlrlf " J 

M48Bonds 

J(I~m c.PTFIi 

L.lcx Inner 
(Liner) 

FiKUre 7. 17: SchematiC of composite test W'fft sample showing /abrlc rein/arcing alld ~-PTi'E 
eillis 
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FiR/Ire 7. fR. I.uminal lalex liller, rem/arced and non"'feill/orced Kraft tes! samples 

7.3 Comparative compliance study of standard silicon graft samples 
To ensure that the vatioos techniques llsed to measure compliance yield comparable results to that 

observed in litemture, standard compliant silicon tubes were ordered from a commercial supply 

company' These were initially tested using both the ultrasound and visual techniques described 

in Section 7.2.2, however, due to the consistently low results obtained, a research group" was 

also employed to te~1 the standard samples. The variation in compliance results observed by the 

varioos groups are illustrated in Figure 7.1 () 

~--

Figure 7.19: Variation m compliafK'e valu~s oh!ainedfrom slandard Silicon compliant grajls 

'Dynmok-Dalta Scientific instrumelll!;, 105 E. Fourth Street, Galena, MO 65656, USA. Tete *: ~17-357-61 55, 
Fa,, ~ ; 417-357-6327 

"\ffl$Culw-Hemodyn~""c Labomto'y, Uni"orsWy Dopar1mont ofSmKery, Royat Free ,md Uni.-ersity College Med­
ic!\! School, UCL. n", Ro,-al Free Hospilal. London, NW3 2QG, UK, Tele #: +44 207 830 2901 , F"x If': 44 207 
~31 H28. 
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• Membrane elemeflf thickness: A thickness of 1 00 1,m was used tbr the membrane elements or 

fabric_ 

• Poisson's ratios 1.'13 and 11,,,: Membrane clements used to model the fabric ensure a plane 

stress state. Defonnation through the thickness is also assumed to remain cOllstrained_ 

Details of these operators and their implementation in the numerical models can be found in 

the ABAQUSi[~' manuals [169, 17Il-

8.4 Single element and multi-element patch test models 
Single element model patch tests were set up 10 test and assess the material model behaviour 

under certain fonns of deformatiOll_ The fabric patch test is utilised to assess the implications 

for each of the fabric model coefficients, namely C, aJ, a2, ~, a4, a5, a,;, a;, ~ and 1l,) , 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 describe uniaxial 

tensile, compression and simple shear tests_ 

The uniaxial tensile and shear models give the general stress-strain characteristics of the fab­

ric model, while a uniaxial tensile model is used to compare the fitted material data to model 

solutions for the latex liner, The single element model used for the latex and fabric is a simple 

four-nod ed bilinear membrane clement. 

For the porous structures a single eight-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, I shows the single clement models 

used and the varioos load and boundary conditions 

' ''''''''''' """"',..., 
,""", ,,'" " "'-"WO-" 

t t t 
... "",,..,cr--..,,,,, 
......-,',on' ",,",-,"--.->n') 

.)""",-","" 
CD" . .... ''''' 

-- ----1 

Figure iI.l: Single element unimiaf tensile, compressive and simple shear patch test modl'fs 
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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 orientation and lype did not 

affect the results. Two mesh models were used one a unifocm mesh, with consistently ocdered 

four-noded membrane clements, and the other, a non-unifonn mesh with three and four·noded 

membrane elements (Figure 8.2). These two meshes were used in uniaxial tension and simple 

shear tests. The stress and strain behaviour arc not only compared between the two mesh types, 

but also with the single element models at 40% uniaxial and shear strain 

- ~ - "" - - - '" - I 
.. "-., , ",., - '" -,_--,l,,," - _ . 

l- I- -...-4 I -. - - -, -- , - - ""- ""'-, 
, • ~ . - - "'" '" • , 

, 

FiK"re 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 longitudinitl tensile models. The grnft model is used to find the static 

and dynamic compliance values and curves for the coefficients C, a" a·" aa, at , aL, lltJ, a-r , "" 
and "" corresponding to a fabric reinforcing The uniaxial tensile model is utilised in a GA to 

assess the abilily of the fabric model to model physical fabric samples in tension, and to assess 

the optimisation capabilities of the GA The circumferential and loog1tudinal tensile models are 

used to pro~ide stress-strain characteristics of the fabric solutions found from the optimised graft 

models. This circumferential and longitudinal model stress-strain characteristics arc used to 

provide a textile manufacturer with the requirements for the fabric reinforcing 

8.5.1 The graft model 

This model simulates the behayiourofthe porous graft structures, which I'ITe reinforced externally 

with a fabric sock. Due tothe symmetJy 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 foor-noded linear membrane elements without twist I'ITe used for the fabric reinforcing 

,ock 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 8. Modclling "ith ABAQUS 

The load conditions include an internal pre,>ure on the inner surface of the porous structure 

The load applied depends on whether a static or dynamic compliance test is being analysed. 

The boundary conditions are as follows: the end nodes are fully fixed, while the central nodes 

are fixed in the a)l;ial dire\,,'tion and are allowed no angular twist, yel are free to move radially, The 

element mesh is 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 modelled. 

(Wi.""",",,,,,:: 
w.nIlTA1-) 

;.NOOO! ""'-,""'-'"~ 'lH."",'r; 

"'O"."'"'"1""""""'-'''''''L) MW 
LAT"" ',INK (HY<'I!n'-'>TlC ."" """M) 

LJl>I\s.w:W~_J. ,- _________ ._ 

,'.'"",C 
E1NRJll'-"K> 

hgure 8.3: Graflfinile element model 

Both the dynamic and static graft models have a common first step of a p!'e-defined longitudi­

nal (a)l;ial) strain of 1 0 0/0, as seen in the physical tests. The subsequent steps define the difference 

between the dynamic and static models 

Dynamic compliance modeL The dynamic compliance model utilises one displacement 

step and two load steps. The displacement step produces a 100/0 axial strain on the graft structure 

while the second is a static step which brings the internal pressure on the graft lumen wall !o 

100 mmHg (13332Pa); the third step represents pulsatile blood pressure by a dynamic pressure 

wave, The second step ramps the internal pressure linearly over a period of four seconds. The 

third step uses the six-term Fourier series 

" (812a) , 
(b) 

to mimic the pressure pulse Here n is the number of terms (n = 6), r;c is the frequency (penod 

T = 0.838, r;c = J5.14radJs), to the time at which cyclic load stans (to = 0), Ao the initial 

amplitude (A, = 1:J.332Pa), and En are the Fourier series constants (Hj = 2418.5, B2 = 691.0, 

Eo = 230.33, B4 = lI5.17, B, = 114.7, Be - lI4.7). Fi.!,'lIre 8.4 below shows the dynamic 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapler 8 I'vloddling ""h AB-I.QlJS ')2 

applied pressure compared to the average of the proximal and di~tal pre~,ure cu1'les obtained 

from the compliance rig (Section 7.2.2) 

• I 

1 

• .. .. 

-
_ .. -

, ,Moo- ..... I 

.. .. 
Figure 8.4: Comparis,m of/he Fourier model with physical pressure curves 

Static compliance model. The static compliance model has an initial axial strain step, fol-

lowed by a second and final step which linearly ramps the internal pressure of the graft statically 

to 300 mmHg. This mimics the physical static compliance te~t carried out on a graft. 

The luminal laleI lint'r. A luminal latex liner is utilised in the physical testing of graft 

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 in 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 GA is utilised to find 

optimal solutions to the fabric reinforcing, the luminal latex liner is not modelled 

8.5.2 The cirTumferential and longitudinal tensile test models 

The AAMI Standard, (Sections 8.3 I [167], "Method for determination of circumferential tensile 

stren.!,rth" and 8.3.2 [167, 168J, "Method for determination of longitudinal tensile strength·) (the 

ISO standard [168] is the same in this regard), provides guidelines for the tensile test procedures 

of vascular prosthetic grarts 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 te~ting of small diameter fabric reinforcing socks. The 

tensile models simulate these physical situations. Mechanical solutions gained from the physical 

and finite clement models are in the fonn of force perunit length vs displacement cU1'les for the 

fabric reinforcing sample~, according to textile manufacturer test procedures and the ISO/AAM! 

Standards [167, 168] 
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Thl" cirrumfl"rential tensile leSi modl"l. 

tensile test done on fabrics at 37 "'C. 

Figure 8,5 shows the physical circumferential 

Healmg 
Element 

pm, 

Sock 
Sample 

•"1r;·;T~=:""':;'~' Water 8,,,, 

Figure 8.5: CirL"Umfrrenllal tensile te8t equipment used with Ins/ron'" tensile tes/er 

Due to the geometry of the problem and loading eonditioos a quarter oflhe model is analysed 

Figure 8,6 shows Ihe cocresponding finite element mesh. 

t "' 

.\,-
,,-,-,--.. .. ,," 

__ ' __ 'U" .• T ) 

Figure 8.6: Quarter symmelricjiJli/e elemelll mesh of clrcumforenlia{ lemik ies/ 

Two steps are used in the circumferential tensile mode): an initial contact step, whieh estab­

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 r 167,168]), until 50% circumferen-
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tial strain is obtained 

The tabric UMAT model assumes that the fabric has zern bending stiffness, thus, no force 

is required to bend the tabric (idealistic, however the fabrics we are looking at are extremely 

thin and display negligible bending stiffness propenies with respect to tensile characteristics). 

Thus, for a fabric reinforcing tube with an internal diameter of 5 mm, an initial displacement of 

1.712 mm is observed without any reaction force on the pin, This is demonstrated in Fi),'llre 8.7, 

., t t I.m _ _____ ~ __ 

® 1 
Figure 8. 7: fa) Initwl zem--Slre.U stale and (h) position at which tOIa! ohserved hending is re­
duced to zero in fahric reinforcing 

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

Force per unit length = 2L ' (8,13) 

where /, is 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 functioo for the pressure-­

clearance rdation. This allows the gradual transfer of load from the pin to fabric, The pin is 

assumed to be smooth and frictionless. The orientations of the material properties were mapped 

ooto the membrane elements, ensuring that the fabric principal directions were in-plane with the 

membrane surface. 

Tbt longitudinal tensiJt test. Longitudinal fabric sample lengths of 48,Omm were clamped 

flat at the ends and subjected to uniaxial tension. Figure 8.8 sbows the full and quaner synunetric 

finite element model used to obtain the force per Urn! length vs. displacement curves for the fabric 

reinforcing in the 1000gitudinal directiOll. The longitudinal tensile model uses a single step, which 

displaces the end of the fabric tube at a strain rate of 200mmlmin (Cardiovascular Implants 

Standards [167, 168]) to 100 % axial strain. 

Force per unit length in the longitudinal tensile model is calculated according to 

Force Per Unit Length 
Z;' 

(8 14) 

where ,i, is the initial diameter and t' the force 

8.5.3 The uniaxial tensile model 

This model simulates uniaxial tensile tests, undenaken on an Instroon.· test rig. The model is 

used to obtain the stress-strain curves for a fabric with a particular set of material coefficients, 
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Fil('lIre 8_8: Quarter symmelricjinite element model of/ongitudinal tensile test 

Tile 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 5.4 s This represents a 

strain rate of200mm/min (Cardiovascular Implants Standards [167, 168]) when only half of the 

axial model is represented. Four-nodcd membrane elements are utilised in this modeJ , wherc 

the clement mesh is refined toward the free edge and displ~d end. The common boundary 

conditions for the uniaxial tensile test can be secn in Figure 8_9 whieh shows the uniaxial model 

and its boundary and displ~ment eondition._ 

wo.;" •. -iJ-- i m .. <ED 
'YJ.II.£TkY "'-''''' NT 

'.'"""1"< 
' """"no:"" 

Ngure 8.9: Quaner symmetmJinite element model ofrmiaxiallell.l'il.! leSI 
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Edge AB is free to move horizontally but is fixed vertically, while edges AD and DC are 

free to move vertically but not horilOntally_ For this computational model, the loaded boundary 

DC and the edge BC were expected to have a greater variation in stresses and deformation and 

therefore the element mesh is refined toward these edges. 

8.6 Mesb sensitivity studies (element density) 
In order to ensure acceptable accuracy, mesh sensitivity studies were performed on each of the 

modeJs 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 and the stress and defunnation states monitored to 

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 

element number/density to the next. 

Details of the mesh sensitivity analysis can be viewed ill Appendix A, which shows tabular 

results of the critical points for the various models assessed in the mesh sensitivity analysis. It 

also shows graphically the variation in stress, displacement and other fields at these relevant 

points. Below is a briefsuuunary of the results of Appendix A 

Graft model. 

