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Glossary

Abluminal: Lying radially external in a blood vessel or graft

AnastomosisThe connection between a native artery and anasgraft

Angioplasty: The repair of a blood vessel by inserting a maditipped catheter to unclog it
Antigenic: Elicits an immune response

Aorta: Largest artery in the body. Runs from the heart.

Arterioles: Smallest type of arteries, found before capiélaiin the vascular tree.
Arteriosclerosis. Arterial disease causing stiffening and dilatadrihe major arteries.

Arteriovenous Shunt A passage of blood directly from arteries to geiwithout going through the
capillary network

Atherosclerosis Arterial disease causing the narrowing of onenore major artery
Atrium : The heart chamber receiving blood

Austenite Phase A material solid phase. The high temperatureftness phase of SMAs.
Autologous From the same organism

Cardiac Cycle: One complete heartbeat, consisting of one commlehtraction and relaxation of the heart
muscle.

Capillaries: Fine blood vessels between the arterial and \&sgatem, where oxygen exchange between
blood and cells takes place.

Collagen An extracellular protein found in blood vessellggexhibited as fibres of high stiffness.
Compliance Measure of radial dissention with respect to gues change.
Dacron (PET): Polymer used to create woven or knitted vasculzitgy

De-endothelialisation Stripping of the endothelial cell layer residing the luminal surface of a blood
vessel.

Diastole Dilation of heart muscle during the cardiac cyctated to low point of blood pressure
Distal: Further from the heart

Elastic Modulus: See Young's Modulus

Elastic: An object’s ability to return to its original gba after the removal of a deforming load.
Elastin: A protein constituting the basic substance oftidaissue. Found in blood vessel walls.
Embolism: The obstruction of a blood vessel by a clot.

Endothelial Cells Cells lining the luminal surface of blood vessetaking up the endothelium.
Fatigue: Damage caused to a structure due to repeatedtjadidg.

Gastroepiploic Artery: Artery lying close to the stomach, sometimes wsed vascular bypass grafts.
Haemodynamics The study of blood flow.

Heterologous Derived from a different specie

Hysteresis: The area between the loading and unloading curaentaterial.

In vitro : Performed experimentally in a controlled envir@mhnot in an organism

In vivo: Performed in an organism.

Internal Mammary Artery : Artery situated close to the heart, sometimed s a vascular graft in
coronary artery bypass surgery.

Intravascular: Inside a blood vessel

Intima: Inner layer of a blood vessel.

Xii



Intimal Hyperplasia: Wall thickening of a vascular graft, especiallftee anastomosis.

Ischemia Local deficiency of blood supply produced by vasastriction or local obstacles to the arterial
flow.

Isotropic: Equal properties in all directions

Luminal: Lying radially internal in a blood vessel or graf

Martensite Phase A material solid phase. The low temperature/tstyhss phase of SMAs.
Morphology: The study of the form and structure of an object.

Myointimal : Concerning the intima and media of a blood vessel

Neo-Adventitia: The adventitial layer forming on a vascular gedter implantation.
Neo-Intima: The intimal layer forming on the luminal surfamfea vascular graft after implantation.
Nitinol : A nickel-titanium shape memory alloy.

Occlusiornt Closing/blocking of blood vessel or graft.

Patency. State of open

Pathologic involving disease

Periphery (peripheral): Further from the heart

Plasticity: The deformation undergone by a plastic objed assult of stress application will remain after
the removal of the stress.

Plague Fatty build up on the luminal surface of a vaacwvall
Platelets Red blood cells.

Prosthetic: a device, either external or implanted, that stuiss for or supplements a missing or defective
part of the body

Proximal: Close to heart

Pulse PressureThe difference between the systolic and diasfmléssure

Radial artery: Artery found in the arm

Recoil: To shrink back

Saphenous VeinVain found in the leg

Shape Memory Alloy. Metallic alloy exhibiting superelastic behaviand the shape memory effect.
Shear StressStress caused by force parallel to the surface

Stent a small, expandable tube used for insertinghbioaked vessel or other part

Strain: Measure of the deformation of a body in respdosan applied force.

Stroke Volume: The amount of blood that gets released from #wthinto the arterial system during one
cardiac cycle.

Stenosis A constriction of a duct or passage.
Suture: A joining of the edges of a wound or the likedtigching or some similar process

Systole The normal rhythmical contraction of the heattridg which the blood in the chambers is forced
onward

Teflon (PTFE): Polymer used to create vascular grafts

Thrombus: A fibrinous clot that forms in and obstructs add vessel

Tunica Adventitia: External layer of a blood vessel.

Tunica Intima: internal (luminal) layer of a blood vessel.

Tunica Media: Middle layer of a blood vessel. Resides betwéenritima and the media.

Vascular Soft Tissue Tissue constituting blood vessels
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Vascular Bypass Graft Conduit used to bypass a diseased blood vessel
Vasoconstriction Narrowing of blood vessel

Vasodilation: Dilation of blood vessel

Vena Cava Vein discharging blood to the heart

Venules Small veins joining capillaries and larger veins.

Viscoelastic pertaining to a substance having both viscousetemstic properties
Viscosity: The property of a fluid that resists the forcediag to cause the fluid to flow.

Young’s Modulus: A coefficient of elasticity of a substance, exgsiag the ratio between a stress that acts
to change the length of a body and the fractiohahge in length caused by this force

Xiv



bcc:
bpm:
CAD:
ePTFE:
FEM:

PET:
PU:
SMA:
SMC:
SIM:
UMAT:

List of Abbreviations

Body Centred Cubic

Beats per minute
Computer Aided Design
Expanded Polytetrafluoroethelene
Finite Element Method
Intimal Hyperplasia
Polyethylene terephthalate
Polyurethane

Shape Memory Alloy
Smooth muscle cell

Stress Induced Martensite
ABAQUS User Material

XV



o o

crit

>

<

M M T ® m mm

P <ﬂ N o

List of Symbols

Area
Austenite start temperature
Austenite finish temperature

Acceleration
Tensor for expressing strain in term of DOF

Boundary of body B

Boundary of body B with contact conditions
Boundary of body B with surface tractions
Boundary of body B with displacement corudis

Largest displacement correction
Nitinol material constant
Diametric compliance

Damping factor

Artificial mass matrix

Diameter values
Rate of deformation tensor

Fourth order elasticity function

Convergence control parameter
Convergence control parameter

Distance between two contact surfaces

Minimum distance allowed between contacfamas

Infinitesimal strain tensor

Austenite Young's modulus

Martensite Young’s modulus

Euler’s constant
Loading function
Displacement gradient

Effective force on the reference point
x-component ofF
y-component of

Viscous damping forces

XVi



Zz Z2 3 £

—|U)(_/)“U;Um;UQ33>

<<CC3'_" —

S
>

Force vector

Body force acting on body B
Shear Modulus

Isoparametric coordinate

Sobolev space

Identity matrix

Convergence control parameter (ABAQUS)

Convergence control parameter (ABAQUS)

Bulk Modulus

Stiffness Matrix

Length

Function space

Nitinol material parameter
Martensite start temperature

Martensite finish temperature

Normal vector to a surface
Nitinol material parameter
Number of annealings performed
Normal vector to a surface
Pressure

Isoparametric coordinate

Radius

Largest residual force

Flow resistance

Isoparametric coordinates

Length ofX
Length ofX

Temperature

Time

Surface traction on boundary with normalteed

Displacement vector
Element of a vector space
Volume

Velocity

Austenite Poison’s ratio



S

W

W

W

X =(Xq, Xy, X)
X = (%, %o, %)

o

-

om

>~ XS

€ 94 a9 ™ T

T o

Martensite Poison’s ratio

Spin tensor
Test functions

Elements of a vector space
Initial position
Position at time equals to

Circumferential section of the graft thatrisdelled

Degrees of freedom
Degrees of freedom

Total strain
Elastic strain

Transformation strain

Material parameter

Transformation strain

Scaled transformation strain

Volumetric part of the scaled transformatsrain

Volumetric transformation strain

Deviatoric part of the scaled transformatitnain

Basis Vector

Nitinol material parameter
Nitinol material parameter
Eigenvalues

Viscosity

Density

Cauchy stress tensor
Tangential vector to a surface

Angular velocity
Fraction of martensite phase present imapta

Free energy function

Xviii



Subscripts and Superscripts

Denoting initial state
Denotes derivative

Denotes austenite to martensite transformatio

Denotes martensite to Austenite transforomati

Denotes start of transformation

Denotes end of transformation

Dimension of a vector space

Denotes isoparametric element

Denotes the element index
Denotes loading

Denotes unloading

XiX



CHAPTER 1: INTRODUCTION

The circulation system forms a pivotal part of thectioning of the body, as it facilitates
the transport of oxygen and nutrients to and theorel of carbon dioxide from the cells
in the body. Every blood vessel has very specifgcinanical properties which allow it to
fulfil its role in the circulation system. Withouhe effective functioning of the blood
vessels, this process is severely compromised amid bave fatal consequences. Native
blood vessels, and in particular arteries, are damip changing their diameter in
response to a change in blood pressure during d@néiac cycle. This behaviour is
attributed to their heterogeneous structure. Ttasist of different layers which in turn
consist of different components. All the layersenaict with each other and have different
mechanical properties and the mechanical propediearteries are therefore due to

contributions from all these components.