DI' (refer to Figure 8.3) were chosen as critical points on the graft model. To differentiate 

between the porous polymer material and fabric reinforcing, superscripts G and F are used re­

spectively. AGand SO li e on the lumen surface ofthe porous graft. Points c:a, DG , CF and DF 

lie parallel to A G and EG on the external surfuce of the graft and fabric reinforcing. Points E G, 

if and DF are the end points of the graft which represent the point of graft attachment. while 

points AG. C"J and C F represent the center of the gran. These points were chosen because stress 

variation and defonnation are expected to be greatest at these extremities. Point AG is of most 

concern. as the values of displacement and pressure are used in the ClIlculation of diastolic diam­

eter and comphance (Cu) for the GA. CPU time is anothel' important factor. as the GA needs not 

only to be 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 l00uunHg (13332 Pa) 

on the graft lumen wall. This pressure WllS ramped over a period of time, where at the end of the 

step the stress and defonnation states for each of the critical points were assessed fol' increasing 

model element numbel's. Models containing 130 (r = 4. c = 4 and I = 6), 210 (r = 5, C _ 5 

and 1 = 8), 300(r = 5,c= Gaud! = 10). 414 (r = 6.e = 7 andl = 10). 520(r = 6,c= 8 

and 1 _ 10),616 (r = 7, c = 8 and I = 11),720 (r = 7,,, = 9 and ! = 11) and 2000 (r = 12, 

c = 18 and I = 35) elements, were assessed, where r, c aud ! represent the number of elements 
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t .. "", 
Fabric Stress-Stram 

Charactenstics 

I. Graft Model 

O]Xlmi~c rabric model COilffic;/rn. 
unlil. n(Hl1 mcar stiffening and 
rcqU1rcd compliance obtained 2, Tensile Models ""­

Usc optimIsed fabric """'-. 
coctlkLents to obtain 

Graft Fimte 
Element Model 

circumlerenual and kJngi\udinal 
I"abric rcquirements 

""'--'--:-:::---,.,~_'/ 
1 Physical Tests 

Phy,icJJly test developed fabric socks 

with porous gmfts;md validall: models 
Rcp;:al process i rNcccssary 

-" Development 
Dc,clop fabnc sock with 

sinnl", stress-strain 
ch",acteristic, 

Manufactured 
Fabnc Sock 

FiWlre 9.1, Proce&"i (!ffindillK thefubr;c reinforcin!!, requirements 

The second, GA2. optimises the fabric model coefficients to obtain mumally orthogonal uni­

axial stress-strain curves for a number of physically tested fabrics, This GA runs mumally or­

thogonal uniaxial tensile test finite element models for a single set of fabric coefficients, to obtain 

stress-strain characteristics in the warp and welt directions_ These coefficients are then optimised 

until they resemble physically tested data. GA2 is used to obtain compamtive data for the mod­

elling process and to identify the ability of the fabric constitutive model to describe fabric uniaxial 

tensile behaviour 

GA3 is similar to GA.1, except that circumferential and longitudiual tensile models are imple­

mented, Figure 9,2 shows a flow chart oflhe Perl® script for the three GAs, 

9.2.1 GA dynamic search space 

Range: The search space of the GAs is dynamically adjusted overthe generations; an initial range 

is set for each coefficient and thereafler the range is biased between the first and second rdJIked 

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 generation The initial search space coefficient ranges are: 

0.0 < C 0( 21XXJO.U and O.U 0( 0; 0( 20.0, with the initial values C' = lUO(]O.O and (J' j = to_O_ 

An explicit constrnint is made on the search space range of coefficient C overthe generations, 

which ensures that this value remains positive. Thus 

{ClC~ O.O} (9, I) 
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FiKure 9.2: F/mv "hart (!/A!r/l!) Script used to implement GAs 

Due to the mathematical material model forthe fabric described by equatiOil (4121), allowing 

the coefficient C to be negative would allow fabric compressive or zero stress solutions under 

tensile strain, whicb is not realistic. Thus, by constraining C to be positive the number of useful 

p0pulatiOil members in a generntiOil is mMimiscd. \Vlth the dynamic range being biased 3 : 2 
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toward the first ranked solution, if the first ranked solution coefficient C tends to zero then the 

ranh'll would be reduced more than 2_5 % per generation_ To prevent this, if C tends to zero the 

range is reduced by 2.5% and then shifted so that it is always greater than zero_ 

RRsolution: To increase the chances of finding "good" solutions efficiently while maximis­

ing the search capabilities of the GA, the accurncy or resolution of the search space alter each 

generation was increased Initially 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 

iocreases and the search space is reduced, the GA is constrained to refining the "gOCld." solutions 

obtained 

Initially an n bit binary number is used to encode each scaled coefficient into the chromosome; 

this gives a resolution of {Ii} /2n
, where {R} represents the coefficient range and n the bit 

size. Thus initially a 5 bite binary number is used giving resolutions of 'J;, ~ = 0.625 and 

C : ~~ = 625.0. The resolution or bit size is increased every lOt~ generation_ Thus by the SO'" 
generation the bit size would be 10, and bearing in mind that the range {R} would be reduced by 

50%, the final resolution used would be a; : '* = 9.7656 X 10-3 and C : '~'i~'" = 9.7656_ 

Figure 9.3 shows graphically how a two dimensional panuneter search space is reduced from 

(x~ - x:;:U to (;r~ - x:;;~), biased ,3 : 2 between the first and seoond ranked solutions of 

generntion 1 (1st"', 2m!") and the resolution of the search increased from n;:' 

parameter x and n~1 to n;l for parameter y. 

"-,,,",,-, ;'.- ~ -- ,--

" 
, , 

2ni' - , 

bl" " + -t - + --

""' t , 

• • _ T __ , , , 
• • -+ --, 

G" - x:;: -- ~--

: n. ~~+ __ + __ 

Figure 9.3: Schematic illusfraJlfIg chan1{t' in parameter mllgI< and ",~·o{/Ilion.from Of/e );!I<nemtitm 
to (lIw/her 

9.2.2 GA termination 

The termination of the GAs is set when a certain fitness value I(C, ail is achieved, or when 

50 generations has been reached_ Typically, gOCld. solutions were found within 35 generations 
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for GA L 40 generations for GA2, while GA] obtained reasonable solutions blll not the desired 

filnes~ value 

9.2.3 The ob,jectin", penalty anti fitness functions for GA 1 

The solution sought by GAl requires a specificd cumpliance value (Cd, a certain diastolic di­

ameter (ddia), and needs to display a nonhnear stiffening characteri stic by optimising the fabric 

coefficienls C, aj, Q.:l, a3, a~ . a5. 11(;. a7, ~ and a9' Thus, the objective tunctiOil is a weighted 

summati(m of the partial objective function~, where the partial objective tunctions depend on 

the norma1i~ed ditference between the finite element model solution and the ta'1>el solution for 

each of these desircd !,'Taft charactenstics. The fitness function is a penalty weighted function of 

the objective function, The following section describes the various partial objective functions, 

penalty functions and finally the fitness function of GAl 

Figure 9.4 shows two pres~ure-diameter cur ... e~, one obtained from the numerical model and 

the other the de~ired solution, 

, , 

OI~ I 
~',~I I 

'oIotioo I , , , , : , , 
· ·····-t --;-·/-. -+-~ 

~: ' -' , , , , ' , ' 

.-C----~'o<~ __ -cl.c'~cc.J~--------'"" ... 
o d ,." J"" d~, J:< <1,;'" ( .... ) 

Fi}[l1r1! 9.4: Pressure I's. dwmeter curl'eS showing In/mencal wlllllOn mid larget 'iOIUilOn 

Values indicated on Figure 9.4 are initial internal diameter (d,~;d, diastolic and systolic in­

ternal model diamctecs (dd'o, d",, )_ diastolic and systolic pres~ure~ (Pd ;", P.".), target internal 

diastolic diameter ( rtd~:"''l. and twget compliance (('~""9'''), Values of dd;,,, d"." P~~, and P,y" 

arc obtained from the dynamic !,rraft finite element model analysis, from which model compli­

ance (ra) and a nonlinear ~1iffening characteristic 0) are calculated according to 

, d"ll' - d,,;Q 100 
C;~ = ------- x x 100, 

d"i a p"",. !{!;, 
(9.2) 

)= 
(d.i.u - c4";,)(1'"",, - ['40«) - f'cli<>(d"" - dm~) 

Pd;~ 
(9.3) 

The nonlinear stitfening charaCleri~tic.l is simply the difference in diameter change per unil 
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pressure from zero to Frua and from Pdia to P .... Cd and dd," are used to calculate the partial 

oojective vall.les for the model, while J is used as a penalty function, 

Objective and partial objective functions. 

formulated for compliance. is given by 

where 

From equation (9.2) a partial objective function 

(9.4) 

(9.5) 

(9.6) 

From (9.4), ¢c,r. tends to unity as Cd approaches c;:r!)rl;. This is graphically represented in 

Figure9.5 

1,' --_._--

., 

Figure 9.5: Graphical n<pre,I'elltatioll of partial objectivejunctiml 1/'c< 

From the obtained dd;~, a partial objeclive funClion is formulated for the diastolic diameter, 

this is given by 

(9,7) 

where 

(9,8) 

I for: dd'" > .t,;;;gd} 

I 
tOr· d, < r/':-r!J't . 

, <t;a _ d", 

(9.9) 

Like equation (9.4). (9.7) tends to unity as the model diastolic diameter d"", tends to the taIget 

diastolic diameter .1,;';2"" 
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The parameters m t:.c. and m 6.<£,.;· are multiples used to bias future generations from a certain 

side and partially to penalise ¢6.o. and 4>6.0';0 , respe<:;ti vely, 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 4>t:.c, is 

biased towards model C. values which an: greater than c~ar .... These parameters an: also used 

to partially penalise <p6.C, and 1'''''''' by making them negative if model Cd or dd,o go above or 

below pre-defined boundary values C,r""and C;tn. Thus, 

if {dd;"lddi~ :S ddi: and d&~ ~ ddi~ } then 1>6.<£";0 is negatively weighted, 

From these partial objective functions an objective fWlCtion 

(wc, x ¢6.d," ) "'- (wd..: .. x <p6.<£,. .. ) 
¢CAI 

- (wC' "'- wd" . ) 

(9.10) 

(9,11) 

(9.12) 

is used to calculate the objective value, where we, and Wd,," are pre-defined weightings used to 

bias the objective value to either the compliance or diastolic diameter. From (9.12), 4>Glll will 

tend to unity as ,fll!.C;'" and 1>6d,," tend to unity, 

Global penalties. The following an: the global penalties for GAl: 

if Cd ,;; O.O%/lOOmmH 9 then pGlll = -00 , else pGAl _ 1 , (9.13) 

if Cd = c~or.,.t then pG1l 1 _ -00 , else pGA I = 1 , (9.14) 

(9.15) 

if) ,;; 0.0 thenpGAl _ -00 , else pGll l = 1 . (9,16) 

Equation (9 .13) ensures that the finite element results give an expe<:;ted positive compliance. With 

equations (9.14) and (9.15), although we an: optimising for C~",g't and rf.~:g't. 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 still"ening 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, hut do not necessarily expel the solution from future generations. 
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Fitness function. The following fitness fimction is used to compare the finite element 

wlUlion to the required solution m GAl: 

Fitness Function flAl = pGAI X <pGAl . (9.17) 

9.2.4 The objective, penaJty and fitness functions for GA2 

The wlution sought by GAl is a set offdbrie material model coefficients (C, ai , a2, a3, a4, a.l , 0.0 , 

a7, a~ and (0) whicb best des<.'1ibe a physical fabric under uniaxial tellSion in mutually orthogonal 

directions (warp and weft). Tbe same fabric material model coefficients arc Uliliscd in two fabric 

uniaxial tensile models, one describing uniaxial tension in the warp and the other in the weft 

direction. This is implemented in the finite element model input deck by swapping the material 

model tcrms a, with a2, ~ with a", and ai< with ag_ The fabric matcrial model is optimised to 

the warp and wcft uniaxial stress-strain characteristics of a physically tested fabric, as well as 

localised axial and transvcrse strains. Tbe numerical resu)(s for axial stress (rT), localised axial 

strain (t'-'~). and localised transverse strain k T) are collectcd from botb the WaJll and weft models 

;md are compared with physical data. 

Figurc 9.6 shows a physical test fabric sample (tested III the warp direclion), from which 

localised axial and transverse strains are obtained at corresponding pre-defined axial strains. The 

representative quarter symmetric numerical solution is also lllustrated. Field variable superscripts 

represent either model or physical data, 11 represents material orientation (warp or weft), while 

subscripts represent axial. A or transverse, 'F strains or stress and ; represents the pre-dcflllcd 

axial strain at which the field variables arc obtained (10, 20 or 30 'Yo). 

For the same fabric material coefficients, the numerical warp and weft model solutions of 

stress. localised axial and transverse strains at pre-defined axial strains of 10, 20 and 30 % are 

compared to physical data from whicb partial objeclive values arc caleulated. These partial 

objective functions arc formulated from the nonnalised differences between tbe model and data 

solutions. The corresponding model and data curves are illustrated in Figure 9.7 for a particular 

fahrie orientation (WaJll or weft), 

From physical data, the following arc collecled for pre-defincd axial strains of 10, 20 and 

30 %: axial strcss ta:i'it~), localised axial strain (df") and localised trJ.J1sverse strain (",f~a), 

while from the model the equivalent model solutions arc collected: a'J.yMl . "~'r"1 and E¥,od<l. 
From thesc the partial objeclive values are ealeulated. 

Objective and partial objective functions. The strcss partial objective functions for GAl 

= 

(9.18) 
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Pbnk.l T." ~um.cic.1 Solutio" 

FiKiITe 9_6: Umaxialtensilefabric leSI und lmmerieal solution illustratillii GA2 puramelers used 
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AI Axial stress va. axial strain BI Local axial and transverse strains va. axial strain 

Ngure 9.7: Uniaxial tensile lIumerical solution vs. farget solution 
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T . .. Rig 

Cootr" Unit 

Load c.n 

Modified Ten.iI" -. 
Ngllre }1).1: 1n.wron'" lest rig, with custom hllil' temile le",1 jaws and IMler halh 

ll6 

Due to the difficulty of worldng with the fine poroos stmcrures wi thoot induci ng prior 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 anns of predefined lengths 

into which the respective jaws fitted, with the assistance of grooves. The anns 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 lengths of30 mm and 5 mm for the tensile and compressive specimens 

respectively, while shear samples of 5 x 5 x lOmm were cut from the bead cast rods, A cutting 

block with set blade slot positions was utilised to minimise the crushing of the poroos structure 

while preparing these test specimens. Figure 10.2 shows thejaws in their respective test positions 

as well as the various components used, and a schematic of the cutting block 

Thetensile and shear specimens were glued to their respective jaws USlllg a highly viscous gel 

type cyanoacrylate super glue. The rapid setting and high viscosity of the glue prevented it from 

soaking into the porous strucllire through capillary action, while providing a fiml 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 of2mm depth which allowed foc 

the samples to be glued into place 

As mentioned earlier, a jaw holder was utilised to ensure that no )l£e-stressing was induced 

in the tensile and shear specimens, The two respective tensile or shear jaws were fixed relative 

to each other before the samples were positi(med and glued into place. The jaws, specimen and 
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Specimen 
Cutting Block 

IP 

Ngure 10.2: Specialty built tensile test jaw," ."", ... ill?; mri()u.' comp()//elll.,' to ensure minimal 
stresses are placed 011 poroU.1 samples prior IV testmx 

holder were then positioned m the water bath and attached to the ten>ile tester with the use of 

locking pins 13efOfe 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 compres:;ive test 

specimen was located centrally prior to testing These compressive jaws were also lined with 

a glycerol oil film to ensure that dr.ning compres>ion the samples were minimally constrained 

radially [94] Experimental test data w.lS obtained for a sample size of n = :1 for bead cast 

porous structures with the following porogen particle sizes; 90-106, 106-125, and 125-150/I,m. 