Arterial degradation occurs with aging and diseasg,various treatments are available
e.g. angioplasty, intravascular stenting and attéypass grafting. This thesis focuses on
vascular grafting. Commonly used existing vascyglafts are stiff and incompliant and

as such do not allow adjustment of the luminal ditanin response to the systolic-
diastolic blood pressure change. This differendevéen vascular grafts and native blood

vessels has been identified to cause physiologrcddlems after implantation.

It has been proposed that if a vascular prosthesie more closely approximate the
mechanical behaviour of a native vessel, it shaidilarly feature a multi-component
structure. One of the components could be a mefppa@t structure, similar to an

endovascular stent.

The objective of the project was to develop a nuraktool, using the Finite Element
Method (FEM) to aid in the development and optii@a of such a metallic support
structure. This tool was used to simulate the belavof different designs under
simulated in vivo conditions. The numerical resutié the predicted mechanical

behaviour are then analysed.

An approach is presented based on the underlyingrgmg equations of mechanics and
material behaviour. This approach is verified byumber of verification models and

comparisons are made with techniques reported anlitbrature on intravascular stent



models [1-10]. These models resemble the structmmsidered in this thesis and
differences in modelling strategy, resulting frohe tdifferent outcomes required, are
highlighted.

Models of six variations of the original geometry the structure are created and
analysed to highlight the ease with which the miatglapproach can be applied. It is
shown that none of the designs analysed exhibitmoph behaviour, and further
evaluation of varied models is suggested.

In summary the aims of the thesis are:

* To create a numerical model, describing the wirppsut structure mentioned
above, to aid in understanding the mechanical hebawf the structure.

* To verify that the Finite Element Model is numelligatable.

e To formulate guidelines for creating such models

« To create models of different designs in order talyse the variation in

mechanical behaviour resulting from design varratio
The rest of the thesis will take the following farm

Chapter 2 presents the relevant theory underlyiegproblem. General background is
given on a healthy circulation system as well &ssdtnucture and functioning of arteries
and veins within this system. Next an introductiom arterial diseases is presented,
followed by a discussion on currently used vascplassthesis and their shortcomings.
The mathematical background underlying the Finientent Method (FEM) is given as
well as a mathematical description of the matephaviour of Nitinol. A literature
review on previous FEM models created to analyse rechanical behaviour of
intravascular stents concludes this chapter. Ch&opresents the experimental material
model determination as well as the modelling pracesl used in the thesis. A detailed
description is given of the modelling procedurepm®ed for analysis of the metallic
support structures, followed by description of #ygplication of this procedure in the
analysis of different designs. Models used in tagfication of the numerical procedure
are also described. Chapter 4 summarises thegesddtl the different models, which are
then discussed in Chapter 5. This chapter alsauskss the modulating strategies used
with respect to verification and compares themterdture. A comparison to previously

conducted experimental tests of the analysed siestis also made followed by a
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description of the relevance of the results to thedical field. Concluding remarks

follow in Chapter 6.



CHAPTER 2: THEORY

2.1 Biological Theory

2.1.1Circulation

The heart and circulation system function as asfrartation system to deliver oxygen
from the lungs to the different cells of the bodydo carry carbon dioxide away from
the cells back to the lungs. The system forms setldoop, with the heart as the driving
force behind the motion of the blood through thetem [11, 12].

The heart consists of 4 chambers, a right andateftim and a right and left ventricle, as

shown inFigure 2-1

Superior vena cava
Left pulmonary artery

Right pulmonary artery Left pulmanary vein

Right pulmonary vein

Left atrium
Right atrium
] ] Left vertricle
Right ventricle
Inferion vena cava
Aorta

Figure 2-1: The structure of the heart (adaptedrirfi3]).

Blood flows through the heart as a result of caritoa (systole) and relaxation (diastole)
of the heart muscles. The same events occur ifethend right side of the heart at
different time intervals, the only difference beitigat the pressure in the right side is
much lower than that of the left side. The prodesse is described for the left of the
heart, with the corresponding terms for the rigtié ©f the heart in brackets. Throughout
ventricular diastole, blood flows from the leftgit) atrium to the left (right) ventricle

with the mitral (tricuspid) valve remaining operhel pulmonary (aortic) valve remains
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closed during diastole as the pressure in the matiigl lower than that in the aorta
(pulmonary artery). During early ventricular didstothe atrium is also in diastole and
blood flows into it from the pulmonary vein (venava). During late diastole, the atrium
is in systole, forcing blood into the ventricledhgh the mitral (tricuspid) valve. At the
end of ventricular diastole, the mitral (tricuspiBlve closes and ventricular systole
occurs. The contraction of the ventricle causesiirnal pressure to rise above that in
the aorta (pulmonary artery) and results in thgi@agpulmonary) valve to opening to
release blood into the aorta (pulmonary arterye Volume of blood pumped out of the
each ventricle during ventricular systole is terntbd stroke volume. At the end of
ventricular systole the aortic (pulmonary) valvésses. The pressure inside the ventricle
drops as it relaxes and the mitral (tricuspid) gabpens as soon as this pressure falls
below that of the atrium while the aortic (pulmoy)aralve closes as soon as the pressure
falls below that in the aorta (pulmonary arteryisTprocess occurs cyclically over time
and the pressure variation with respect to timeinduone cycle, is referred to as the
cardiac cycle [14].

The circulatory system can be divided into the pariary and systemic circulations as
shown inFigure 2-2 The pulmonary artery, pulmonary vein and exchaeg@n within
the lungs make up the pulmonary circulation. Thea@ing parts of the circulatory
system make up the systemic circulation. The pubmpirculatory system will not be
discussed further here, as the current work dealg with vascular grafting in the
systemic circulatory system and when referring itautation, systemic circulation is
implied [14, 15].

The systemic circulation consists firstly of aneadl system, which transports the

oxygen rich blood from the heart to the capillari@bere oxygen exchange takes place.
From the capillaries, a venous system carries #énbon dioxide rich blood back to the

heart [11, 14, 15].

All the arteries in the systemic circulation stenonfi the aorta, either directly or
indirectly. They are arranged in such a way adlawandependent adjustment of blood
volume to each organ as required. This takes pthceugh vasoconstriction and
vasodilation, governed by smooth muscle cells (SMCheir walls. This adjustment
helps to keep the total systemic arterial pressoretant even when the needs of the

different organs change [11, 14, 15].
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Figure 2-2: Systemic and Pulmonary circulation (ptkd from [16]).

Other than regulating flow, the arteries also p@anf@ cushioning function. During the
cardiac cycle the pressure and flow velocity of bh@od entering the arterial tree vary
with time such that the peak values are much grélaée the mean values. The variation
in pressure compels the heart to deliver much rpoxeer to the system than would be
needed if a more constant flow was maintained lmxdlood has to be constantly
accelerated and decelerated. The pressure variggon also be damaging to the

endothelial cells, as it causes a larger drag ftord® imposed on them [17, 18].

These negative effects can be minimised if flow amg and through the peripheral

capillary bed approaches steady flow. This is agdephysiologically through the elastic

properties of the arteries, which provide passiteresion and elastic recoil. The elastic
properties of the different arteries differ dueatgradual change in the artery structure
from the aorta to the periphery. The structurdietdénces will be discussed in more detalil
in the Section 2.1.2.

Major vessels (closer to the heart) act as anielasservoir. Each time the heart
contracts to release blood (systole) they exparattommodate the volume of the blood
released from the left ventricle. When the aortitve closes at the end of systole, these
major arteries release the stored blood by eldisticacoiling throughout the diastole
phase in order to maintain blood flow. This medra the variation in flow and pressure
of the blood occurring during the cardiac cyclelanpened by the expansion and elastic
recoil of arteries. The dampening of the pressargation is equivalent to a reduction in

pulse pressure (difference between systolic anstalia pressures). As the blood moves
6



through the arterial tree towards the peripherg, flow and blood pressure becomes
steadier. This is a result of the combined pulssgure reducing effect of the arteries
through which the blood has passed. The aorta,gb#ia most proximal of all the

arteries, expands to accommodate nearly two tluifdee stroke volume. In the arterial
circulation of a healthy young human systolic puesss around 120mmHg and diastolic

pressure is around 80mmHg (measured in the braatierly) [11, 17-19].

Even though the major arteries are more elasticaa@desponsible for most of the pulse
pressure reduction, the more peripheral arterigs ebntribute, albeit a smaller amount,
to the pulse reduction process. On the other haogt of the flow regulation takes place
in the peripheral arteries by means of vasodilaiod vasoconstriction. The arterioles
have the smallest radii of all the arteries indlterial system and they are responsible for

most of the resistance to flow in the circulatoygtem. Flow resistance is given by

(2.1)

where R, is the vascular resistancg; is the blood viscosityL is the length of the

vascular channel (constant is the blood vessel radius [20]. From equatiof)(®.can
be seen that flow resistance is inversely propoalido the fourth power of the vessel
radius. This means that even a small differenceegsel radius can have a large effect on

the resistance, with larger radii leading to deseearesistance [20, 21].