C:;mg a single plane stress (O':~, = 0), eight-nodcd unit square continuum element as described 

in Section 8,4, model tensile, compressive and shear tests (:.ee Figure g, I) were analysed and 

compared to experimental data. The comparative curves fOf the various porogen/porous strucllire 

experimental data vs, single element models for tensile, compression and shear can be seen in 

Figures 10,) and lOA, 

From Jii",'ures 10.3 and 1 0.4 it can be :;een that the model :;oIutions follow the physical solu­

tions reasonably to 30% strain in compres:;ion and 55 % in tension, This experimental data was 

utilised in ABAQUS® and a hyperfoam model (order Ii = 4) w.lS used to fit the data. The Poi:;­

son effect was adju:.ted to allow for the minimal difference in the least :;quares fit between the 

physical and model data. The least squares error for maxim,-,m tensile. compre:;sive and shear 

strains before the model deviates from the experimental data for each porogen size is shown in 

Table 10, I The root mean square (rrns) error for the mathematical expre:;sion:. fitting the physi­

cal test data for the 90-1 06, 106-125 and 125-150 I,m bead porous :;tructures were 6.13, 5 56 and 

4,99% re:;pectively 
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- 110-1 06\0l1 o.to ,- Ten5~" 

-'DS-1~Da" 

-'Z"'-1~O." ~ 
• 

" 90-1 oo,.n Modo! • -• < 

, 'DS-1~M""'" ! • 
, 'Z"'-1~M_ 

No...., .. S/,aIn 
~- + , . , ••• •• •• ., 0 .• " ,. 0.' 0.' 

Ngure 10.3: Phy.lical vs. model lensile alld {;()mpre.\.\"lve slN!.~,·-slraill L1irves jilr p<)f'm,s v,e{;l­
mens and single elemenl models 

-
l'-, 

I 
1-
L 

-"'-"'" 

• 

. ,,, ,,,, .... .., 
0 ',..'_ .... 

.k"-~~~~~~ 
• Qt. 0.' ". 0.1 •. " .., 0." _ ......... " ,. 

"'guN! lOA: Phy.,iL'al vs. model.\"lmple shear stress-~1rain curvesfor polVUS specimellS and sill­
gle element models 

These single element patch tests show that the numerical tests are valid to strains of 35 % for 

shear and 550/0 for uniaxial tensioo and were sufficiently accurate within this physical range 
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Order rn) 
Effective ""i ... on :, Rallo (v) 
Root Mean Squ.re Error (rms 0/0) 
M= TouileStram 
Max: Comp"'."""" Strain 
M,,:< Shoor SIra'" 
Max Slabi/i'} Slrain (T",,-,i/~ C"'np=.,,\~ and Sh"",'; 
Hypetfoam Mode/ (:O<!ffU:ien(s 

'" '" '" " 0, 

", 

"' "' 

90-11)61"" , 
'OS 
6,13 
0,57 ,., 
0,32 

" 
0.5111 X 10" 
0,1528 X 10' 

- 03'J36 X 10' 
0.1337 X 10" 

2.119 
4.694 

-1-575 
-3.571 

, 
0.075 

'" 0.56 ,." 
0.33 

" 
0.3501 X lit 

-0R4-53 X lO" 
-0,212R X 10" 
0.6388 X 10' 

2.771 
5, ~58 

--1-271 
- 3.2\!2 

125-150 I'm , 
0.0:\5 

'.00 
0,62 ,., 
0.18 

L' 

'" 

1.9262 X 10' 
-0:\:\7:\ X 10' 
- 0,8682 X 10' 
0.2566 X 10' 

1 257 I 
1.21355 
-2.6509 

-4.65flU 

Table 10.1: Least squaresfit ofhyperfoom model 10 poroliS test daw 

Since the material is used with a maximum tensile strain of about 30 % under physiological coo­

ditions, tbese limits were not considered problematic, The patch tests also show that results at 

higher strains diverge from the physical tests and therefore are unreliable for failure 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 55 % for tensile). 

10.2.2 The latex hyperelastic model and patch test 

Similar tensile material tests wem camed out On the latex liner, Specimens were obtained from 

liner samples by utilising a standard 5x25 mm dog hone cuner 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 Figure 8.9). 

Single clement models ,·S . experimental data. Using a single plane stress (0-.1.1 = 0), 

four-noded unit square membrane element as described in Soction 8.4. model tensile tests (see 

Figure 8, I) were analysed and the results compared to experimental data. The comparative curves 

for the latex experimental data vs. the single element model am shown in Figure 10.5, where it 

can he seen tllat tbe model solutiOil bas 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 = 6) was used to fit the data. The least squares =or5 for the latex material 

model to experimental data are shown in Tahle 10.2. The root mean square (rm8) error for the 

mathematical express ions fitting the physical test data is zero. 
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-
,!,~-~,c, - --;" .. ., " " 

Figure 10.5: Phy.'ical VS. m(kklufliaxiai tensile Mres~'-stram curves for lafex ~1'ecimefl and sin­
!-fIe elemelll model 

Desrription 
Order (~ 
/offici;'!" Poi.Win '., flalj/) (v) 

RDotMeanSquareError(IIII5%) , 
Max Tensj/e Strain 
lfw"wla,hc Mod,1 co"'irl<:iem" 

"' " "' "' "' " a, 
a, 

". a. 
a, 

u,~ 

" 0.0 
(to 

(li 

0,6023 x 1rf' 
-O.!Hl-~ x Itr' 

710"2.0 
-0.2971 x HI' 
O,'i7~S x 10" 

2513.0 
2.0 
4,11 
6.0 

-2.0 
·w 

", -n,O 

laMe 10.1.- l.eaM 8quare8jit ofhypere!astic model to later test da/a 

10.3 Fabric material coefficients 
The valida~on of the porous and latex material models has been shown above. using intrinsic 

hypcrfoam and hypcrelastic matcrial models. Howevcr, due to the usc of a modified Fung model 

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

beforc, onc nceds to show that thc matcrial model does display fabric mechanical properties, as 

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

the effect of each fabric material coefficient (C, ail (lfl the material mechanics. 
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10.3.1 The fabric single clement models 

Arbitrary fabric coefficients were employed in the single element tensile and shear patch tests and 

varied slightly to observe their mAuence on stress and strain behaviour Fib'llres Hl,6 and HU 

display the stress-strain results, while Figures 10.8 and Hl.9 plot the normalised stress values. 

which are obtained from dividiug the stress values obtained at 20% teusile strain and 1ll"10 shear 

strain by the (~= l()()()U.U and [Ii = 1O.U model solutions. 

- ---+- O""""'~_"D I - ___ C",OO 

___ 01·1.00< - "".5" 

• "".'" 
{- • .. 1.00< 

1-
• ____ ","1.", 

.. _1.,," 

L • ,/-,.,. 
-------., '" 

.... '00< - .. 
-

• 
, • • .. " .. • .. .. 

f<igul"c JO.6: J·fleet qfcoejJicienl.1 C Gild "; 011 ulli<t~iG{ 'ICllsIle l/r"-l'S_.I/rain GIII"\',,"S 

.-

.-
-

{ -! • I - + _7"1.00< .. 
-
-, , 

• • , , • " .. " 

f<igtlrc f O. 7: Fjj~d '!ic,xcffidm/s C and 0i on simple ,hear .\Iress.slrain curvICs 
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., 
l"m~-., l~ T_ "" ,"'''''' ... .,. 'il ""''' """,",,"" AS,,'..-..-

.. _'''''''''' ''''."",,"k ... ''''-''_,.. ., 0 1" , ........... _ 

j 
., iI .. 

I ., , .. • I ., • ., 
• , • • • " • • 0 • C" • • 

• • , " • • • 0 
., , • " • • • ,~, ~,,, "0 " 

. " I , ., • , , • , , ., , , , • • • • • • • 
I • ~ , ! t j ! ~ j E ! ! , \ , j , j ! • , , 
! M ...... __ C_. <C, ~) , 

Figul'>! JO.8: Normalis!!d stn!ss and tm/l.werse slrain valuesfrom tensile patch lestsdue tofahric 
mod!!1 ('()efficient changes 
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fiKiffl' JO.9: Normalised str!!s~' and lranswrse strain valliesfrom shear paTch tesTS due Tofabric 
model coefficient clmnges 

From Figure 10.6 the typical uniaxial lensile stress-slrain curve for the material model displays 

the charncterislic nonlinear stiffening effect seen in fabrics, If we define lhe suh5enpts i and j to 

denote the direclion of uniaxial lens ion and lhe transverse direction. respectively, the following 

can be observed (£lore: that results above are for i = 2): 
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IS 

curvature [1 

1 

al = 1.5x 
a2 = 1.5x 
a3 = 1.5x 
a4 1.5x 
as = 1.5x 
a6 = 1.5x 
a7 = 1.5x 
as = 1.5x 
ag 1.5x 

Porous Latex 

stress cmnPl:ess;ive 

transverse stress 

y ii are 
L1Wl .......... UAUhUUu..t.ll curvature 

0.108 9.270 
0.252 3.965 
0.124 8.065 
0.471 2.123 
0.108 9.270 
0.078 12.751 
0.095 10.523 
0.126 7.907 
0.108 9.270 10.2 
0.138 7.264 10.1 
0.146 6.836 13.4 

124 

as were 

transverse stress . 

transverse stress. 

IS 

are 

not 

o. 

curve 

1.000 1.000 
2.338 0.941 
1.149 0.882 
4.366 0.853 
1.000 1.000 
0.727 1.637 
0.881 1.059 
1.172 0.863 
1.000 1.000 
1.276 0.990 
1.356 1.314 

curves 
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]0: 

mc:rel'!LSlIlg a2 

m~lXlmlnn curvature occurs is re(lu(:eC1 

a6 

curvature occurs. 

mCreaLSlnllZ ag 

curvature is seen to In(~rp!~~p 

.... ~"~'''~ curvature occurs. 

C01nparl:LU \I'e tests 

tests. 

Latex 

10 

Multi Element 

stress 

as 

Tensile 

Shear 

811 
822 
812 
Ul 

-0.24 X 105 
-4 1.75 x 

-0.188 x 
0.072 x 

diflerenlces were nh"Pl"UP'1i 

6.776 
0.168 x 

0.0 
-0.581 

u .... ,. "'''''''''''5 coerrlclenrs a3 

Element 

6.776 
0.168 x 

0.0 
-0.581 

to measure 
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Ngllre 10.10: tomparison o(stres.\"fidd,· GL'ms.\" uniform and non-unifiJrm mul!i...,/el11l!nt shear 
patch tests 

etTectivi!11ess of the GA as well as the typical objective and penalty functions implemented. 

10.4. t Tensile experimental data for fabric samples 

The InstronIM tensile test rig was again utilised to obtain uniaxial stress-strain curves in the warp 

and weft directions offabric samples. Samples of dimensions 6O.0x20,Omm were initially pre­

loaded to I % nominal strain at a strain rate of SOmm/min to ensure that material inconsistencies 

were reduced before data collectioo. The samples were then strained to 50% nominal strain at 

a strain rate of200mmlmin. 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'M 

ti!11sile rig and a fabric sample being tested. 

10.4.2 Transverse strain tests 

Due to the difficulty in monitoring lateral strain effects with the Inslroo 1'." tensile tester as a result 

of the curling effects at the edges during the tensil e tests, fabric samples were strained in .teps of 

10, 20 and 30 % on aflat bed in a water bath maintained at 37 "c. Digital images were then taken 

to view lateral strain etlects A uniform square b'lid (5x5 mm) was marked 011 each sample to 

visually determine the localised strain effects (refer to Figure 10. 12) Strengthening stitch lines 
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Figure /1).//: Fabric IlniarwJ lem·tle iesijl1w,<; and holder 

were also sewn at both ends of the samples to minimi~e localised Slress concentralions. 

Figurc 1 0.12 ~hows a collection of [he digital images collected for a fabric samplc. where a 

single grid al the fabrics centre is highlighted. A central grid w~ chosen as it was found during 

tests that edge effects such as curling affected the strain measurement~ close to the edges. 

Figure /0. /2: U"ucxiallensl/e lesl Images collected al O. 10. 20 and 30 % arialstrain (ce/ltral 
grid used 10 obtain local strmns IS hiJ.rhliJ.rhted) 

The transverse (warp and weft) stress-strain data collected for each fabric sample can bc 

viewed in Figures C.4. (5 and Tabl e (1 of Appendix C. 

10.4.3 Optimised model solutions for fabric samples 

Implementing GAl for cach of the four fabric samples from a single starting point (namely 

C = l OOCXl, a.; = 1.0), a total of 47,42, 39 and 45 generations were reached before convergence 

OIl a set of single solutions wa~ found. Table 10.5 shows the model coefficients for each fabric 

sample obtained from GA2, including the fitness values and the generation IIUmber. Table 10.6 

shows the stress-strain d3la compared to model solutions found by GAl. Figure C.3 and C.6 of 
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Appendix C show the axml slTells and transverse strain vs. aXHll ~irain curves obtained from GA2 

compared to test data. 

, , 
C 264:14.0 9766.2 124(lLO 10"299.0 

"' 9.C1I4 12.77 ,."'" 8L08C 

" 1~ . 81~ 15.414 5.2838 35.152 
0, 86.94 12.895 25.122 39.747 
0, 15 742 12.32'2 19.878 84.289 
0, -3.8816 2.329 4 -9.0038 -22.657 
~ 21. 377 -5.3519 0.92224 ZO.526 
0, - 39.528 -13.246 28.778 13.484 
0. -5.0215 5.1202 10.485 94.932 

Table 10.5: Model '~iffi'.' i',,"'., r"'fi,b,i"""~",, ,b',m,d fi""' GAl 

1 0.4.4 Model solutions YS. experimental data 

Axial stress wi lh axial strain. Fabrie samples 1, ) and 4 show high degrees of anisotropy 

and nonlinear stress-strain relations in both the warp and weft directions, ",hile fabric sanlple 2 

shows a comparatively lower degree of anisotropy and an almost linear stress-strain relation in 

the weft direction (Figure C.3 of Appendix C). Figure 10.13 illustrates the difference between 

model and physical stress-strain curves obtained for fabric sample I. 

The model solution found for fabric sample 1 tollm' .. s the weft stress-strain curve accurately 

up to 28 % strain, and thereafter diverges, giving higher stress values. In the ",arp direction, there 

is marked difference between the model solution and phYSIcal data after 13 % strain. This, and 

the model solutions found for fabric samples 3 and 4 show excellent model fits to test data in one 

of either warp or weft directions, and a reasonable solution m the transverse direction. Since the 

normalised difference between model solutions and test data is not biased towards one direction 

or the other (i.e. It treats "'aJP and wefl equally), lhe GA tends to bias itse1fin either one direction 

or another once a possible solution is found. 
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The GA orthe fabric model, however, failed to find a good solution fo- fabric sample 2, which 

has an almost linear stress-strain relation in the weft direction. Since the objective and filness 

functi(JlS llSed were the same for all fabric samples the GA may be regarded as stable, and does 

converge u]Xln good solutions. Thus, failure is due to the fabric model's inability to model almost 

linear uniaxial tensile stress-strain behavioor. 

TnlRS\~rse with asia] 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 10.14 shows the solution obtained for fabric sample 1. A close correlation is obtained, with a 

small difference seen in the warp directioo « I % transverse strain), while in the weft directioll, 

difl:erences are roughly 1.5 % the Iratlllverse strain 
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Figure 10.14: ComjXlriso/l o/physical and modd transverse strain-axial STrain curves/or fabric 
sample I 

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 5ample I shows an increase in the Poisson's 

effect with an mcrease in axial strain Lllfge differences are seen for fabric samples 3 and 4 , 

however the weft model solution for fabric sample 3 compares well, where a difference ofless 

than 2% in transverse strain are observed. 

From the preceding discussion and the data presented in Appendix C, the solutions obtained 

from GA2 are satisfactory, where the fabric material model is capable of modelling large varia­

tions in transverse anisotropy. However, inthecaseoffabric sample 2, where a linear stress-strain 

relation is observed the fabric model fails to provide a good solution. 

The uniaxial stress fields and the deformation states for f!lbric model 1 in both the warp and 
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weft directions are shown in Figures 10.15. 10.17 and 10.18. Figure 10.15 and 10.17 show 

the increase in principal stress and deformation at 10,20 and JO ~o axial strain respectively, 

Fi~lure 10,18 compares the principal Slress states and deformations at 30 % axial stiliin for both 

the warp and weft solutions 

, 
FiWITI! 10,15: lwaximum prmcipal8tre88 and deformation at 0, 10, 20 and 30 % axial81Yal!l for 
fabric wmple I model in warp direClion 

"" ,"I V'W' 
-"".ITY 
d,'''.'' 
>1."E·'" ...... " 
'5.""" 

•• '''-at .,.,,,,,, 
.1 ."_,, 

'1,'''''' 

hgure 10.16: Maximum prillClj)(11 SlreS,\' and deformalitm at 0, 10, 20 (UKl30 % axial strain!iir 
jabric wmple 1 mudd in weft direction 
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FiKUrt' In.17: J-fillimllm prin,-i{'<lf '1rI!.~' and dejiJrml1/1011 al n, In, ::n alld 30 % axial.l1raili Jor 
jahri(' .ami'le 1 mrxil'1 in warp dllvctwn 

• .. .. ' • .. 
. ' .. 

.. . 
.. .. .. .,',.", 

, 

F/J<lIre 10,IN: Coml'al'iwl1 (if I'rilldpal MI'l'-~,e, a/ld defiJrmaliol1 al 30 % axial Mrain in hOlh 
warp andll'ej/ dllvc/ion. for Jahrlc sample I 

hKl'Yl! 10.19: Compari.wJtl of r~'" n, modd d~jormar/O/I ar 0, la, 20 alld 30 % axialslram ill 
warp d/f1!cl/ol1 
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In Figures 10.16 and 10, 17 the stress fields observed across the fabric a[ various axial strains 

are con,i,tenl. As expected, stress concentrations tend toward point (' (the displaced comer) 

For the transver,e stress or minimum principal stress Sn{as these coincide), a redu~1iOll is seen 

toward edge AH (the hori,lOntal centre line) For axial stress or maximum principal stress SPz 
(as these coincide), stress coocentrations tend toward point A (the centre). These were to be 

expected, although for SPz this is seen to increase halfway down the free edge Be and toward 

the midpoint of edge A.I) as seen in Figure 10 16. This increase can be accounted for by viewing 

the fabric as a system of cables, as shwm in Figure 10,20, where the maximum axial stresses 

would be observed along the cable ties. 

I ~~"""" "'" 
". ... 

I j-- """"-
-~ 

.,""~d 

-"",", ,",,' 

r)gll'~ 10.10; Equivalent cahle systemji>, fahric in uniaxIal tension 

The regioo ofincrc:ased axial stress along the free edge at point n can be accounted for by the 

observation [hat the fllTlber away from the displaced edge, the more evenly distributed the axial 

stress will be acro,s the fabric 

10.5 Concluding comments 
From [he patch tests and experimental results it can be seen that the latex lIlld porous strllcrnres 

are acceptably modeled, and thus validated, using the procedures detailed in earlier chapters. 

With the single element patch tests OIl the fabric material model, the effect of coefficient change 

on material characteristics was observed and assessed, The viability of the fabric model was 

done using GA2 and a range of fabric samples tested under uniaxial tension, where a variety 

of fabric behaviour is capable ofbeing modeled by the strain eneTb'Y function. However, linear 

stress-strain rclatioos are not capable ofbcing modelled. 
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Chapter 11 

GAl and Optimisation on Compliance 

11.1 Introduction 
The chapter dL\\.C.rihe, the ,talic and dynamic numerical graft model solutions lor the vanol.ls 

JXlrc sized grafts without adventilial fabric reinforcing, GAl is ulilised to find optimal fahric 

r~illiorcillg ,olu\ion, to each ofthc,\.C graft types. 'Ihe :«Jlutions found by (;AI are di,cu,sed. 

'Ihese fabric reinforcing solutions are then implcme llled in the circlllllferential and longitudinal 

1t:nsile finite dement models to ohtain the fabric I'cquil'elm'IllS in terms offorce pt;1' unit length 

vs. displacement as stipulated in international standards 11.)T vascular implants l167, 168 J. 

11.2 Non-reinforced porous finite element graft models 

11.2.1 Dynamic compliance aDd wall compression 

Tahle 11.1 gives the dynamic and stalic complianc~ value, ohtained for each porous graft type, 

from lhe gran numerical models. Other values displayed include wall compn;ssion ('Yo) and 

diastolic and sy;1olic internal diameters (mm), 

C,."ftPoreSi7.e (IJm) 9()-W6 JOG-125 125"150 
Sr(iiic OJ"Jamic' S/c1l.,e Oynami" Sialic Vpwmi" 

" 
(~~'IOOrnmHI1) JUg I~O 2(1:1 1~,2 :\J,g :11, 'J 

Internal j)i""i.tcr 6, 
. __ ., 

(mm) 
V"",,,!i,, 4.!IHS 1.(1&1 4,IGO ,Ll·33 1.378 1312 

S)molic 1-377 ,1--3 I (j 4.0 I (i 4.440 5.():)~ ,1.87!1 

W.II C ,in; p,..,,,jon (0/. ) 
Dinstolic ,~.4~ I,~I fj,25 1.97 S,Jl l.28 
S}~wljc 7,12 5,(\6 S,W I;,,) I l:l()() H ~~ 

" 
Table 1/, I. Dynamic wmpliance valuesfor non-reinforced graft models 

As expected compliance incr~a",s with increased pore size, as the larger the pores the weaker 

dlC structure. There is little di[Terenc~ hetween the dynamic and static compliance val~s; how­

c,er, as pore siz~ lncreas~s, a slight increase is secn in toc static compliance , Diaslolic and 

systolic internal diamdas rdlect similar characteristics with respecti,e static and dynamic com­

pliance. Howewr, there j, a largc diffcrcncc betwccn dle ;1atic and dynamic wall compression 

values obtained; for dynamic values toc compression observed i8 much lower. this i, d~ to tl~ 

lagging wall response with pressure pulse observed in the dynamic numaical models. On aver­

ag~, the pores created intoc graft structures were 1.21 = 0,0; tim~s th~ diameta Oflh~ porogen" 

from which they Vv-ere formed. Vvhik lhe interconnecting \',indows wcre (),G2 ± 0.04 timcs the 

I : ~ 
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diameter [91- Thus for the lower diameter porogen group uf90-I06 fLlll, the minimum pore size 

window prool.leed is approximately 47"m in diameter; after a maximl.lm wall compression of 

5,68 % during the pressure cycle, a minimum window pore size of 44 JAm is obtained for cellu­

lar in-grOl'ilh. The average diameter ofa capillary is 8-10 I,m, while the diameter of a functional 

arteriole, endothelium and a single layer of smooth muscles is roughly 30llm [32, 174] Thus, 

all the pore sized graft groups with maximum wall compression allow for arteriole, endothelium 

and smooth muscle eel! activity and in·growth based on the results observed. 

Stress fields in thr non-reinrorcfil graft walls, Figure 11,1 displays the dynamic hoop 

(circumferential), radial and axial stress fields through the various pore size non-rein/breed graft 

structures at mean internal pressure (l00mmHg), The stress fields and sizes are displayed to the 

same scale to highlight the difference in field and diameters. 

"I'"','" 
"c"" 
"",'" .. .•.. 
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" .'"" 
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~, 
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flgure 11.1: Hoop, radial ami axial stress varialion throllgh 90-106, 106-125 llnd 125-150'lm 
porOIlS grafts obtained al JOOmmHg 

Figure 11.2 plots the hoop, radial and axial stress profiles for the various pore sized non­

rein/breed graft structures. 
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-~' !~"I , il • " • , 
~ • -

r~ , _il~ - - - --, 
! , - ! . ~-
I - -! - ! • • I - ! • -- , .~~ • 

I , - I ! -- • • • 

- - -, ,,-- - --- • , " " • " , • " " " " ,., "'''' !''~I '" '0' .... ; .. (~ .. , 
FiKUre 11.2: Comparison of (a) hoop, (b) radial ami (e) arial csll"<'.\·" Ihrough var;oucsporoll.\· graft 
wall .\·truel"""cs al J (j{J mmHg 

From the contour plots and graphs in Figures Il.l and 11.2, the hoop stress fields increase 

with increased pore site, with the difference between the 9()..106 and 106-125 pm being less than 

that observed between the 106-125 and 125-150 {lm The magnitude oftbe radial stress for each 

pore Siled 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 sileo The shape of tbe hoop and radial stress profiles through the graft wall are 

similar for increasing pore sile However, a variatiOil in axial stress profi.les is observed between 

the pore SilOO grafts, The stronger 90-1 06llm pore sized graft has a higher axial stress at the 

luminal surface which decays as it tends toward the adventitial surface, while the axial stress 

profiles through the waJ.I 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-d.iameter curves for non-reinforced grafb 

Figure 11,3 gives the static pressure vs. normalised change in internal diameter (P vs. !;;d/d,,) 

curves for the individual pore siu grafts_ Typically, increasing the pore size weakens the graft 

structure and thus over-inflation occurs at lower pressures, causing higher compliance values. As 

observed, these non·reinforced porous grafts display no stiffening characteristics; 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 GAl optimised fabric reinforced graft model solutions 

11.3.1 Reinforcing fabric model solutions 

Implementing GAl, a total of 38, 31 and 29 generations weR: required befoR: reasonable solu­

tions were obtained for increasing poR: sized grafts, respectively. A further 8 and 5 generations 

were required [0 attain the desired 0.95 fitness value for [he 106-125 and 125-150 I'm graft types; 

. ~ 

• 
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Figure 11.3: Numerical model static I' vs. intenllll 6.d/dQ cllrvesfor the pore sized gn!fts 

however. the full 50 generations were needed before the 90-1 06 tlm graft type obtained a 0.948 

fitness value Table 11 2 displays the optimal fabric model solutions obtained from GA I for each 

of the pore sized grafts. The table includes compliance values., compression. internal diameter, 

fabric circumferelltial strain, model coefficients, and fitness and objective values obtained. 

11.3.2 Dynamic compliance and wall compression 

The results obtained from GAl gave dynamic diameter compliance values of 6.4,6.9 and 7.1 

o/oI l00mmHg and diastolic diameters of3.965. 3.998 and 4000mm for the 90-106. 106-125 and 

125-J 50 11m pore sized fabric reinforced grafts. respectively. The resulls demonstrate Ihat GA 1 

does conves-ge to good solutions. Wall compression values at diastolic and systolic pressures are 

presenled in Table 11,2. wherea mMimum compression of6.200/0 is obtained by the 125-150 flm 

pore sized graft. The circumferential strain observed in the fabric so/Illion is greatest forthe 106-

125 tlm pore size fabric reinforced graft, with a value of 8.85 01", while values of 8 13 % and 

8.70 % were observed for the 90-106 and 125-150 flm reinforced pore size grafts. respectively 

In contrast, the internal diameters at the systolic pressure for the 90-106 and 106-125 11m are less 

than the 125-150 I'm 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 125-

150 tlm non-reinforced vs. the reinforced pore size graft types. 1lJe 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 0.04 s, while the reinforced 

grafllags by 0,02 s, The non-reinforced graft·s wall compression vanes considerably over the 

pressure cycle. which is an undesirable characteristic for a self-healing porous graft, where it is 

essential that the pores remain open. and varying little in dimension over the cycle. 
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2.93 3.24 3.82 
4.82 5.31 "'" 

Diastolic 6.61 7.19 7.08 

C 507.969 9n14,'; .188Ul~ 

"- 0.0"2i1 15.1!i!5 17.748 
~ 27lJ.6<13 201.607 133.&18 

". L719 21.012 6.662 

", 24.3\0 16.631 25.731 
~ 2.7~5 ~28.0I3 13.7&~ 

~ &U76 5Il.!i42 66A9R 

". 8.014 -24.693 -18.083 

". -13.284 2.018 

Objective f"lu~ 
PurliulObjedive Values 

mAC:"" 0.9693 0.9329 0.'123) 
(19( 19 0.!J9.t1 0.9996 
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FiKUtr! 11.4: II/temal (ID), ertt':maJ diameter (on) wu1 K'all mmpres.,jon VS. lime curves jJr 
lIOfH"eil/jorced GIld reinforced 115-150 J-U1l pore sized xrafts 
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Dynamic stress fieldll through graft wall and fabric reinforcing. Fib'llre 11.5 ill spl ays the 

dynamic hoop (circumferential), radial and axial stress contour plots, while Figure 11.6 plols the 

hoop, radial and axial stress profiles for the various pore size adventitial fabric reinforced grafts 

at mean pressure (100 mmHg) 
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FiK/ITt! If.5: Hoop, radial md axial sfn!ss vuriation rhr(mgiJ 90_106, 106-125 alld 125-/50 11m 
oprimalfabric reilrforc~d pO/tJus grafts obrailled a/ 100 mmHg 

The high fabric stress Ilalues, indicated by the sharp change in stress profile in Figures 11.6(a) 

and (c), obtained for the 125-150 11m reinforced graft compared to the 106-125 and 90-125 j:lm 

structures, illustrate that the fabric reinforcing used for the weaker 125·l50j:lm graft plays a 

dominate role, while this role is reduced for the 106-125 and 90-125 tIm structures. 