From the arterioles, blood moves to the capillawksre the blood flow velocity is much
smaller. The total combined cross-sectional arethefvessels at the capillary level is
larger than that of the preceding levels of artgrieut the same flow rate is still

maintained. This principle is illustrated by thdidigion [14, 20]

Flow Velocity
Crossectional Are

Flow Rate= (2.2)

After oxygen exchange has occurred in the capgarblood moves through the venous
system back to the heart. The total cross-sectiared of the venous system gradually
decreases towards the heart, increasing the blelotity. Veins have much larger radii
than arteries at the same level and the venousmysbntains the largest portion of the
systemic blood volume (about 80%). This means thain large changes in blood

volume leads to only relatively small pressure ataons in the venous system [11, 14].
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Figure 2-3: Pressure variation in circulatory systdadapted from [11])

2.1.2Vascular Soft Tissue

The main components of vessel walls are elastiasiiel proteins), collagen (stiff

reinforcing fibres) and SMCs. Elastin is highly tdissible with and elastic modulus of

approximately 1MPa while collagen is relativelyffstn comparison, with an elastic

modulus of approximately 100MPa. In a vessel walljscted to zero pressure loading,

elastin layers are observed to be wavy and disgdnAs pressure (and therefore

distension) increases from zero, these elastin naenistraighten and inter-laminar

distance decreases. When the distending pressacbe® approximately 80mmHg the

elastic laminae are straight and appear as comcegtnders with uniform thickness and

spacing. The number of elastic laminae in eachelessies according to specie and

position only. The thickness of the laminae, antl the number of laminae, increases
with age [17, 18, 22].

The mechanical behaviour of blood vessels exhiitsysteresis between loading and

unloading curves. For arteries, this hysteresiagtes|to the energy that is stored in the

vessel wall during circumferential extension in thestolic (loading) phase, which is

again released by the vessel wall during elastioirén the diastolic (unloading) phase.

Blood vessels exhibit non-linear mechanical behav{seeFigure 2-4 since the elastic

stiffness, described by Young's modulus, increagitls the applied load. The Young's
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modulus is thus not a constant, but can be destmlsea function of strain. The non-
linear behaviour of vessel walls is brought abowuttbeir composite structure and
depends on the relative proportion, spatial orgdims and material properties of each
component in the structure. The initial distensgbibf the vessel is related to the
elasticity of the elastin, but as the vessel itetided the initially wavy collagen fibres are
straightened out and their contribution to the ltetall stiffness increases causing the
compliance to decrease. The compliance value foardery is used to describe its
distension in response to applied pressure aneffised! by
D,-D

C, =—2 1 x100x 10( (2.3)
(R-R)Db

where Cp is the diametric compliancel), is the diameter of the vessel at internal

pressureP,, D, is the vessel diameter at internal pressByeand the compliance is

expressed in % per 100mmHg [19, 23, 24]. Diameimimpliance is defined in (2.3) and

will be always be implied in this document whenapieg of compliance.

The region of transition from low to high stiffnes®rresponds to the mechanical
recruitment of the collagen fibres in the vessell isee Figure 2-4. The distension of
the vessel wall thus gives rise to a load tranBfan the elastin laminae (indicated in
purple) to the collagen fibres (indicated in blfi#}-19]. In the case of uniaxial tensile
testing of an artery a pressure-strain curve asotie shown inFigure 2-4 will be
obtained demonstrating the non-linear behavioue fEmsile stresses will be distributed

fairly uniformly throughout the thickness of theliva

Since veins consist of the same material as astahey will undergo a similar response.
Veins however consist of different proportions bE tmaterials (more collagen, less
elastin) because physiologically they have to deeaa different pressures in vivo. The
collagen’s properties will be recruited at much éovpressures and the hysteresis will

therefore be present at a lower pressure range.

Compliance is an important mechanical property ascular soft tissue. Diametric or
volumetric compliance can be reported, but in Wsk diametric compliance is used. It
Is also approximated to be linear over the physjickl (or other relatively small range)
and apply only to the pressure rarigeo P,. A vessel’'s compliance is a measure of how

easily it dilates in response to internal pressucesases [12]. In human femoral arteries
9



a compliance value of 5130.5 %/100mmHg has been reported, but the presangento
which this applies has not been given [25]. Anotdecumented value for arterial
compliance is 8.1+5.9 %/100mmHg over the pressange 30 to 100mmHg, but the
position of the artery is not documented [26]. Tdmmpliance of the human vein is
documented as 4.4+0.8 %/100mmHg in the saphenaasover an unknown pressure
range [25] and 5.0+6.7 %/100mmHg over the pressange 30 to 100mmHg at an
unknown position [26].

Elastin - Collagen

ollagen

Elastin
———

Strain
-

Figure 2-4: The non-linear behaviour of an artemyd the dependence on elastin and
collagen fibres [27].

Blood vessels consist of three different layerslaswvn inFigure 2-5 On the inside of
the vessel lies the Tunica Intima which consistsadayer of endothelial cells, lying
luminally to a thin basal lamina, which consistsstiy of collagen fibres. On the outer
surface of the basal layer lies a sub-endothesigén consisting of loose connective
tissue, elastic fibres and fibroblasts and a fewCSMTI'he sub-endothelial layer separates
the Tunica Intima from the Tunica Media where theni€a Intima lays luminal to the

Tunica Media. Elastic laminae separate the medeaarvarying number of well-defined,
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concentric, fibre-reinforced, layers each consgstof a complex three dimensional
network of SMCs, collagen and elastin. The smootlscie fibres are arranged in a
helical fashion with a small pitch that leads toaémost circumferential orientation. The
elastin and collagen fibres are not connected ¢b ether, but are both connected to the
smooth muscle fibres. The Tunica Media in turn laysinal to the Tunica Adventitia,
which is made up predominantly of thick bundlesvadvy collagen fibres loosely
arranged in a helical pattern. At low blood pressuhe adventitia is less stiff than the
media, but as the pressure increases the colldges traighten out until the adventitia

lends a greater contribution to the overall waffreéss than the media. [22, 28].

Figure 2-5: Layers of an artery [18].
2.1.2.1Arteries

The non-linear behaviour and high distensabilityadkery walls is the source of their
elastic stability and helps to protect against aysus and “blowouts”. As the pressure
increases in the artery, the wall becomes moral rijie to non-linear decrease in
compliance. “Blowouts” in healthy adult arteries bimans are only predicted as
distending pressures approach 1000mmHg, whichsisyoder ten times normal blood
pressure [17, 18]. The elasticity of arteries dases towards the periphery as does the
elastin to collagen ratio [19]. Arteries can be diutded into 3 categories according to
their structure, even though in reality the changestructure occur gradually along the
arterial tree. They all contain the three layergdcsure described previously and the
differences in structure are highlighted in thdédwing descriptions:
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1) Large (elastic) arteries

These arteries contain a high proportion of elagisue and therefore have a high
compliance. This leads them to be the category thiéhbiggest influence in the pulse
pressure reduction. They are low resistance comdait blood transportation from the
heart to the muscular arteries. Their walls aratretly thin (about 1/10 of the vessel
outer diameter). The sub-endothelial layer is so tinat the interface between the intima
and media is ill-defined. The media comprises teaigst proportion of the vessel wall,
and can contain between 40 and 70 elastic lamiftae adventitia comprises a relatively
small proportion of the artery wall and the colladgires are not highly organised [19,
28].

2) Medium (muscular) arteries

These arteries contain a high proportion of musdigaue and have a smaller effect on
pulse pressure decrease than elastic arteries: fiigéi proportion of SMCs make them

useful in the regulation of blood flow to differeateas in the systemic circulation as
these muscle cells can dilate and constrict thenaih response to nerve signals. The
majority of arteries belong to this class. The eésgall is thicker than that of elastic

arteries and represents around one quarter of dte# vessel outer diameter. The
proportion of sub-endothelial layer present becolegs with decreasing vessel diameter.
The media is mostly muscular and consists of 1@Qaoncentrically arranged helical

layers. The elastic laminae are thin and decraaswiinber towards the periphery. The
adventitia makes up a greater proportion of theselewall than in elastic arteries, but the

media is still thicker than the adventitia [28].
3) Arterioles

The arterioles are the smallest vessels in theyadass and transport blood from the
muscular arteries to the capillary bed. Their comatisurface area is the highest in the
arterial tree and due to frictional forces theyéfiere constitute the biggest proportion of
resistance in the system. They offer a very largetridoution to the arterial pressure.
Their intima consists of the endothelium and a g basal layer and subendothelial
layer. In most cases the media consists of only bnesometimes two layers of SMC'’s
which are layered between thin basal laminae antesmllagen fibrils. They also have a

very thin adventitia [28].
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2.1.2.2Veins

Although veins have the same 3 layered structurargeies, they differ slightly in
structure since they function in an environmenthvat much lower blood pressure and
flow. The interfaces between the layers are musé #efined than in arteries [17, 18, 28,
29].

Their compliance is much higher at venous pressiinas the compliance of arteries at
arterial pressures. Due to this high compliancé tieametric response to an increase in
distending pressure allows virtually no change werall venous blood pressure, even
with relatively large changes in blood volume. Ateaial pressures, veins are much less
compliant than arteries since their compliance dases more rapidly with distending

pressure than that of arteries. This is due tadtfierences in their wall structure; veins

have thinner walls, which unlike arteries, collapgeen they are empty. Veins are also
much more sensitive to vasodilators and vasocatstsi than arteries [14, 15, 29, 30].

Veins are also subdivided into different categoriesom capillaries, blood flows to
venules and then to veins whose size increasetiemeriphery to the heart. Structure is
less dependent on the size of the conduit in vidias in arteries. They generally have a
much thinner media relative to wall thickness taaeries [11, 15, 17, 18, 28, 29].

1) Venules

Pericytic venules transport blood from the cap#lsrto muscular venules. Their intimae
are thin, although the muscular venules’ intimae slightly thicker than that of the
Pericytic venules. In Pericytic venules the mediapractically non-existing, while
muscular venules have a media consisting of onewvorlayers of SMC’s with little
collagen and elastin. Pericytic venules have a dloiventitia compared to the adventitia
of muscular venules, whose adventitia is thicktrnetato the vessel wall thickness [28,
29].