Comparing Figure 11.6 with II 2, the fabric reinforcings reduce and level out the circum­

ferential stresses obsefYed They also reduce and level out the axial stress in the 125-150f'm 

graft. while only a reduction is observed in the 106-125 and 90-1 25 11m stnlCtures. With the ad­

dition of the reinforcing, the compressive radial stress is observed to increase toward the outer 

(adventitial) surface, while relatively small changes are obsefYed at the lumen for all graft types. 

The stress contour plots and profiles observed in Figures 11.5 and 11.6 indicate that the fabric 

reinforcing plays a dominate role in providing the correct compliance, and reducing circumfer-
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Figure 11.6: ComJX1ri.mn of (a) hoop. (h) radial and (c) axial stress through optima/fabric rein~ 
jiJl'Ced porous wall structures at 100 mmHg 

ential and axial stresses observed in the porous g!<lft structures. 

11 .3.3 Static pressure--diameter cUn'es for fabric reinforced grafts 

The fabric model solutions obtained from GAl were utilised in static numerical graft models to 

obtain static pressure vs. normalised change in diameter cUives foc the reinforced 90-106, 106-

125 and 125-150 ~m pore sized grafts. Figure 11.7 displays the internal and e><ternal diameter 

curves obtained for the varioos structures. The region where nonlinear stiffening starts to occur 

is indicated on the figure. 

-+-00-_,_ """,, 
--- 1 011- '_'_~OO 

____ 1,..'_ F_~'D 

____ 0<>-",""," ,_""" 00 
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--+- to-_ Cht ll r 

,. " - 00, 

hgure 11.7: Numerical model suuie 1-' vs. inJemal and ertenJaI 6.d/do curves for the optimal 
fabric reinforced porous grafts obtamed /rom GA j 

From Figure 11.7, the grafts exhibit nonlinear stiffening characteristics when the fabric re-
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inforcing is utilised. The region where nonlinear stiffening starts to occur is below the physi­

oI~,;cal range, alld occurs at 35 mmHg for the 125_150 I,m and 36. mmHg for the 9O-106l'm 

reillforced pore size grafts In natural blood vessels this Ilonlinear stiffening is observed through­

out the vessels' loading himlly (see Figure 29) The diffcrellce illllonlinear stiffening between 

the internal ;tnd external diameter curves is apparent, where the internal stiffening i~ not as pro-

1l0UllCed due to compressioo of the gr;tft wall. However, after ti~sue ingrowth the porous struc­

tures' compression charnctenSlics will be reduced giving a pronounced internal diameter nonlin­

ear stiffellillg effect. 

If one views the pressure-diameter relatioos of the external porous graft wall (without the re­

inforcing) and the reillforcing fahric separately one obtains two characteristic curves. By the 

addition of these two pres~ure-diameter relations, one can obtain an estimate for the pressure­

diameter rel;ttion of the combined structure. Thi~ is demon~trated ill Figure 11.8 for the 125-

150 I'm pore size graft, where the addition of the external diameter Iloll-reinforced graft curve 

(Graft OD) with the fabric's pressure-diameter rclatioll (Fabric) olle obtaills an estimate for 

pressure-diameter relation of the combilled strucrnre (Addition of Graft and Fabric 00 curve) 

which is similar to the fabric reinforced graft ~oIUtiOIl (Fabric+Graft 00). 

-

1 
! 

-
r-

• , 
! " ~ ! 

, 
I ,. 

• /-~ -;" j - j -

~~ ;;,1 I .. " 
';! I __ r_" , - ,. .. ,. ' " ,., .. 

• 

Ngure 11.8: Static P VS. extemal .6.d./d."jOr 125-150 JlhI PO'" siz«d I!",-!fi. {he reinfiJrciNf! sock 
and Ihe combllled structure 

11.4 Circumferential and longitudi nal model solutions 
The fabric model solutioos obtained from GAl are also implemented ill the circumferential and 

longitudinal ten~ile numerical model~ to obtain the fabric requirements in tenus of force perunit 

length v~. di~placemelll. These force per unit length vs. displacement curves will be used to 

develop physical fabric reinforcing ~amples. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapkr 11' G.'" 1 anrl Op'inmatlOn on Compilancc 14) 

11.4.1 Circumferential stress-strain curves 

Figures 11,9 and II, to display plots offorce per unit length vs_ displacement for the first three 

fabric reinforcing solutions obtained from GAl for the 125-150,urn graft in the circumferential 

and longitudinal directions, respectively. 
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Figure 11.9: Threefahril,; reil!fornng ,wl1J/lOns fl." 125_150 1U1l pore ,j/zed wafts obtainedfrom 
CiA I; clrcu"!ferenlial lem'ile ITUmerirul simulation results 
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Figure 11.10: Threefabric reinjon11>g solutionsfor 125-/50 jJJ1I pore sized grafts ohtainedJrom 
(fA I: longitudinal tensile lIumerirul simukuion reslI!t.j' 

The circumferential force-displacement curves for the first three solutions are similar, how­

ever, a large difference is observed in the longitudinal force-displacement curves, Table \1,3 

exhibits the variation in compliance, wall compression, internal diameter, fabric circumferential 
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structure. 

4.000 3.992 4.000 
4.113 4.104 4.115 

3.82 3.82 3.82 
6.20 6.20 6.20 

7.08 7.03 7.07 
8.70 8.68 8.74 

Fabric Model Coefficients 
C 3881.518 4282.589 4282.589 
al 17.748 13.737 12.918 
a2 133.838 133.236 126.283 
a3 6.662 2.250 2.554 
a4 15.106 12.542 
a5 13.785 18.598 14.050 
a6 66.498 68.905 66.776 
a7 -18.083 11.465 -21.364 
as 2.018 11.242 4.791 

20.619 18.212 14.993 
Fitness Value 0.9509 0.9451 0.9448 

Value 0.9509 0.9451 0.9448 
Partial Values 

0.9230 0.9257 
0.9791 

32 

mrern:emlS are ""''''''.A'''A''''''AU "'VJ' ........ vu as 

transverse 

... A .... 'UUU transverse 
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• 0.1> 0." ." 

FiXUn! 11.11.' Numerical simula//Onojslalic P vs. illiernal amiall!ma/6d/dQ jor th~ first thr~~ 
fahnc reinforced sollltmlls (}btam~dfrom UA I jar Ihe 125-150 {lltl graft 

It is 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 fields in the 

porous structures while obtaining the correct compliance and diastolic diameters indicated in 

Table 11,2, 
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Filfl!n! j 1./2: Oplimal fabric remforcing circumferenlial lel1\'ile model SolUllom for parml,l 
gr,!fls ob/aincd IIsinK (;A I 
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Ngure 11.13: Optima/fabric reinjim;mg lrmgiludino.l tel/sile model .wluli"ns!or porous graj/.I· 
ohtmned IIsinK GA I 

11.4.2 Circumferential stress fields for reinforcing fabrics 

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

for the l25-15011m graft obtained from GAl. As expected, the fabric contracts transversely 

during circumferential tensioning, indicating that GAl found realistic model solutions 

Undelormed 

FIKllre 11.14: Deformed and Imtkfonned optimal ClrLllmferel1l/tl! tensile ~·olutioll fi" 
11S-ISO I'm porous grqft type 

Figure II 15 depicts the circumferential (822), axial (811) and shear (812) stress fields for 

the fabric circumferential tensile model so/utioo above. The stress fields are reasonable. where 

the maximum stress values observed arc in the circumferential direction. This circumferential 

stress is a maximum at the centre and reduces toward the edge of the tllbric reinforcing tube_ 

The distribution ofloogitudinal stress is similar. where a maximum is observed at the centre It 

should be noted that both the circumferential and longitudinal stress fields are ,n tension and the 

circumferential stress is H1.Ighly 25 times higher than the longi rudinal stress. 
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Figure 11.15: Cin7lmji?rential (S'2:2). axial (SII) and shear (812) stressjiefds for optimal cir­
(7/m.ft!rential tt!mile solulionfor 125-150 pm porDU8 graft type 

11.4.3 Longitudinal stress fields for reinforcing fabrics 

Figure 11.16 displays the axial (811) and circumferential (822) stress -fields and the deformed 

and undefonned confi.!,'lII"ations of the fabnc longitudinal tensile model solution tor the 125-

150 lIm graft obtained from GAl. Again. realistic defonnation in the circumferential direction is 

observed due to longirudinal tension 

The axial stress -field observed is a maximum at the centre of the fabric reinfoccing tube (if 

OIle ignores edge effects due to model constraints), while circumferential stress is observed to be 

a maximum at the clamped end, as expected. The mal[imum longitudinal stress is 3 ;.; 10" times 

higher than the maximum circlllllferential stress. 

-,.,.. .. , 
" Ii'." .. ... ." 
-, " .. " _. ",,'" 
.,." "" ....... " 
,'." ,'" -""",,, 

,..- . .... ~ 

" .,,~ 

Figure 11.16: Cirmmferentml (822) and axial (511) 8treso"jie!dsfor oplimal longitudll1l1! tensile 
solurioo for 125-150 pm JXK011S graft r;-pe 
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11.4.4 Physiological circumferential strains of reinforcing fabric solutions 

Figure II.l7 displays the physiological operating region of the reinforcing fabric solutions in 

(he circumferential tensile models based on the circumferential strain values specified in Table 

112, From (his. the force-displacement region in which the reinforcing solutions operate can 

be obtained, COITesponding circumferential force per unit length value. oCJ and 22,S J\lm were 

obtained from circumferential >train> of 6.6 I and 8,85 % as indicated in Figure 11 17, 

---"'--~.~ 
-,,,,,,,,..,,,,,~- .~ 

{ -~,,..,-"'-,-,~ 

I 
__ "' __ l .. __ " 

_ ---,"""'-""""' '''-i Jk~':;;"'-:=;-='~- C - - ------- ---X 

, 
I 

! 

figure 11.17: Physiological opemllng region of/he reillforcingfahric ,lOrl/liom III 'he clrcumfer­
enhaf tensife models 
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manufactured for review, a subset ofwhich are shown in Figure 12. I. 

hgure 12.1: Inl/ialfahric reinforcing sample.1 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 thi~ ha~ a fine mesh structure which 

will not adversely affect the grafts' healing properties by preventing cellular ingrowth. How­

ever, it is a straight braid structure which is unlikely to produce the required nonlinear stiffening 

characteristics, unlike the knitled samples C and E. 

From these candidates, a number of sample iterations were carried out to obtain the required 

circumferential and loogitudinal force-di~placement 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. 

hgure 12.2: Iterative del'e/opment '--if reinforcingprotOlype I 

It was not. however, possible to develop and manufacture final fabric reinforcing socks with 

the desired characteristics obtained from GA I due to time and cost constraints. Instead, two of 

the itemtive reinforcing samples which displayed similar circumferential and longitudinal focce­

displacement characteristics described in Chapter II are used to obtain physical results. The two 

samples chosen are referred to as prototypes I and II. BlJ:h prototypes were produced from 50 tlfIl 
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Dacron fibre threads with a 0.35 mm pore size diameter and a surface coverage of between 70 

and 75%. 

Apart from not matching the transverse force-displacement requirements of GAl, 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) Ths was to allow the graft sample to be inserted into the 

reinforcing sock. To enSllre, that the adventitial reinforcing socks fitted lhe outer waH 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 graft 

figure f2.3: ReqUIred longitudinal strammg of prototype nmforcing samples to fit the porous 
graft samples 

To ensure that consistenl reinfcrced 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 rand H, to ensure that 

they confonned to the external sunaces of the porous grafts. 

Rrinfon:inJ: 
Pl'OIoty , 

" I 
l.(Inl,.itudinal Str~ill 

('Y. ) 

59± 1-9 
HI ± 1.7 

lb.bk 11.1: I.ongitudinaislraim applied 10 fabric; prototypes 10 fil porous graft samples 

The longitudinal straining induces a pre-stress in the reinforcing structure. This change in 

stress and defonnatioo states will need to be accounted fOf' when comparing finite element model 

solutions and experimental results, 

Fabric reinfordng tensile tests adjusted for longitudinal strain. Due to the longitudinal 

straining, new circumferential and longitudinal forcc"displaccment curves had to be obtained. In 

order to obtain the new curves, the fabric socks were pre-strained longitudinally as specified in 

Table 122, and then placed in a tensile tester. Figure 12.4 shows prototype II in the circumfer-
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ential tellsile tester, where the sample is longimdinally strained prior to testi ng. 

a) ManllfiK:lurcd 6mm + 
Reinforcmg Pr010lypc 1I longitudinal Pre-Stram (5mm +) 

l:i I 

Figure 12.4: Prolorype 1I befon! ami qfter lunwtudmal strain in circumferential/ensile lest 

Variation betwte ll GAl lDodt"1 solutions Rnd prototy pl" fabric r t"illforcillg sa Plplt"~. (a) 

Circumferential: Fib'llTe 12.5 shows the circumferential force-displacement curves forprotntypes 

I and II, with and without longitudinal stain. The optimal fabric reinforcing model SOlutiOll for 

the 9O_106/lm pore si:loo graft obtained from GAl is also displayed, 

- (1/ I ' -+--" ...... 
~"""--+--" .... ,_ .. --I -+--,,-,--

L -""-""--
1 , -

~ """ " . 