2) Small veins

Their diameters vary between 0.2mm and 1mm. Thenats thin and the media
contains two to four layers of SMCs interspersetivben a thin network of elastin and

collagen. The adventitia contains collagen bundiessome elastic fibres [28, 29].
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3) Medium sized veins

They vary in diameter between 1mm to 10mm and thait thickness represents only
one tenth of their outer diameter. They too havihia intima; to which valves are

attached to prevent blood flowing in back towards periphery. The media consists of
two to four layers of SMCs separated by bundlesatibgen and a delicate network of

elastin. The adventitia is thicker than the me@gy .|
4) Large veins

These veins are larger than 10mm in diameter. fitma is the same as in medium sized
arteries and also contains valves. The mediamsahd may even be absent in some areas
of the vena cava but otherwise is similar to tHfahedium sized arteries. The adventitia
makes up the largest percentage of the wall thekrad consists of thick bundles of

elastin and collagen fibres arranged longitudingzBj.
2.2 Introduction to Arterial Diseases

Arterial degeneration occurs with aging and dise@bere are two main arterial diseases:

Atherosclerosis and Arteriosclerosis.

Atherosclerosis is the narrowing of a major artérgt causes ischemia or infraction of
the organ or tissue downstream of it. It occursllge affects mainly the intima and is
occlusive and disturbs the conduit function of #Hréery. An area of atherosclerotic
plaque rupture exposes intimal elements below ti®telium to the circulating blood
which can cause the development of an occlusivanthus. It has been suggested that
localised atherosclerosis is caused by shear saigmsations in the artery wall. The
plague which forms as a result causes a flow dane which increasingly alters the
shear stress, causing further plaque growth angiheess becomes self-perpetuating.
Atherosclerosis mainly occurs when arteries, posdgported by connective tissues, are
subjected to repetitive bending or where a reldtivarrow artery is subjected to rapid
variable flow. Important factors in the developmeaftatherosclerotic plaque are the
expansion of the vessel wall, the drag on the \asadnterface, bending and flexing,
presence of secondary flow, and highly variableaslséress [21]. It has been suggested

that atherosclerotic arteries have larger diamehens their normal counterparts possibly
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in an attempt to increase luminal area due to tgle tircumferential stress experienced

through conduit narrowing [31].

Arteriosclerosis is the stiffening and dilationrofjor arteries. It is diffuse, dilatory and
mainly affects the media, but leads to dilatiorthe whole artery. It does not affect the
conduit function of the arteries, but disturbs ttaenpening function. The disturbance in
the dampening function leads to disruption of thespure profile that occurs during the
cardiac cycle which in turn causes an increased lwa the heart. Increased arterial
stiffness causes reflection waves from the periypherreturn during systole, further
augmenting the systolic pressure. It occurs duthéomechanical weakening of elastin
fibres in the arteries. Muscular arteries whichtaonless elastin therefore undergo much
less degeneration of this kind than elastic a8, 21].

Different treatments are available for disease@ri@g; including balloon angioplasty,
internal stenting, as well as vascular graftingravascular stents are inserted to maintain
vessel patency as recoil of the artery can ocder &hlloon angioplasty [1, 32, 33]. This
work deals with a proposed technique of numeridaNsestigating proposed components

of vascular grafts and therefore only vasculartgrafll be discussed.
2.3Vascular Grafts

Vascular grafts are used to augment insufficiemtcfioning of blood vessels. The
demand for vascular grafts has been estimated tovbe one million cases per year
world wide. Graft failure generally occurs due lwambosis and/or occlusion. Intimal
hyperplasia (IH) is the main cause of thrombotimpbcations in vascular grafts within

the first two years and is mainly a result of SM@mation and proliferation [13, 34-41].

The difference in mechanical properties of hoseras and vascular grafts produce
changes in the shape and amplitude of the pulse whthe junction of the two tubes.
This leads to increased stress and altered haeraodgs at the anastomosis, where IH is
most likely to form. More IH is experienced at tlokstal than at the proximal
anastomosis. Circumferential wall deformation arall whear stress variations have all
been identified as contributing factures to waitklkening while altered haemodynamics
and injury of the vessel during suture can causkthelial denudation. Endothelial cell
damage in the presence of wall thickening stimedidls to IH and eventual graft failure

[23, 34, 35, 37-39, 41-52].
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Compliance mismatch can lead to endothelial celmalge as well as altered
haemodynamics. Grafts usually have a lower comgdiathan the artery which they
replace would have in a healthy state. A genemablpm experienced due to the lack of
compliance is the reduction in pulsatile energye Tascular system requires the exact
amount of pulsatile energy to be delivered to teapghery, in order to both overcome
peripheral resistance of the capillaries whilehat$ame time not placing too much stress
on the periphery with greatly increased pulsatil&yhyper-compliance zone forms just
proximal and distal of the anastomosis presumabé/td the suturing in this area. There
is a strong correlation between degree of compéianatching and graft patency as can
be seen iMable 2-1[23, 24, 35, 43-47, 49, 51-53].

Table 2-1: Vessel compliances and patency [25,%1344].

Vessel Compliance Patency
Host artery 5.33x1.15
Saphenous vein 4.08%+0.65 82t 6 %
Dacron 1.9+0 47115 %
ePTFE 1.6x0 39+19 %

Compliance mismatch is not the only cause of flagtuibances; diameter mismatch
between the graft and artery will also cause flowstwlbances and altered

haemodynamics which have been implicated in pramgotH. Flow disturbances can

cause changes in haemodynamics and vessel wallsthess. Size matching between the
implanted graft and the native artery is therefaneery important consideration [35, 43,
44, 48, 52, 54].

Wall shear stress that is either too high or toe tan cause IH. While increased shear
stress leads to endothelial damage, decreased sihess causes areas of relative stasis
between the blood and vessel, where excessiveaatign between platelets and the
vessel wall can occur. From this it can be postdlahat there must exist an optimal wall
shear stress at which no wall thickening will ocddeduction in wall shear stress can
also be a result of a lack of compliance. Not artdy an absolute change in wall shear
stress result in wall thickening, but also an iaseein wall shear stress pulsatility. A
more pulsatile wall shear stresghich could result from compliance mismatch betwee
the graft and the artery, can lead to increasedelesall thickening. There have also
been suggestions that it is not changes in wakrskigess alone causing IH, but that the
interactions between the wall shear stress and cth®umferential strain can be
16



implicated. It has also be shown that the inteoacbetween flow velocity and pressure

plays a role, which is a similar result as flowog#ly is a determinant of shear stress and
pressure a determinant of circumferential strdi®d, 35, 38, 41, 43-45, 47, 49, 51, 52,

55, 56].

Some non-mechanical factors can also give riskltadluding thrombogenicity, absence
of vascular endothelium and non-biocompatibilityesgel wall damage during suture
causes endothelial cell damage acting as a stforulne onset of IH [43, 44, 49, 50, 57].

Two other important considerations for the designvascular grafts are: (1) their
structural integrityto withstand pressure at the suture line (to preseture pull out) and

(2) sufficient resistance to kinking and flatteningprder to retain open lumen [36].

Vascular grafts can be subdivided into two mairegaties namely bioprosthetics and
synthetic grafts. Bioprosthetic grafts are of bgit@l origin and are composed mainly of
autologous, homologous of heterologous tissue. &lgeafts are sometimes also cross-
linked with fixatives and/or reinforced with syntliematerials. Synthetic grafts comprise
entirely or mostly of synthetic materials [36].

2.3.1Bioprosthetics

Autologous vessels (native veins and arteries) merttee grafts of choice in vascular
surgery, with saphenous vein the best option intrmases and the Internal Mammary
artery also used routinely to replace the coronarery specifically. Radial and

Gastroepiploic arteries are sometimes used as lkeagrafts. The Radial artery is usually
used to replace the right Internal Mammary Arteng as useful due to its diameter,
length, safety, ease of harvest and encouragingtediohg-term results. Autologous

vessels are either excised and re-implanted, bmieifitu with only the distal or proximal

ends repositioned and anastomosed to bypass theledartery [23, 24, 36, 37, 52, 57-
61].

There are various problems associated with impignteins into the arterial circulation.
They undergo degradation when exposed to the @rt@rculation environment. Shortly
after implantation a vein will over distend to litsit, followed by myointimal thickening

in a process termed arterialisation. Thereafteendothelialisation will typically take

place. Due to the overdistention caused by thespresincrease, a vein graft acts as a
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rigid tube in the arterial circulation [31, 36, 38; 43, 44, 50-52, 59, 62-64].
Arterialisation is in response to different walldkening factors associated with arterial
circulation. The increased pressure in the artair@ulation, causing veins to undergo
greater circumferential deformation than in the auen circulation, is known to be a
primary stimulus for myointimal thickening. Prolajcyclic stretching of a vein graft is
also known to promote vessel wall thickening. I baen shown that an increase in wall
tension is more strongly related to medial thickgnwhile shear stress changes more
strongly correlated to intimal thickening. Decrehgbw velocity is another stimulus
which causes wall thickening, while increased fleelocity has been implicated in
dilation of vein grafts over time. Low flow coulchdrease wall thickening due to
increased interaction time between blood and graft cellular elements. It has been
suggested that the flow waveform, more than thelabs flow velocity, has a major
impact on the wall thickening [31, 34, 38, 39, 43, 49-51, 53, 54, 57, 65, 66].