Figure 12.5: Cirmmfaential !I!mill! tl!sl results of reinforcing protof}pes 1 ami 1I, with alldwilh­
oUllongiludillalslrain applied 

The prototype characteristic curves arc considerably different to those required by the numer­

ical solutinn for the 90-106 I'm pore sized graft Both prototypes stiffen in the circumferential 

direction earlier than required. The position of maximum curvature for the solutions obtained 

from GAl occur at around 9, I % strain (refer to Section IOJ , I). for prowypes I and II this 0c­

curs at 2.2 and 1.9 % respectively. and 2.8 and 1.9 0/0 for the longitudinally strained prototype 

samples, Little difference is observed between prototypes rand n without longitudinal straining, 

only when the samples arc longitudinally strained is a large difference observed The difference 
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in the circumferential force-displacement curves for the longitudinal straincd prototypes \'S. the 

mooel solution will give lower compliance values for the prototype samples, as gradients are 

larger and stiffening occurs earlier than the numerical solution. 

When reviewing Table 11.2 it can be seen that the physidogical circumferential strains at 

which the 90-1 0611m fabric reinforcings will possibly opemte according to the computational 

solutions of GAl occur between 6,61 and 8.13%. If one looks at this region in Figure 125, it 

can be seen that the circumferential force per unit length of the longirndinally strained prototype 

samples is 6-12 times greater in magnirnde, 

Using the circumferential numerical solutiOlls obtained from GA I at the physiological oper­

ating strains for a particular graft type. one can obtain the diastolic and systolic circumferential 

force per lUIit length requirements of the adventitial reinforcing as described in So:ctiOll 11.4.4. 

These diastolic and systolic force per unit length values can then be used to gain estimate phys­

iological circumferential strains which would occur if other reinfun:ing types are used. This is 

illustrated in Figure 12,6 for the 90-106 11m GA I solution and prototype L 

• 

" -----------------."-'1 
"' -I --;- --. -~,,~~ --',-:J:' ,-~J~c.c_-.:;__;;"___c,, 

............ _'" 
FiKUre 12.6: Emmafe phpioloJ?ical circulllferenila/ ~1rains for prototype I based on force per 
unit/ength reqllirememsfrom 90-106 tim GAl solution 

From Figure 12,6, the physiological strains of 6.6 and 8.9 % give diastolic and systolic force 

per unit length values of 5.1 and 1l.5 N/m from the GAl solutiOll, Using these force per uoit 

length values and the circumfercntial curve obtained from prototype I, OIle can obtain estimate 

physiological circumferential straios which would be observed if prototype I wCl'e used to rein­

force the 9O-106ltm graft type. Estimate circumfcrcntial strains of I and 2 % are obtained which 

are substantially lower than 6.6 and 8.9 0/0. For prototype!, the circumferential curve between the 

diastolic and systolic forcc per lUIit length values is approximately linear compared to the GAl 

solution. 

GA 1 optimises OIl a 6 ~oI100mmllg compliance, a 4.00 mm diastolic internal diameter, and 
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nonlinear stiffening, Thus, given that compliance is proportional to the differellCe in the dias­

tolic and systolic circumferential strains, it can be seen that the compliance of the graft using the 

estimate circumferential strains of prototype I wi!! be reduced considerably (rooghly two thirds 

assuming that Eule or no waH compression is observed). A circumferential strain of 6.6% from 

the GAl solution which gives a 4.088mm diastolic internal diameter (fable 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 pcrunit 1enb'1h 

values is approximately linear for prototype I, means that prototype I used as a reinforcing for 

the 9O-106,.m graft will not pnxluce the required 6 %/100 mmHg compliance, 4.00 mm diastolic 

diameter and nonlinear stiffening. 

(b) hmgiludinal: Figure 12.7 shows the lonb>itudinal force-displacement curves of both rein­

forcing prototypes, with and without longitudinal staining. lbese are also compared to one of 

the optimal reinforcing solutions for 90_1 06,.m pore sized grafts obtained from GAl. 

FiKllre J 2.7: L()fJKltudma/lenSl/1! test rl!su/ts ojreiliforcinK profotype~' I alld II, wnh alldwi/hoU/ 
longitudillal slrain applied 

From the loogitudinal curves of Figure 12,7, the manufactured prototypes do not match the 

optimal requirements obtained from GA I. The maximum curvature of the unstrained prototypes 

occurs at 163% and 198'Yo longitudinal strain. However, with the longitudinal straining this 

is reduced to I II and 109% respectively Thus the model compliance and diastolic diameter 

predictions from GAl will not be achieved. 

General ~inforting characteristics of prototypes, Orher required characteristics of 

the adventitial reinfOl'cing were assessed for prototypes I and It, with and without longitudinal 

straining, Table 12,3 shows the other required prototype characteristics. 

From Figures 12.5 and 12,7 and Table 12,3 it can be seen that the prototype reinforcing sam­

ples arc far from ideal as an optimal reinforcing sock based on the results of GAl, However due 
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J)c.eriptio. Uni/j No< Strained Stroined , 
" " Sock Im.mal Diameler mm 'Jb 0,0 0.0+0.<3 ,,",0+ 0,3 0 U", 

Fahk W,)IIr;,ici<lI<'S> I,m 6()J mJ 151! 1.150 "" mJ ·lOU 1.151! 
/0 I ""r "I 'hi, "'!es.\ !;m .~ m :;U ± IU !;() m ,)I) ± II! 
P,,,e Size /)iameie, mm U.R IH Il.R ± O.~ :1.2 ± IH :U + 11.(i 

Sur/act' Art'a Coverage % &:1 + 8 7~ G I iO + i Gi! 1. 5 

T"h/e 1],3__ F"hirt' prololyp" "hamcl<'ri,\'lic.I' wilh "nd wilhoul "ppli<,d longi/udinal S/I'"jn 

to time conslraints and co,t factors it \~a.~ not pm,ible to produce th~ r~quircd sample, for dift'ct 

correlations, 

12.3 GA3 and prototype fabric model solutions 
'](1 validate the numerical solutions. a reverse procedure of obtaining the labric models which 

descrit.;, the prototypes' circumferemial and longitndinal tensik stress-strain characteristics arc 

required for implenlemalion in the numerical gran model. The gendic algorithm GA3 is used 

to optirni,e lhe fabric material modd coefficients to the circnmferential and longillldinal lCn,ile 

experimental results lor prolotypes I and 11, As descrit.;,d in Chapter 9, Ihi, CiA ulilises lhe s~m~ 

ntness and obj~ctive functions as GA2; however, the partial objective and fitness l'unctions for 

local axial and transYCrs~ strain, arc excluded, as transverse strain data was not collected. 

12.3.1 GA3 solutions to prototypes 

Implementing GA3 lor both lhe longitudinally strained prototypes, the full 50 geoorations weft' 

ooe&d in order to obtain a set ofsolutions lor prototypes I and II. Table 12.4 ShOV'iS lhe model 

Pllrdlneters lor toc longitudinally strain<XI reinforcing prototypes obtained from GA3, including 

the fimess values dlld lhe generalion nnmber. 

I Mii'l),() lJl~).1 

", 0,100 081<3 
", J~,~6~ ~(i.(),ll 

"' 19--"& nno 
", 1l.9J:1 1.1Ii94 

", 0.007 -IUllo 
a., -2!'J7~4 -B.2W 

"' 7999 13]" 

", 7.5U -1.Wl 

;u;;;";ec:':,":'~":":":ie~i~~tr:"tblJ2 
Partial ohicClh'" values 

0,7G23 

", Fi Le, U,90;;;) (),9(i15 
i ' , 

in 

" r"ble f 2.-1, .. 'IIodd 
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As observed the fitness values obtained are low, namely, 0.81 and 0 76 for prototype, I and II 

respectively. If one views the partial obj eeti ve values from whieh the titnes, values art calculated, 

namely ,/,IL
C
',,' and ()I'lL'''"'' the Clrcumftrential force-displacemwt models tit the experimental 

data well «(,)FlIYJ, > 0,96), while the longirndinal force-displacement model do not «(~"'/"c,_ < 

0.66) 

Figure, 12 8 and 12.9 ,how respective!ythe circumferential and longirndinal force-displacement 

solutions obtained from GA3 comparcd to test data The fabric models obtained from GAJ give 

good so/utions in the circumferential direction while corre! ati<ms in the longitudi nal direct; on are 

rea~onable at lower strain, « 60 '7.). hence the low 1/,/L""" partial objective value in Table 12.4 

However, with the longirndinal force per lIIlIt length vs. strain curves, the fabric rei nforci ng, are 

not likely to operate at longi tlJ(\inal strai n, greater than 25 %, th",. the model sol lItion I, accept­

able 

-
! 

L 
I 

" 

. ,. " . . . --...... ", 
Flxure 12.8: GA3 circumferen/ial force-displacemen/ so/II/iom \'~. experim<!/Itul dutu .IiI/' IO/lf:/­
/lidinafly strained protOlY[!I!s 
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,. 

Figure 12.9: GA3 /ollgimdillalforce-dispiacemem sohll/om v'. nperimenlal da/afilr iOllgiludl­
lIally Slrained protot)pes 

12.3.2 ~umerical grnft simulations with GAJ model solutions 

Using the fabric models solutiolls obtained from GA3 which describe the pre· strained prototypes 

I and I I in circumferenti al alld longitudinal tensil e tests, computational graft simulations were run 

alld new static and dynamic compliance curves and values obtained, Table 12.5 gives the various 

compliance, diastolic and systolic diameters, radial (wall) compression and fabri c circumferential 

strnin values obtained from these simulations for prototype L 

U6 3.76 ~.77 ~.78 

~.17 ~.~~ ,H7 ,~.&:\ 4.()7 ·U.f 
SvM,,/ic 5.:.?;1 5,09 5.U9 ,:;.55 6,,';8 6./9 

t'abric Grru mfumtial Sirain W.) 
j);a,'/"/;c 2.0'l 2.17 2.11 2,23 2.23 2.3t 
~\'sl()iiC 3.Z-l ~.:rl :1.:14 :I.~I :1.49 :1.47 

"iilMe 12,5: " (fA3 

From Table 12.5, the fabric circumferential strains obsen'ed are low; between 2 and ),5% 

However, these are higher thall the expected 1 and 2 % for the 90-1 06 I,m pore sized graft solu­

tions (refer to Section 122) 

Figures 12.10 and 12.11 show the stress fields through the various pore siLed grafts, for the 

prototype I reinforcing fabric model 
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figure] 2.] 1: Comparisoll of (a) h()()p, (b) mdial alld (c) axial stress Through prowf}pe I rein­
forced porous wall Simc/ure.\' a/ ]00 mmflg 

There is little difference between the hoop and axial stress values for the various graft types 

° 

, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 12: 11,., De,clopmcn( ofthc Fabric Reinforcing Samples 

due 10 the stiff reinforcing, while only a slight difference is observed in the radial stress values. 

This is considerably different to what was observed for the non-reinforced grafts in Figure 112. 

As can be seen, the prototype model solutions playa dominant role in the mechanics of the graft 

stmctures, due to their non-compliant characteristics, 

Figure 12,12 shows the predicted pressure-diameter (internal and external) relations of the 

varioos prototype I reinforced pore sized grafts utilising the fabric solution obtained from GA3. 

An approximately linearre1ation is observed (a straight line is highlighted on the graph to display 

the slight nonlinear stiffening characteristics) 

• ! '" , 
~ ," • 

• 

, 
., .. ' ",/ ' 
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-+ 100-1 ;><,-'" l ."." I i" ~ 
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Fif(lllT! 12.12: Model SIalic P v.". il1lernal alld eXlallal 6d/ do curVt:,j'jor the proto/ypc I rein­
forcedporous gnifis 
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Chapter 13 

Compliance Experimental Results and 
Implant Studies 

13.1 Introduction 
Tn 1l1lS chuplcr experimental oomplimlCc results are obtained for the various reinforced and nOll­

reinforced pore sized grafts using the vislilll technique discussed in Chapter 7. Unforlunately, 

the supply ofprotolype U reinforcing was limited and no samples were left after tensile testing 

to obtain compliance data, thus, in this chapter reinforced grufts refer to those grafts reinforced 

with pmtotype I only. 

The expenmentai compliance results obtained are llsed to correlate the graft numerical models 

solutions which include the latex liner. The chapter concludes with a single baboon implant 

study, where the effect afthe fabric reinforcing in vivo is observed using a 125-150!-'lIl pore size 

prototype [reinforced graft. 

13.2 Luminal latex liners and pressure loss 
With in vitro testing of porous graft structures, to pre~ent pressure loss through the graft Illmen 

a luminal latex liner is employed. A local manufilcturer of latex products' was asked to develop 

these luminal latex liners. Tile liners were manufuctured 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 unifonn along its length. the mandrels were rotated continuously in a horizontal 

plane. Details of the latex Soilition used. the llI.lmber oflatex coats (dipping) and the speed at 

which the mandrel was rotated while the latex was allowed to dry could not be obtained from the 

manllfilcturer due to protection ofmanuracturing methods. 

It was found that latex liners made on a 3.7mm diameter mandrel gave the required 3.62 ± 
0.15 nun external diameter after drying. The liner wall thickness varied from sample to sample: 

ho".ever. after visual inspections and the removal of bad samples a wall thickness of 192±221-'lIl 

was obtained. The method llsed to take measurements and visually inspect the liners was done 

rrom digItal images under a microscope, as described in Chapter 7. 

13.2.1 Static compliance cun-es for luminal liners and numerical solutions 

Static pressure vs. diameter curves for a number of latex liners (sample size: n = 6) wcre 

1 Roynh.nlt Pvt. LW., J"hanresburg. Republic "rSouth. Afric., Td #: I 27 11 474 3488. 

]59 
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collected using the digital imaging method and the compliance rig described in Chapter 7. An 

equivalent finite element model was used to gain numerical solutions, where the hyperelastic 

constitutive model obtained in Chapter 10 was implemcnted for the late!< material. Fif:,'ure 13,1 

shows the experimental and numerical curves oI'pressure against diameter change obtained. 

,. 
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FiK/ln! 13.1: Experimental and numerical model static P vs. external l::,.djdo curves/or luminal 
lalex Imers 

From Figure 13, I, a good numerical .olution i~ obtained. Even though the numerical model 

fits within the boundaries of the experimental results and follows the shape of the CUNeo it does 

over predict the diameter change with pressure. This is due to the initial small diameter change 

obseNed in the experimental data as the pressure is increased from 0 to 20 mmHg, Although 

every care is taken to ensure that the experimental data collected is consistent and accurate, this 

initial small increase in diameter with pressure may be attributed to the axial pre·strain applied 

to the samples 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 circuit; thus, the initial increase in pressure is used 

to bring the internal pressure back to zero, while a small 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 cunres including the latex liner 

Static external diameter P vs. l::,.d/do curves were obtained for both the reinforced and non_ 

reinforced pore size grafts of 90-1 06, 106_125 and 125-150 jim, incorporating the latex liner, 

Figures 13.2 and 13.3 display the curves obtained from the various reinforced and non-reinforced 

gnlfts (sample size' Ii = ::I), 1be latex liners and non-reinforced pore sized grd.fts show a balloon-
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ing effect as pressure is increased However, with the addition of prototype 1, nonlinear stiffening 

is observed, 
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(90-106 JW' nOIl-rem/orced lJOrmis gmji and latex cun'es included/or comparison) 

13.3,2 Static compliance curves after analytically removing effect of luminal 
liner 

Before dynamic compliance tests can be dooe OIl the grafts, equivalent physiological pressures 

need to be found; these are the elevated pressures at which the grafts are physically tested in 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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pIe graft wall thicknesses, as described in Section 7.2.2. It 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 aod 120rnmHg 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, aod internal aod 

external diameter changes of 0.056 ± 0.008 and 0.111 ± 0.004 for the 9O-106,urn nOll-reinforced 

pore size graft. 

! -,---;7---==--------, 
i -, 

• 

• . ... . .. "'~ " . ,,,. . ,. . ,,,. 02 "'" . , . -
Figure 13.4: Calclllalion o/inlcmal diametcr and eq1livalent 80 and 120mmHgpressllre differ­
ences between pOroll~· graft intemo'! diameter and later 

Table 13 I gives the eqllivalent physiological data val lies obtained fOl" the various reinforced 

and non-reinfocced pore size grafts after analytically slIbtracting the effects of the latex liner. Thi s 

table also gives the static compliance val lies calculated from the equivalent diameter chaoges 

(uncertainty vallies foe Static C~ were calculated by using the weighted method proposed by 

Kline and McClintock [175]). 

NOD-R~infUrr~"'''':t= 

(rmnlIf!) 126.0 144.0 16J,2 "" 102.1 116.4 , 
l)ia.l'lOlic 0,056±0,OO8 0.083±0,021 11.116±11,011 O.OOG±{)OOJ 0.Ot9±{).OJO O.OlHO,OJ t 

Olll±OOO4 II.LW±O,02'l 11.I~~±11,01~ O,Oll±{),iJO'I 0,029±O.009 O.O'l<i±O,017 

(W1OO"'mJl~) 13.0±2.4 12,9±H 16,4±4,6 1.}±1.2 2.;±lJ 4.1 ± 4,9 

Table 13.1: 
~llbtractiOfl 

f;quivalent physiological data/or reinforced and non-reir!forced grafts after later 
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13.4 Dynamic compliance tests after adjusting for luminal liner 
The compliance rig was setup to produce pressure pulses similar to those used in the dynamic 

graft numerical model (Fi!;,'ure 8,4) with equivalent diastolic and systolic pressure values taken 

from Table 13, I , However, it proved difficult to produce similar pressure waveforms for samples 

which needed equivalent diastolic-systolic pressure differences greater than 70 mmHg; thus, new 

nwnerical dynamic graft models were implemented using pressure functions which described 

these pressure waveforms_ 

Fib'ille 13.5 shows curves of pressure and internal diameter vs, time, foc a 125-150 f'm non­

reinforced graft sample, The actual equivalent diastolic and systolic pressures obtained were 

169,6 and 238,5 mmHg, against the required values of 163,2 and 243,OmmHg from Table 13.1. 
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Figure 13.5: Pressure and inlemat dillmeler VS. lIme curves oblalned from comptiance rig for 
/25-150 Itm porous waft sample 

From the pressure-time aod internal diameter-time curves, values of diastolic and systolic 

diameters were collected and used to calculate the dynamic compliance_ Table 13,2 presents 

the acmal equivalent pressures used, the external and internal diameter values obtained, and also 

gives the calculated dynamic compliance based on the collected data 

13.4.1 Dynamic compliance values 

Figure ]3 ,6 displays a bar chart of the dynamic compliance values obtained for non-reinforced 

vs, reinforced pore si~ed 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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K~info=d 

Table 13.2: Dynamic datafor rell!/orced and n(HI-reillforced grafL~ using eqmvalent pre.<;sures 
from stalic curves 

1 , 
~ , 

, ... , ...... , ... , ...... 
G,.ft P", • .5; .. 

Fif!1Jre 13.6: Bar chart of dynamic compliance vo.luexjOr reirrfarced and 1I01l-reinforced porous 
gf"{i//s (p values obtainedfrom 1-failed I-lest) 

With the addition of the adventitial reinforcing protorype I (described in Chapter 12), it was 

obselVed that there is a significant reductioo in compliance (I-tailed t-test. n = 3: p < O.1)()15 

foc all pore size graft groups). Between the various pore size graft group. significant differences 

were observed between the 90-106 and 125-150 tIm grafts, both reinforced and nOll-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 obtained in a bar chart forthe non­

reinforced pore sized graft groops No significant difference was obselVed between the static and 

dynamic compliance values 
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Figure 13. 7: Companmn of dynamic allIl stalic compliafK-'1? va/llesfor porolls K/"qfts 

13.5 Comparison of numerical and experimental data 

16:' 

Table 13.3 presents numerical and experimental static and dynamic compliance values Exper­

imental data was obtained fmm internal diameter P vs, nd!dlj curves after latex subtraction, 

while the numerical solutions were obtained from Chapters 11 and 12 without modelling the 

latex liner. 

Grafl1)'P" Non_Reinforced RciDforccd 
~ .. ~ 

POn:' S ... .e (~) 90-J ()6 J06-125 125_150 9fi-1I16 IO(j_125 125_150 

Slatic C" (YoIllX1mrnHiJ 
Ex~rimmta/ LHI±2.4 1l.9±78 16A±4.6 13±11. 2.5±3J 4.l±4.9 

Numerical Mod_/ 16.9 203 >39 '" ).7~ 6.21 
~'n;";:;rcC,, (%liOOUVllHg) 

F:xperimenlal H3±L2 12.7±2.9 1'.5±lJ 2.l±Q.8 3.0±l.4 40±Q.7 
Xumerim/.lfod.1 16.0 19.2 11-\ " 5 .. 1 ,,, 

lable 13.3: Numerical vs, experimental dynamic compliance values 

The numerical solutions obtained over estimate compliance by 2.7, 6.5 and 16.00/01100 mmHg 

for the non-rcinforced grafts with increasing pore size, respectively, These differenccs are large; 

however, if one considers external diameter data, thus eliminating any errors caused by sub­

tracting the graft wall thickness and wall compression to obtain internal diameter data, and re­

computing the numerical solutions with the latex 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 P "s. external nd!d" model solutioos 

induding the latex liner vs. experimental data for the 90-106 and 125-150jlm non-reinforced 
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and reinforced pore size grafts. 
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Figtlfl! 13.8: t:xperimental and ITUmerical results of static P vs. 
I/on-reinforced waft,I' 

external 6 djdD for 

FiKUre 13.9. Fxperimemal and numerical results 0/ stalic r vs. external 6d/d% r reinforced 
grafts 

From Figure I J 8, the numerical solutions are more compliant and display a reduced nonlinear 

P vs. 6djd.., response 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 a), 1 % reduction for the 

physical data for the 9O-106IJill graft at 120mmHg, The same is observed for the 125-150 IJm 

graft where a reduction in diameter change of 4.5 % is observed in numerical data and 3.8 % for 
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13.4, COIT1Par,eS 

not. 

Graft Type Non-Reinforced Reinforced 
Pore Size (~m) 90-106 106-125 125-150 90-106 106-125 125-150 

Size (n) 3 3 3 3 2 3 
Pressure ~mmt1g) 

Diastolic 126.0 144.0 163.2 83.2 102.1 116.4 
Sy;uvlic; 202.5 218.3 243.0 127.6 149.7 167.8 

External 6.d/ do 
T'. 11 . 

Diastolic 0.040±0.006 0.061±0.017 0.085±0.009 0.004±0.002 0.012±0.007 0.025±0.012 
('. .1' 0.082±0.005 0.102±0.020 0.138±0.014 0.006±0.003 0.019±0.006 0.035±0.015 "'y.HV" ... 

Numerical Model 
Diastolic 0.062 0.076 0.099 0.014 0.021 0.015 

('. .1. 0.103 0.118 0.161 0.023 0.033 0.024 .... y" ........... 

Staticl Cd (%1l00mmHg) 
E;.y~' ",Iental 10.1±1.9 9.7±5.9 12.2±3.9 0.5±0.7 1.7±2.1 2.4±4.5 

Numerical Model 9.7 9.8 14.2 2.0 2.8 2.0 

4: VS. on OytO""'fI 

were sent to a COltnnlerCl 

,",VA.UP>JlQU'A;;; calculated from the external diameter without "'''''''',",UAA),; the latex liner. 
Scientific 105 E. Fourth Tele # : 

Fax #: 417-357-6327. 
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Figure 13.10; Circumforl'nI/(/j cro.",'-.';eclion x-x of implallied ,mmpl~ showing H&E slain (lnd 
F8GC illjlummalory respollse 

stiffening, individual yams are required to slide over each 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 inflammatiun, From this initial in vivo study 

uf prototype I it is too premature to totally exclude the use offabrics due to the localised inflam­

matory responsc, bllt rather an optimal fabric type and material solution shOlild be sought which 

reduces the inflammatory response such as monu--filament which will reduce the yarn interaction 

to single points and inert materials 
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run or failed due to hea\)' penalties. Using teclmique L only a small percentage of the popul~tion 

(<: 12 7c) gave usable models. limiting the GA~ capabilitie'. h(Mever, u~i ng technique 2 thi, 

percentage increa,ed 10 roughly:!2 Jt In the case ofGA2 it WdS foulld thm technique 2 was time 

intensive. 

Although no extensive study ",as performed on the adjustment of these parnmelers. a qualita­

tive study revealed that. utilisillg the dyn~mic se~rch space was benehci~l, where ~n miti~llo\\ 

re~ollilion and lillear reductiOli ill r~llge gave better results The step-wise incre~se ofresolu­

lion and a fixed small search rallge should only be implemented whell a reasonable solution is 

foull d, thus, increasi Ilg the resolution is llsed to refine the obtained ~oluti on, thi s is referred to as 

technique 3 Tffurther studies ~re implemented, it is recommended that techmque J be utilised 

The magnitudes of the panlilleters used to control the GAs can e~sily be al~usted Thus. 

weighling~ for Ihe partial objective functions can be adjusted accordingly, ~l1owing the GA to 

optimi~e on certam crileria hrst Or in a biased fa~hion. for exampk in GAl the part;~l objective 

funcliOll~ for ('d and lid", were \Veighled toward ('d allO\~ing the GA to optimi'>e on Cd first ~nd 

then refme for lid!" later. It "a~ found !hat adjusting the pal1ial objective welghtillgs ch~nged the 

solutions found 

Each (jA was alllomated to save a nllmber of ranked ,0lutiOll~ m e~ch gellemtion and grade 

them into a global solutions array. Once a pre-defined fitness v~llle WdS achieved (typically 095) 

Or a nllmber ofgenercltioos reached, the GA would analyse the global solutions in a number of 

numerical model~ (see Figure 92) GA I not only utilised a dynamiC graft model. it al,o gen­

erated clrcumlerentl~l ~nd lOllgJwdmal tenslle slmulallO!lS and a number of stallc and dynamiC 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chap,er 1·1' Dif>Cus.,j011 of R~sults i 77 

grllft models USi11g the global solutiollS. Not all the global sohdions would solve in the cireum­

ferentilll amllo11gitudi11al tensile simulatio11s, or the ,talic and dynami~ grali mod~h. Thus, a 

number of the global solutions were annulled, due to Ih~ir in-ability to converge in other finite 

elem~nt models, r~dlleing Ihe number of possible solutions. However, this is not observed m 

GA2 and GA3 as the same numerical models ar~ analysed aller optimisation. 

14.4.1 GAl and the fahric reinforced graft compliance 

CT.AI optimises for 811 objectiv~ lunction in tenns oj' dynamic diameter compliance ed, diastolic 

di8meter and an overlill nonlinellr stiffemng chara<;leristic in a dynamic graft modd and is thus, 

dir~etly dependelH on the gr"l\'s intemal diameler with pr~s~um and is indirectly depend~nt on 

the compression seen through th~ grllfl wall and longitudinal chang~,. This has areas ol"weaknes, 

in term, 01" th~ grali's phy,ical application and the test results oht8ined from the eompliElIlce 

rig. For example, the approprillteness of Ilxing both ends v,hen longitudinal constmints 8ffect 

diam~wr ~hang~, in essence a gralls anastomo,es will nev~r be Ilx~d blll v,W allow longitlldinal 

strain physically in th~ human body. Thus. if dalll is lI\'lIilabl~ on the longitlldinal changes se~n 

by natural blood vess.:ls and on the minimum amount of compre,sion allowabl~ in the porou, 

structure to promot~ tissue ingrov.1h, these r~quirements can be implemented into the objective 

function and weighted a<:cordingly to fmd thm,~ solutions which give 8 required complillnc~, 

optima] wall compression lind lIxial strain. Annther possibility is optimising on the noniineM 

sti Ilcning index ;3 ddiru:d by lJ8yashi ct al. [79] (S~~tion ]_6), ratiwr than compl iance. A bendit 

to tilis, is the nonlinear stiffening requirements would be incorporated in th~ obje~tive flUlction 

rather than as a penalty, as i, currently implement in GAl. 

Although the optim81 solutions are intend~d to d~scribe 8 f8bric· reinforcinll, the solutions 

obtain~d jj-mn GAl C8n be used to find mat~rials and structlli:~S which behave in a similar fashion. 