A few weeks after implantation the vein graft theks usually reaches equilibrium
where the luminal radius and the wall thicknessa¢xja relatively universal value for all
the arteries in the patient. In 50% of vein grdftsvever the adaptive wall thickening
becomes pathologic to the extent that the mainlpnolassociated with vascular grafts is
the formation of IH. By ten years only 50 to 60 #Saphenous vein grafts remain patent
and of the patent grafts another 50% is signifigastenosed [23, 31, 34, 38, 40, 51, 52,
54,57, 63, 66, 67].

Reduction in wall thickening is a key goal in preiteg vein graft failure. The

mechanical factors associated with wall thickeramgl the formation if IH has already
been discussed. Other problems encountered whery wgin grafts are the limited
number of veins available for use (without causiagous circulation disturbances) while

the available veins may be unusable due to préegisbnditions [36, 37, 43, 62].

Tests have also been conducted to develop an efhkIf conduit scaffold which can be
subsequently seeded with autologous vascular ¢adlsellularised vein has been tested
as a possible scaffold to this end. The decelgddion process has been shown to
decrease antigenicity, reducing the risk of grajéction and does not significantly alter
the morphology of the vessel so that burst streagth suture pull-out is not influenced.
The negative point to this approach is the timematio seed such a scaffold making these

grafts unusable at short notice [61].
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In heterologous grafts, changes occur that resemthlerosclerosis and they are less
reliable as autologous grafts. These grafts weveelier used in various forms before the
development of synthetic grafts. The use of hetgalis arterial tissue is limited mostly

to arteriovenous shunts [36].

2.3.2Synthetic Grafts

There is widespread use of Dac(®ET) and Teflon (ePTFE) grafts in vascular surgery
[24, 43, 44, 57, 62]. Dacron grafts consist of tlime filaments bundles into
multifilament yarns which are then either knittedveoven to produce tubular grafts
pictured inFigure 2-6 The knitted grafts are less prone to fraying ttiewoven ones
while the woven grafts are less prone to kinkin@TEEE grafts consist of a solid nodes

linked by inter-connecting fibrils pictured Figure 2-7[36].

= "; E F el & A '.T- -::‘;:If e
Figure 2-6: Electron microscope images of portiafiga) a knitted Dacron graft and
(b) a woven Dacron graft [36].

Figure 2-7: Electron microscope image of a sectban ePTFE graft [36].
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While Dacrongrafts are favoured for use as large diametergratiere they have a 93%
patency rate at 10 years, ePTFE grafts are favdorechedium sized grafts and have a
patency of 40-50% at 4 years [36, 43, 62]. In srd@ineter cases however both of these
grafts fail rapidly due to occlusion caused by thbosis and IH [23, 36, 37, 43, 52, 61,
62]. IH occurs mainly at the anastomosis of symthgtafts [38, 43, 48]. This is where
the artery, to which the synthetic graft is sutynedl be damaged initiating the IH [43].
Both Dacron and ePTFE are also inherently thrombiocgand once implanted require
continual washing of the surface with high bloodwil If low flow velocity is the
experienced, reducing shear stress, intimal thickenmvill also be seen in synthetic
grafts. It is interesting to note that more IH witcur in prosthetic conduits than
autologous grafts, with the same haemodynamic Namig23, 37, 38]. Other mechanical

and non-mechanical factors causing IH have alrbéaey discussed.

Polyurethane (PU) grafts have been created whichienarterial compliance, but they
have not progressed past clinical trials. PU grédteown inFigure 2-§ show good
biocompatibility, deformational and strength prdpgs, but are susceptible to
degradation over long implantation periods. The lme@al properties can be varied by
varying the porosity of the material. When PU graiftere implanted into the canine
model, more compliance loss over time occurred dompliance-matched grafts
compared to the non-compliance-matched grafts. €bidd be due to the increased
porosity needed to create the matched grafts, asintreased porosity can lead to
augmented ingrowth and therefore greater compliamheage. A negative point to PU
grafts is that they have been associated with thomis and embolism formation after
implantation [23, 36, 42, 43, 46, 61, 62].

Figure 2-8: Electron microscope image of a sectbrporous polyurethane graft [36].
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Autologous grafts undergo some chronic physioldgateanges (like wall thickening)
after implantation, but this does not cause anyigban their compliance. For prosthetic
grafts this is however not the case. The surrountigsues cause prosthetic grafts to lose
compliance over time. This is especially true forqus structures where considerable

fibrous tissue ingrowth takes place [37, 44-46].

2.3.3Towards the Ideal Vascular Graft

The ideal graft has been described to have theviollg properties [43, 46, 68, 69]:

* Resistance to infection

* Biocompatibility

* Non-thrombogenicity, even in low flow states.

» Generation of optimum tissue reaction: allowinglimggwhile preventing fibrous
capsule formation

» Facilitate ease of suturing and allow minimal sifeneedle holes and bleeding
following implantation. It must allow sutures tollavhen under longitudal and
circumferential tension and retain axial and rad@hpliance and pulsatility

e Durability

* Resistance to degradation

* Flexibility

e Compliance

» Similar viscoelastic properties to the artery itaplacing

* Availability in a wide range of sizes

* Manufactured cheaply in a relatively short spactnoé.

Unfortunately no ideal graft has been developedate and work is being done to create
a graft with the best possible properties. Naties and arteries remain the reference
material for medium and small diameter arterieshay function the best of all grafts
under these conditions [58, 62]. Work continuesider to obtain the ideal graft and

different avenues have been explored.

Using vein cuffs make the compliance and size misinaore gradual leads to improved
patency by redistributing the IH away from the aoawsis, even though the overall

extent of the IH remains the same [44].
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Mechanical suitability alone does not guaranteesihecess of a graft [36, 70]. Grafts
also need to be non-thrombogenic and burst resig#lj. In this respect, surface
modification of existing grafts or the incorporatiof autologous vessel cells into the
synthetic grafts have been suggested [37, 62]e&sing porosity of synthetic grafts
leads to increased healing by the formation of rrsiothelial layer in the lumen [72]. In
ePTFE grafts the porosity can be increased andacbezhtageously to promote ingrowth
stimulating the formation of an endothelial lay&he increased porosity unfortunately
also increased the adherence of other materidtsetgraft that could be damaging [43].
There does however exist a need for vascular gtafteave the same mechanical

properties as that of the native artery which thegd to replace [46, 62, 71].

Attention should be given to designing ma@mpliant grafts. This could be done by
increasing porosity or possibly using double tubglaafts consisting of more compliant
inner linings with less compliant outer linings [4Many such composite grafts have
undergone some degree of testing, but have ngiagsted clinical trials. Tests have been
conducted on PU grafts with polycarbonate urethamer mesh and an outer layer
consisting of meshed Dacron, sealed to prevenafgakrhese composite grafts showed
improved patency as well as decreased stenosisirgingal thickening compared to
ePTFE grafts when tested in the canine model [88pther graft tested in the canine
model constituted a woven graft of pre-stretched Rthofilament yarn and polyester
multiflament yarn. These showed the developmentao$table neointima within 6
months. PU grafts reinforced with knitted polyestéso showed several advantageous
over ePTFE when tested in 52 patients, howeverctimeulative patency rate was still
inferior to ePTFE grafts [62]. Applying externalpport to synthetic grafts leads to a
decrease in intimal thickening. PU grafts which aeey porous can be unstable and it
appears that by adding an external wrap aroundgth#t shields it partially from the

degradation while still allowing healing though iogith.

Composite grafts containing saphenous vein hawelaen researched extensively. It has
been suggested that the patency of Saphenous ypasd grafts might be improved in
future if the wall properties can be manipulatedagproach that of a artery [53].
Composite grafts consisting of vein grafts wrappedtightly fitting Dacron mesh
(diameter downsizing about 10 %) were tested indheine model. In this case the
myointimal wall thickening was decreased compacetdth normal vein graft controls

and vein grafts with loosely fitting Dacron wrapl]3New Zealand white rabbits tight
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and loosely fitting ePTFE wraps and wall thickenings seen to be greater in the loosely
wrapped grafts than in the tightly wrapped oned.[B&t vein grafts were also wrapped
in polyester stents, reducing the formation of i3][ In the porcine model, vein grafts
supported by external polyester stents also shdéegsdlH than control grafts even at one
month. At six months the luminal area of the wrapgeafts was even greater than at one
month. A decrease in medial as well as intimalkdgng was reported Space between
the stent and the vein graft was initially occupieg thrombus, which over time
reorganized to form a neo-adventitia. A loosergtporous Dacron mesh also improved
the overall thickening by decreased SMC proliferati A tightly fitting PTFE stent
however still decreased medial thickening, buteased IH. The porosity of the external
stent is closely related to its healing abilitiesparticular the formation of the neo-intima
[39, 64, 66]. Vein grafts supported by a Dacron meere implanted in sheep and this
caused severely decreased intimal thickening coedpsr unsupported grafts [52]. Ten
patients who received vein grafts wrapped in Gagg-fing enforced vascular grafts and
showed good patency after long term follow up [&}phenous vein grafts inserted into
a 8 mm diameter ePTFE wrap of external bead supyoetwas shown to have reduced
compressions and kinks [74]. By applying a tigRTFE wrap to a vein graft in order to
decrease the diameter, a decrease in IH was shawe, a loose wrap did not have any
positive effect [35]. Dashwood et al (2002) showledt externally stenting vein grafts
with a polyester stent affected the nerve distidsutThe formation of paravascular nerve
bundles is significantly reduced, while nerve dlgttion on the medial/adventitial border
Is unaffected. The formation of a neointima wa® akduced in the stented grafts and it
is therefore postulated that the presence of pacala nerves could influence graft
thickening. The formation of a dense and organizegtadventitia is though to block to

formation of the nerves to some extent [59].