TlJU" th~ adv~ntitial r~inforcing solutions do not n~ed to bo.-: rcslricwd to fabrics, but cml be used 

for other stTllctures as long as their applklltion does notlimil other fearnr~s, such 8S the allov,-EIIlce 

or c~ll ullir ingrm,tb through the reinklrcing stm:;tlu-c and into the porous graft. 

14.4.2 GA2 and the uniaxial tensile tests 

TIle r~sults obtained fwm GA], which tries to find the fabric model coefficient> or jour physical 

fabric specimens EIIld their uniaxial stress-strain behaviour in the warp and w~1l directions, gave 

re8,onable ,olutions for fabric samples 1, 3 and 4. Howewr, a poor soluti{m v,-as found for 

sample 2, which shov,-ed 8 linear stress-strain relation inth~ weli diredion. 

Variation in the optimised solutions and the physical t~nsile test dalll colkc·ted ~lll1ld haw 

arisen due to the j{)lIowing: 

• The Slrain-en~rgy fimction used to de,.;ribe th~ labrics behaviour docs not allov,- for both 

linear and nonlinear stres,-,rrain reilltions . 

• '1he fitness function utilised in GA2 was not df~ctive, allowing the GA to converge on 1I 
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solution which is not optimaL 

• The penalty fWlction and constraint critcria were harsh, call-,ing potential generations to be 

lost Lfthey slightly violated the constraints. 

The strain-enerb'y function has already been discussed in Section 14.2. The fitness ('wlCtion in 

G.\2 utilised a normaliscd difference method between the model axial slress and transverse main 

"iith test results at 10, 20 and 30% axial strain. These normalised differenccs Were weighled 

accordingly to givc a higher ranking to those generation members which modelled the lov,'er 

stralllS better. Since good wlutions were obtained for fabric samples 1, 3 and 4, the objeetivc 

and fitness functions are seen to be functionaL Again, the same penalty functions and constraint 

criteria were usooto find good solutions to fabric samples L) and 4. From log files prodllCcd by 

GA2 the number ofpoten\ial generations lost due \0 these penally functions and constraints "ias 

no different for fabric sample 2 to those which produced good solutions. Thus, it is seen to be the 

fabric constituti,'e relation which is the cause of the GAs inability \0 converge upon reasonable 

solutions for the linear stress-slrain fabric relation. 

14.4.3 GA3 and the fabric circumferential and longitudinal tensile tests 

GA3 used similar partial objective, objective and fimess functions as GA2, howevcr instead 

of warp and well uniaxial tensile models, circumferential ant! longitlldinal models were im­

plemented. No experimental transversc strain behaviour "ias ut ilised, as no physical data was 

collected. Thus. the model solutions obtained from GA) might not model some of the fabric's 

physical characteristics. 

14.5 Uniaxial tensile test data of fabric samples 

l;niaxiul tensile tests. rhe use of custom built tensile jaws for (he l1niaxial tensile 

tests (Figure 10.11), ensured minimal deformation of the fabric samples prior to testing. During 

the tensile testing of the fabrics it "vas observed that edge elTects, such as fraying and curling, 

prevented the evaluation of localised deformation, thus local transversc and axial deformation 

was analysed using a flat bed with pre-set deformation points. livery cHon was made to ensure 

that tensile test procedures were consistent, ho'\' ever the tollowing could have affected the data 

collected: 

• 1he method of attaching the sample ends belween the tensile jaws allowed tor some lateral 

slip~ng and thl1s the fabric was Seen to contract at points along lhe displaced edge. 

• Due to lhe highly deformable fabrics used, small amounts of deformation may have occWTed 

dlLTing sample preparation. 

• Test samples were cut from fabric sheets, this caused the edges to leay. This highlights the 

error in assuming the fabric is a continuum. 

• lest sample edges started to curl dl1e to bending,. thus, it was difficult to evaluate local 
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defonnation. 

Transnrse and axial strain tesb. The simple usc of a flat bt,d \0 pla~~ fabric samples 

un under uniaxial tension was used tu pr~v~ntth~ ~<.Ig~ curling ohs~rveu in the Instron™ test rig 

while ohtaining local \mru;v~rse anu axial strain effects. This method is highly invasive and far 

from idcal as results will be affectcd by preventing the fabric curling. Howcv~r lhi8 ~urling ~ffect 

will not bt, obs~r\'~d wh~n \h~ fabric is bt,ing us~d as a r~inforcing over the graft, thus it was 

deemed occeptable under the current circumstances. The following arcas could havc an"cteu lfit, 

~xp"rim~n\al r~sults col1~eted: 

• The 8training of on~ 8i(k sumdim~8 pn.><.lLlc~<.1 a non-LIlli flHTll, ull"v~nly distributed strain from 

one sample end to the uther (see Figures C.J and C.4 in Appendix C). 

• Frictional interaction bctwcen the l1at bed and the fabric. 

• The \IS~ of a 81i\ch 1in~ an<.l pins tu prl><.lU~~ lh~ uniaxial 81rain produ<:es a non-uniform dis­

placcd edge. 

1\ wuuld bt, ideal to visually monitur th~ local 8trcss-,;train rdatiun whil~ \h~ fabric· is t~81~<.1 in 

the Inslron™ kst rig, how~v~r, lhi8 was not JXl8sibk uu~ \0 lh~ eug~ curling observed. The usc 

ofthc fiat bed to prevent the fabric edges curling. gives an indication of the local strains duc to 

axial loading. Traditional engineering methods employed to measurc local strain, such as strain 

gaLlg~,;, would h~ r~dundant due to thciT highly invasive natLiTC and tfit, w~ak <.Id(HTllahl~ fabrics 

tested. 

Th~ non-Llnifonn disploccd edge produccd by using stitch Jines and pin~ cuuld hav~ b~~n 

prevcnted by using the custom built tensile test jaws and holder to provide the clamped edge and 

d~rm~d axial strain. 

14.6 Circumferential and longitudinal tensile tests 
Th~ drcumf"r~ntial and longirndinal tell.'lilc tests weTC employed to gain the transversc ';\T~88-

s\Tain ~harad~ri,;\k8 of thc fabric reinforcing prototypes. 

Circumfcrelltilii. S~veral prublems arise with thc circumfcrcntial tensile test method, mud~l 

correlation and a~sul1lplion,; Lls~d. Th~ l~n~il~ t~st pins for th~ t~,;b ar~ only 8upport~d from un~ 

si<.l~ (se~ FigLlT~ 12.4). B~nding at this JXlint may hav~ occurrcd during l~~ting th~r~by an"cling 

lh~ r~sults_ '1u knding was observed during tcsting at low strllins, howewr at th~ high.er ';train8 

(> 25 %) slight bending was observed. rhus, only physical data undcr 25 % eir~umfeTCntial 

strain was used to ensure that this did not affect the results. hom l'ig\ll'c 12.5, a TCduction in 

fabric circumferential stiffness is obsene<.l between 50 and 75N/m. It is unclear whethcr thi8 

is due to fabric defomlation or the sample slipping over the pins in the lateral dircetion. To 

eliminate the latter, it may b~ Ll8dul to prev~nt \h~ fabTi~ moving in the lateral direction by 

having a fricliunal ~Llrfa~~ on th~ pin, lhi8 wOLlI(] ho\~~~~r, pr~v~nt circ·wnferential strain. Thus, 
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it may bt; ~onwnienj to have thi<; frictional ~urface on the apex of each pin preventing lateral 

motion, whi le still alloy,ing ~ircwnferenjiul stram. Thi<; could he achieved hy etching fine micro 

grooves along the apex of ea~h pin, 

A soil ~onl;lc( model between the fabric and pin was implemented in the numerical model. this 

contact model W;IS adjusled until;1 reali~jic <;.()lution was obi;crvcd, howcvcr, no study wa~ done to 

en~urc the contact model \",as acceptable. Real time imuges 01" axial slrain wilh circumferential 

tension ~oukl bt; cuptured to gain information on the relmi,'e motion beh",een the pin and the 

fabric. This information wuld bt; u<;ed 10 calibrate the contact model. 

Longitudinnl. "Jbe longirndinal temile tests were easily implemented. however 1m;, clump-

ing of the sample ends prior to te<;ting i<; not ideal a~ this introduces stress-strain effects, Thus, 

a bt;tter mcthod of holding the ends of the test sample<; withoul introducing strcss i~ required. 

Figure 14.2 <;how~ a >cctionai viev,' of a test j aw \",hich is proposed to en~ure lhe circular shape 

rcmaim during physical te<;ling, The proposed tcstjaw can easily be manufactured and imple­

mented, 

'- ,~"-.. ;" ...... 
,~'"'''- ... " .... "" .... 

;,,",, _ "" ..... ,.,.,. 4~ 
'_. c,,~-,,".A""".·, 

c'"""_ 
,''''~ ''-''' ' ",'" -

Figure 14J Schematic of sectioned /ongiludina/ /ensUe leSI end-clamp 10 ensure tubes circular 
shape /"emain.~ durjng lesting 

14.7 Compliance testing 

14.7.1 NOD"reinforced and fabric reinforced graft samplcs 

The method 01" manufacture and preparation 01" the p<Jrou~ grail <;amples and fabric re inforcing 

can be found m Chapters 7 and 12. While every proccss LS carefully controlled and rigorously 

followed, a high percentage of inconsistent porou~ grarl and fabric samples arc produced. Once 

sample~ arc produced they go through a quality control process which eliminates unfit samples, 

even <;0, with the high expense ;Il'ld time to manufacrnrc these samples, it is not ulw;IYs possible 

to obtain or use ~onsistent samplc~, thus a degree of devi;ltion is observed. A large qualita­

tive variation in texture and fed was observed from one sample to the next, e<;peeially m the 

porous grafls. \",here ]lon-compliant and complaint regions were easily di~jing ui<;hable. This i~ 

mainly due to ineon~i~tent bead packing in the gl';lfl rig (Sedion 7.2.3). With the on~ct of a semi-
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Appendix A 

Mesh Sensitivity Analysis Results 

A.I Craft parametric study results 

Figure A.I: Schemmic ()fgrafi ""merical model a"d cr;1 ical l'();n/s "sed ill {iii ramrlric "IudI' 

-, -, 
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Figure A,.2: Variation i~ graft numerical modd stress values ut criticld/oims: (a) poim A G, (b) 
poim B", (c) poim Cf', (d) point nil, (Ii') pmnt (f and (/) point D' with increased clement 
numner.; 
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A.2 Uniaxial tensile model parametric sludy results 
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Figure A,4: Variation ill uniaxial/ensile numerical model stress values al eri/iml poinls; (a) 
pain! A I', (b) poil1l B F, (c) point CF and (d) point DF with increased element "umhers 

A.3 Circumferential tensile model parametric study results 

Figure A. 5.- Schemalic qf cirGuI>!iicrenliai lensile m<lliericaf model "lid critical paim" used in 
parametric study 
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Appendix A' Mesh <;ensitivity Analysi' Resnlt< 
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FiK"re A.6: Variation in circumferential tcnsile numerical model stre.'" va/"es af crifical poims; 
(a) point A P, (h) poinl B F, (r) paim C F, (d) point D F, (e) pam! !if and (/) point FF with 
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A.4 Longitudinal tensile model parametric study results 

Figure A, 7 S('hemm;c (!{/ollgi/mlina/ ten,<;/e numer;ca/ nwue/ i./ild crilica/poinl5' used in para­
m<"il'ie ., rudy 

. . 
0 . , ' . P . ! , 

!1 - . -, , 
Tid)/e A, 4, Longiludinallensile modd paralllciric stud,' result., 
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Figure A.8: Variatian in longitudinal/ensile numerical model Sfr('SS values at critical points: (a) 
poinl AF and (h) point fjF wirh incren,ed element numhers 
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Appendix B 

Fabric Patch Test Results 

E.l Fabric single element fabric model parameter changes 

.. ~ ...• , _. 

'11INe R. 1-, Fa/Jrir mr>dd paldl ,eSI "",,,/,s 1v;/h varia/ion in model ,.oeJlicems 

BX 
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Appendix B Fabric Patch Test ResulTJ 
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Figllre B.I: Fabric CO<!jfici<!llt variatiun patch test fl!sults: (a), (c) and (e) lIormalised variation 
ofsrress alld srraim with coefficient variation for lensile. shear and compressive models nli{Nc­
tively. (b), (d) alld (f). oorrespundlllg graphs 
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Appendix C 

GAl Uniaxial Tensile Model Results vs. 
Test Data and SEM Images 

C. l SEM images ofuniaxiallensile fabric samples 

Fifllm! C.l : SFA{ im«gu ($Ox) oflllliaxilll /ensil", fahric I<!.~I samp"".>; (a) sample I: ba"ic 1'.'°'11 
lolli, (b}.<;OltIpie 1: IH,phli/with f.ycrrll!J ,(HPport. (e) stlmpie J: (VIUrst! lI'arptJlllalld (J) sample 
-I: m(HlOjii(l{fW1lI It'arp hilt (A"OII '" mdica,,, warpi ... ft dm:c/I" .. j 

C '<.11 
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Appendix (' GA2 Umaxinl Tcmi!c Modd Results \5. Test Data and SEM Images XIV 

C.3 Transverse strain vs. numeriral model data 

Figure ('.3: Transvene strain VS. axl<ll stram imagesfi)r Ilniaxialfahric samples I and 2 in Ihe 
weft and wwp directiom 

Ngure C.4: Tran,rerse sirain I'S. axial.llrain images/or 1IIl1w;;ialfirbric wmples 3 wid 4 In the 
we}1 and warp direcliom 
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Appendi" C: GAl Ullla"i~l Tensile \tode! Results \S, Te,! Data and SEM Images 

Ihb/i: C.1: Tratm'erse strain I'S, axwi "Iraill/or localised Knd Ol1jabric ,'O;ample,~ 
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Static and Dynamic Compliance Data 
for Graft Samples 

F.l Static data 
F. l.1 90-106 11m static compliance curves 
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Appcndh 1" Sl:ltic and D"namic Compliance Data for Graft Samples 

F. l.2 106-125 /"m static compliance curves 
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Appendix F, StatIC and D,nmllC Compliance Data for Graft Samples ).XV]II 

F.2 Dynamic data 
F.2.1 Dynam ic compliance curves 
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F.3 Compiled compliance data 
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