External support of vein grafts prevents over thlatbeyond the artery size, decreasing
disrupted flow patterns and de-endothelialisat\essel wall thickening appears to be a
response to normalize changed wall mechanics exqpead in the arterial circulation by

decreasing tangential wall stress and increasintj steear stress. External stenting

decreases this thickening by performing this fuorc{b2-54, 64].

From these experiments it can be deduced thatasicrg wall shear stress contributes to
decreasing the wall thickening. The observed redadh wall thickening can thus be

due to the reduction of graft distention by theresve external supports and/or due in
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to increased blood velocity (determinant of sheaess). Both of these mechanical
factors have been implicated in reduction of wailtkening and IH in both bioprosthetic
and synthetic graphs. However wall shear stresveas shown to play less of a role in
wall thickening than the decrease of circumferéntial tension. [31, 49, 63, 72, 73]. It
appears that tight fitting non-porous external &tefo not show the same improvements
in graft patency as porous non-restrictive extemaps. This has been postulated to be
due to the more effective adventitial macro vascoktwork which develops in porous
and oversized grafts.[39, 53, 64, 66]. Problemsa@ated with external support generally
relate to stent size and material used, as wethasapplication of the external support
[53, 73]. An external support in the form of a penous fibrin glue spray has been
proposed. This allows the vein to preserve someaility while overdistention is
prevented [53].

Some of the mechanical factors implicated in IH @0 be altered by varying the

anastomotic geometries. This has been investigatedgh computer modeling [48].
2.4 Shape Memory Alloys

The structure examined in this work consists ofaemal type called a Shape Memory
Alloy (SMA). A number of different SMAs exist e.gAg-Cd, Au-Cd, Cu-Zn-Al, Cu-Al-
Ni, Ni-Al, Fe-Pt, Mn-Cu and Ni-Ti [75-77]. The aithute that separates SMAs from other
metals and metallic alloys is that they can exmsttwo solid phases, whose crystal
structures depend on temperature and their stadtraxfs. At high temperatures the SMA
exists in the austenite phase and at lower temypesait is in the martensite phase. The
two properties for which SMA’s are best known atlee Shape Memory Effect and
Superelasticity. Superelasticity occurs at suffitie high temperatures and is the
recovery of large strains through a loading-unlogdturve. The shape memory effect
describes the recovery of large strains by a coatiin of mechanical and thermal
effects [77-80].

Of all the SMAs Nitinol (Ni-Ti alloy) is probablyne most used in the medical field due
to its high degree of biocompatibility. It is alstvong, sufficiently non-reactive, does not
fatigue as easily as other metals and is non-magetsuring Magnetic Resonance

Imaging will still be possible) [9, 78, 81, 82]. étner feature that makes Nitinol suitable
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for biological applications is that the temperatwesmge in which it is superelastic

includes the temperature of the human body [83].

The martensite phase will start to transform i® austenite phase upon heating. In the
stress-free state, the temperature at which tlasstormation initiates is called the
austenite start temperature sfAwhile the temperature at which it ends is callbd
austenite finish temperature {JASimilarly, cooling Nitinol from the austenite ge will
result in a phase transformation back to the maitephase. This transformation begins
at the martensite start temperatures\Mnd ends at the martensite finish temperature
(My). Figure 2-9illustrates how the percentage of austenite plpassent in a sample
changes with a change in the temperature. The csitigpoand stress state of the alloy
influences the characteristic temperatures at whiedse transformations occur. The
difference between the characteristic transitionperatures for heating and cooling is
called the hysteresis. For Nitinol this is usualtgund 20-56C [78-80].

100%

Austenite %

0%

Temperature

Figure 2-9: The percentage austenite phase prasethie alloy during the heating and

cooling of an SMA.

The two different solid phases have different alystructures. The austenite phase has a
body-centred cubic (bcc) crystal structure, while tartensite phase has a monoclinic
crystal structure. This crystal structure can eiistulti-variant or single variant phase

[76, 77, 83]. Due to their distinct crystal struets, a difference can be observed in the

physical properties of the martensite and austguhi@ses. In the martensite phase the
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alloy is softer and more ductile, whereas it i®rsfy and hard when it is in the austenite

phase [78]. The multi-variant martensite phasé@w inFigure 2-10

Figure 2-10: Multi-variant martensite crystals [84]

When the metal is the austenite phase (i.e. ablmv¢éemperature Ait can transform to

the martensite phase in two different ways. Ifsitcboled the bcc crystals will start to
form multi-variant monoclinic crystals, representithe martensite phase. Otherwise, if
stress is applies to it, the bcc crystals will tstartransform to single variant monoclinic
crystals, lying in the direction most preferentialthe applied stress. This is called the

stress induced martensite phase (SIM).

This property is based on the fact that the maiteenhase can form at temperatures
higher that M if it is in a state of stress. There is, howewemaximum temperature
(labelled My) above which the austenite phase cannot form SIM.

If multi-variant martensite is places under streiss,crystals will re-orient themselves in
the direction most preferential to the applied sgrén a process termed martensite re-
orientation. This processes and the formation & 8ave equal maximum theoretical
recoverable inelastic strain, as both end in theglstvariant martensite state [81]. The
orientation will be such that it produces the maximstrain with respect to the applied
stress [78]. Applying further stress to single aatimartensite will lead to distortion of

its lattice causing unrecoverable strain [77].
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The two most well-known responses of SMA’s cany@aned as follows:

1) The Shape Memory Effect is a temperature induesdonse. When Nitinol is cooled
from the austenite phase to the martensite phhsealtoy will retain its shape. It can
easily be inelastically deformed in the martengibase (by undergoing martensite re-
orientation at a crystallographic level). Subsequerating to above the;Aemperature
results in the resumption of the original shape agidity by the formation bcc crystals
of the austenite phase. This process is knowneasrtb-way Shape Memory Effect [78].

The two-way Shape Memory Effect occurs when theyalecovers a preset shape upon
heating it above A but also returns to a specified but differentpghevhen cooled below
M; [78].

2) Superelasticity (also called pseudoelasticisya istress induced phase transformation.
Superelasticity refers to Nitinol's property whialows it to return to its original shape
after substantial deformation. This can only oagben the alloy is in the austenite phase
and occurs due to single variant SIM [81]. The sstystrain relationship that occurs
during the superelastic effect is illustrated Rigure 2-11 While this mechanism is
recoverable upon unloading, the addition of moresst again leads to unrecoverable
strain due to lattice distortion [77]. Superelastican only occur at temperatures from
Af up to My [78].

Stress

v

Strain

Figure 2-11: Stress-strain graph of Nitinol illuating the superelastic effect.

The mechanisms and transformations do not alwagsran such a structured fashion.
Sometimes SIM does not form completely and asliis 70 % of the material can
become martensitic even after full transformati©One of the reasons for this anomaly is

impurities trapped in the alloy, which cause sorta¢es to become locked in and unable
27



to transform further [75]. Another interesting pberenon is that the end of the stress
plateaus, which can be seeFigure 2-11 does not necessarily mark the end of the phase
transformation. It only needs to mark the end @f skrain localization [81]. All of this
should be taken into account to fully explain thehdviour observed in experimental
testing [81].

2.5 Continuum Mechanics

2.5.1Kinematics

The information in the following three sub-sectiowas summarised from [85, 86].
Continuum mechanics is the study of mathematicadetsodescribing the behaviour of
continuous media such as fluids and solids. Prigsestre assumed to vary smoothly with
position and time X andt). Continuum mechanics studies the response ofrialst¢o
different loading conditions and consists of twamereas: (1) principles common to any
medium and (2) constitutive models describing tebaviour of particular materials. In
this section only the common principles will be ltlegith. The constitutive equations

will be described in Section 2.5.4.

When a continuum is deformed, a particle that wasgirally at position
X = (X, X,, X;) at time t, will be at a positionx = (X, X,, X,) at timet. This is

illustrated inFigure 2-12

at time t, B at time t

Figure 2-12: The deformation of a bodBy.
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That is, the motion is described Yy ;<(X,t). This function is invertible and therefore
governing equations can be described in two diffeveays, the Lagrangian description
or the Eulerian description. In the Lagrangian @@ or Reference) description the
function is described in terms of the referencerdmates X and timet . In the Eulerian
(Spatial) description the function is described iterms of the spatial

coordinateX = (X, X,, X;) and timet .

The time rate of change of any functi@ is defined by the material derivative and is
associated with a distinct material poft If the function uses the Lagrangian
description its material derivative is defined as

Dt ot Xi—fixed' l

If the Eulerian description is used to defi@¥x,t), the material derivative d®(x,t) is

@:O_GO_X-F(O_GJ :VDDG)+a_G) (25)
Dt 0% ot \ 3t Jy_gee ot

The material derivative of motion is the velocitydaof velocity (v) is the acceleration

(a). We therefore define

Dx
:E (2.6)
az VXD _ VXY pa - DV OV, )y 27)
Dt ot Dt ot
The displacement field is defined by
u=x(X,t)-X, (2.8)
so that
X(X,t) =X +u(X,t). (2.9)
Deformation of a neighbouring elementxowill then be
x+dx=X+dX+u(X + K, 1). (2.10)
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To determine the deformation of the body the chanigethe distances between the
neighbouring points must be analysed. This candre dy subtracting equation (2.10)

from equation (2.9) to obtain

dx=dX +u(X + X, t)-uX,1)

2.11
dx = dX +([u) dX (2.11)
where[u is the displacement gradient with compone%%x ; that is
j
| ou, OJu Ou |
oX, 0X, 09X,
[Ou=| & 9% OU | (2.12)
oX, 0X, 90X,
ou, OJu, O0u,
| 0X, 0X, 0X,
Equation (2.11) can be simplified by writing
dx = FdX (2.13)

where F is the deformation gradient, defined by=[Xx =1 +[1U . The square of the

distance between the particles is defined by

(ds)* = X F'F K. (2.14)

For small displacements'F = | + 2E whereE is the infinitesimal strain tensor defined

by
E =1[(0Ou)" +0Ou] =synfCu) . (2.15)

Considering a material elemetX =dS the difference between the square of the

deformed lengthds and the original lengtlalS is given by

(d9)? - (d9? = 2( d$?n [En. (2.16)

In the case of small deformations this differenae also be written as

(d9-(d9=(ds df ds dS2 @S-ds ). (2.17)
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From equations (2.16) and (2.17) the unit elongatio direction n is defined
approximately by

ds- dS: nlEn. (2.18)
ds

Let dX, =dSm anddX K6 =dSn with m andn are orthogonal unit vectors. Then

(ds)(ds)cosd = 2(dS)( dSn (En (2.19)

where @ is the angle betweedx, and dx,. If we let 8 =Z -y then y measures the

small decrease in angle between the undeformedeelsnio the angle between the

deformed elements. Since cosZ—-y)=siny and for small strain

siny = y,d—Si = 1,E = 1 the change in angle is defined by
dg dS

y=2mlEn. (2.20)

The eigenvalues of the strain tensor are callegtimeipal strains. Each principal strain

acts in the direction of its eigenvector (or prpadi direction). The principal straing

and respective principal directioms are thus defined by
En, =An . (2.21)
The strain tensor has three real eigenvalues gamneling to 3 orthogonal eigenvectors.

The material rate of change@{, a material element, is defined by

(ij = Ovdx (2.22)
Dt

ov, . : : . :
where([Jv). = —" is the velocity gradient which can also written as
S
i
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oy, dv, 9y
% 0% 0y,
v=| Qe N OVl (2.23)
0% 0% 0%
ov, dv, v,
| 0% 0%, 0% |

In equation (2.23D = symn{[lv) is the rate of deformation tensor ad = skw([lv)

is the spin tensor. From equation (2.23),
dxg%(dx):mmmv)mzmmm W d, (2.24)
but sinceW is anti-symmetricdx (W dk =0 and equation (2.24) becomes
de—II%dx:dechk. (2.25)
Taking the material derivative aix [t = (d9° gives

D D
2dx [3— (dx) = 2ds— ( d3. 2.26
Dt( ) Dt( 9 (2.26)

Using equations (2.25) and (2.26) the rate of esiten(stretching) in the direction is
defined by

1 D(ds)
ds Dt

=nDn=D,, . (2.27)

Similar to equation (2.20)m [Dn is the rate of decrease in angle between two eltame

dSm anddSn. W defines the angular velocitp by WX =@ xX.

2.5.2Balance Laws

Conservation of mass implies that

D
o (pdV) =0 (2.28)

where p is the material density and is volume. Equation (2.28) can then be rewritten

as
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Dp_dp

+vp=0 2.29
Dt ot p ( )

Equation (2.29) is called the equation of conséswadf mass or the continuity equation.

The surface traction at a point on the bounday of a continuum is defined by

t = jim 21 (2.30)
AA- o0 AA

where Af is the force acting on surface arA&. Assume the vecton is normal to the
boundary then surface traction is given by

t,=on (2.31)

whereo is the Cauchy stress tensor. The balance of mommergquires that the rate of
change of linear momentum must equal the totakfoftis leads to Cauchy’s equations

of motion
dive + pf ® = pa (2.32)

00,

wheref® is the body force acting on the body &tive), = a—”
X.

]

When a body is at equilibrium with the forces agtion it no acceleration will be

experienced. Equation (2.32) then becomes

dive + pf® =0 (2.33)

and is known as the equations of equilibrium.
2.5.3Boundary Conditions

In addition to the equations of motion, boundarpditions are also needed to define a
problem. Consider a bodyB with boundary 0B=0B,UdBUOJB such that

0B, N0B N0B, = (Figure 2-13. We consider 3 types of boundary conditions.
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OB.
OB

OB.
Figure 2-13: Domains of different boundary condisoon B.

(1) Displacements can be defined on one or moiems®f the boundary, i.e.

u=u, ondB,. (2.34)

(2) Surface tractions can be defined on one or meg®ns of the boundary, i.e.

t=t,ondB. (2.35)

(3) Contact can be defined on one or more regidnthe boundary. In the problems
considered in this work friction is zero while n@aicontact pressure uses the softened
contact formulations. Letd be the distance between two contact surfaces Rrttie
pressure they exert on each other. In hard cofaauiulation the surfaces will exert zero
pressure whiled >0 and non-zero pressure whar 0. In softened contact however,

there exists some valud, on d from where pressure starts to increase according t

some function. In the problems considered in thigrky softened contact with an

exponential curve is defined. For this definitiodistanced, on thed—axis and pressure
value P, on the P — axis must be given in order to define the distancesunescurve

shown inFigure 2-14.

The contact boundary condition @, is therefore

tix=0 [d on 0B,
tmh=0 [0d>d, onadB, (2.36)
o4 onoB
tn= I% 1+£ el - DdeO ¢
e-1 d,
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~

do d

Figure 2-14: Softened contact pressure curve.
Summary
The governing equations of this problem are a®est
dive + of® =0 (2.33)

6 = f(E) (2.37)

With boundary conditions:

u=u, onadB, (2.34)
t=t, ondB (2.35)
tix=0 Od on 0B,
tmh=0 [0d>d, on 0B, (2.36)
d
tm=o[1+9]|e_1| 0dsd on 9B
e-1 d,

To define the relation between the stress andnsulatributions in equation (2.37),
constitutive equations for the specific materiafi@nconsideration is needed. In the next
section the constitutive theory is discussed ferrhaterial model which will be used in

this work.
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2.5.4Shape Memory Alloy Constitutive Theory

The constitutive equations used in ABAQUS CAE 6.@Abaqus Inc., Providence, RI,
USA) to define superelastic material behaviourksased on the following theory [79, 80,
87].

In this constitutive model, the material is assurtethe isotropic. Three transformation

processes are considered:

» Conversion from austenite to single-variant maitenzhase (A => S).
« Conversion from single-variant martensite to augggrhase (S => A).

e Single variant martensite reorientation.

The one-dimensional transformation processesustitited byFigure 2-15 The loading

function can be defined as

F=0-CT (2.38)
Whereo is applied stress, C is a material parameter ans fhe temperature of the
system. For the A => S transformatios >0 while for the S => A

transformation F <0.
The A => S transformation starts when the increakiading function crosses the line
F=0-C(T-My=0 (2.39)

where M, is a material parameter. At this point the maiterfsaction () present in

the material is equal to zero as the material sblhsists entirely of austenite phase
material. This transformation is completed whenitlweasing loading function crosses

the line
F=0-C(T-M,)=0 (2.40)

where M, is a material parameter. At this poigt =1 and the material has been

completely transformed into the single-variant rasite phase.

The S => A transformation starts when the decrgdsiading function crosses the line
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FA=0-C(T-A)=0 (2.41)

where A, is a material parameter. At the point where the liwes crossé, =1, as the

material is entirely in the martensite phase. Taadformation to the austenite phase is
completed when the decreasing loading functionsa®she line

F*=0-C(T-A)=0 (2.42)

where A, is another material parameter. As the transfoonais then completed,

£.=0.

T;S TxAS ]’;SA Tf&i T
Figure 2-15: One dimensional transformation pro@sss

Next the three dimensional model is considered. tal strain experienced by the

material is given by the equation

e=g°+g" (2.43)

where g® is the elastic strain angl’ is the transformation strain and

gtr = ng' (244)

where £ is a scalar parameter representing the maximurormetion obtainable by

only the detwinning of the single variant martemsinde¢' is the scaled transformation
strain.

During each of the 3 transformation processesdistglier, changes ig' and &, occur.

To define the constitutive relation for the matkitigs necessary to analyse
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él :éIAS +é| SA

> _ EAS > SA
fs_ S +£s

Note that during the martensite reorientation phhsefraction of martensite present in

+él S¢
(2.45)
the material does not charigé:° = 0.

Austenite to Single-Variant Martensite Transformation

A Drucker-Prager-type loading function is employasl a function of stresss() and
temperature (T)

F (6, T)=[t|+37P+ C"*T (2.46)
. L tr (o) . AS
where t is the deviatoric stress tensdr¥ o — 3 | ) and Pis the pressur€™ and

n are material parameters afiflindicates the euclidean norm.

The initial and final transformation functions adiéfer from that of the one dimensional

model and are given by

FSAS - F AS _ RSAS

. (2.47)
FfAS — F AS _ RfA‘
where
2
S —
(2.48)

2
RIS =0/, +7) - C*M,
3
. AS AS H
with 05,0 ", M ¢,M ; all material parameters.

The transformation can only take place as longhasfallowing conditions (activation

conditions) are satisfied®.** >0 ; F**<0 ; F**>0.
The scaled transformation strain is assumed toveve follows
€9 =N (2.49)
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LAS - LAS _ aF AS

WhereNAS:W —W

The single-variant martensite fraction in equat{@m9) evolves either as a linear or
exponential form. The material model used in thisknassumes the exponential form

=H " MN1-¢9)-—xs5 e (2.50)
GRS |

Where k5 is a material parameter measuring the speed péfoamation andH S

embeds the activation conditions for the transfdioma

1|f AS> AS< 'AS>
HAS:{ F2S>0,F<0F *> 0 250

0if Otherwise

Single variant martensite to austenite transformaitbn
A Drucker-Prager-type function is again employedédine the loading function
Fo,T) =||t| +37P-C*T (2.52)

Where C** is a material parameter and the other variablesdafined as for equation
(2.46).

The initial and final transformation functions @jigen by

F SA _ F SA_ R S/
F SA F SA__ R S/ (253)
where
SA _ S g + _ C SA
Rs =05 3 7 As
(2.54)

with 05,0 > A, A, all material parameters.
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The conditions for this transformation to take plare F>*>0 ; F*<0 ; F**>0.

The scaled transformation strain is given by
élSA - gSN SA

where N = &
e

(2.55)

(2.56)

The single variant martensite fraction again ev®lag an exponential form such that

F'SA

CSA — | SA¢ S —
: -6 o

(2.57)

with x** a material parameter measuring the speed of temafion and H>*

embedding the activation conditions for the transfation.

Oif Otherwise

Single-Variant Martensite Reorientation Process

The loading function and initial transformation étion is given by

F*(e,T) =|t|+37P-C®T

FSSS — F SS__ RSS
where

ss:ass{\/g_}_”]_cssrss

with 0%, T C° all material parameters.

The activation condition takes the form
FSSS >0; N 5520

LSS LSS _ aF SS

where N %° = HLSSH , P

H SA_{l If FSSA< O,FfSA> O,F SA< O

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

(2.63),(2.64)
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The scaled transformation strain corresponding he single-variant martensite re-

orientation transformation is

g5 =H N ° (2.65)
1if gSss
WhereHSS:{ _ Fs=>0 . (2.66)
Oif Otherwise

Additional Considerations

In practice if the SMA material has enough enemynduce the phase transformation

from austenite to single-variant martensite phaseould also have enough energy to re-

orient the fraction of material already transformgdC”® = C*° and R{® = RS which

leads toF.*® = F>. From the expressions 6f"° and F *° it can be calculated that

t

It

1 (t '
N*=N%=———| —+pl [=N
w[ntn ”]

To obtain an expression for the scaled transfoonadirain, the rate equations from the

LAS :L SS:

+nl =L
(2.67)

previous sections must be integrated. Then

g =&N (2.68)

where N is the current value of N whiléd S3= 1, otherwise it is equal to the last value

of N attained wherH *°= 1.
Model review

The scaled transformation strath can be split into a deviatoric and volumetric part

g =g, +(£—dJI (2.69)
3
w andvV can be written as
£, =& =trE); &, = &N, (2.70); (2.71)
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where Nd is the deviatoric part oN . The martensite fraction evolution is the onlytpar

of the model that still remains in rate form.

(o =é8+EY (2.72)
i F'SA
s =HYN &) —5 2.73
¢, -¢ )(Ff ) (2.73)
S =H A% AL-¢ )—F - (2.74)
S S ASy2 '
(F¢™)

where the variables have been define previousle. Sthain has previously been defined
as

e=g*+g" (2.75)
whereg" =& ¢ (2.76)

The free energy functior() represents the portion of energy available fonglavork at

a constant temperature. Given tifat=(/(&°) a free energy function that is quadratic in

the elastic strain is chosen
1 e e_ e
Y =§8 D% (2.77)

where D° is a fourth-order elastic modulus tensor.

The stress distribution is then defined by

c= oy =D%*=D"%e—¢€.¢) (2.78)
Oe

The elastic tensoD°® is assumed to be isotropic. The strain equatianstieen be split

into volumetric and deviatoric parts as follows
e=g, ——1 (2.79)

g, =g, +&<EN, (2.80)
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&, =& +IE &S (2.81)

£
C=g, 4| 2.82
& =8, (2.82)
Also
p=K& =K(@-£WwW (2.83)
t=2Ge" =2GEe-¢£.Vv) (2.84)

2.6 Numerical modelling

2.6.1Finite Element Method

The information in this section was summarised {88y 89]. A direct solution method
for solving the governing equations of the problgiven in Section 2.5 is not always
available; therefore an approximate solution metisocequired. Different approximate
solution methods are available, but in the curreotk, FEM is used and will be
described. In this method the body under consiaeras subdivided (refer téigure
2-16) and an approximate solution is constructed ussigple functions (e.g.
polynomials). In order to apply the approximatiasiusions, the problem needs to be
stated in its weak form.

B

Bm

Figure 2-16: A continuum bodi represented by elemenig;, .

Principle of Virtual Work

Two function spaces must be defined in order tanfdate the problem effectively. The
spacel, (B) of square-integrable functions is defined as
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L,(B) ={u: [ (PdV<c3 (2.85)
B
This space can be employed to define the Sobolesedd *(B) as

HY(B) ={u: uD L B,g—:D L( B, i=1,2,3} (2.86)

Both of these spaces are inner product spaceghaithinner products and norms defined

by

(u,w),, = [ uwdv

; (2.87)
[wl,, = /(ww,,
for L,(B) and
(u,w),,. = [ (uw+ DUl W dv
: (2.88)

|w

H? = v (W’ W)H1

for H*(B).

To formulate the weak form of the displacement ol a set of actual displacements,
u, and a set of test function® must be defined from the respective Sobolev spaces

These test functions are defined by the sets

V ={w: wOHY(B, w|, =0}

(2.89)
U ={u:u OH(B, y|,, =(w}

where 0B, is the section of the boundary & where the displacement conditions are
applied. The only displacement boundary conditiamsidered here iy, =0 and

therefore the two sets are equivalent.

When Cauchy’s equilibrium equation is multipliedabgh byw [V and then integrated

over the entire body it becomes

jw miwdv+jw[ﬂ8dv:o. (2.90)
B B
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It can be shown that
div(ew) = ¢ Mw +w [dive . (2.91)
Substituting equation (2.91) into equation(2.90)oké&ain
[divew)dV - [e Mw dV=~[w#*® dV. (2.92).
B B B
The divergence theorem gives

[div(ew)dV = ¢ (ow) (hdS= [t (W df (2.93)

and sinceo is symmetric, it can be shown that

ow =0¢ [&(W). (2.94).

Taking equation (2.92), (2.93) and (2.94) into actpthe variational or weak form of

the problem becomes:

Find uJU (the actual displacement) such that for ami/IV (virtual displacement) the

following equation holds:
[o(u) Z(w)dV = [tOvdS+[w E° dv. (2.95).
B 0B B

Equation (2.95) is known as the principal of vittuerk (or displacement) or simply as
the virtual work statement. The stress distribyti®u) , can be written in terms of strain

through the constitutive theory described in thevjgus section. The strain can be

defined in term of displacemen,, using the infinitesimal strain tensor.
Galerkin Formulation

Since equation (2.95) cannot in general be solvedlytcally, an approximate
displacement solution must be found. The Galerkethmd can be used to construct an

approximate solution to the virtual work statemdnt replacing V, an infinite

dimensional space, bBy', a finite-dimensional space, where
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v ov

@
V' =span ¢

®)ia

(2.96)

whereV' -V asr - o

and r =dim({V"). The larger the value of the closer the approximate solution
resembles the exact solution. The approximate isolito the test functionbl and v

can be given in terms of the ba§ig, ... ¢} as

r
u' => g,
i=1
r

EDW X (2.97)

u,w' ov',

where

p=|". |anda=| .
B, 0,

Substituting equation (2.97) into equation (2.9% approximate virtual work equation

becomes
[o(u)ew)dV = [tw' dS+ [w'* dv (2.98)
B 0B B

known as the Galerkin formulation.

Finite Element Method Formulation

From here of, Voigt notation will be used to deserithe stress and strain tensors as
follows:

-
6:(011 Oy U33 015 043 0-23 (2.99)
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.
11 € £33 261, 2613 %)) _

and &= (2.100)

Since the strain is a function of displacementgsiquation (2.97) it can be written as

g(w') = BB (2.101)

Equation (2.98) can then becomes

[B'B"o(a)dV =B [tepdS+BT[f *q dV (2.102)
B 0B B
where
a
o= :
@

Sincef is arbitrary, equation (2.102) leads to

[B'o(a)dV = [tepdS+ [f.g dV, (2.103)
B 0B B

which can also be written as

K(a)=F . (2.104)

K is the global stiffness matrix while is the global loading vector defined by

K(a) = [B'o(a)dV (2.105)

F = [tepdS+ [f®p dV (2.106)
oB B

Element Definition

In FEM, the domainB is subdivided into distinct elements,...,B. ,...,B,. These

elements obey the conditions
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- BNB,=0if | #zm,

. U.B,=B.

Equation (2.103) can then be written in term ofdélaments as

i [B'o(a)dV = Z | t-(pdS+Ze‘, [ 2+ dv (2.107)

m=1 Bp mZIaaﬂ nFl B,

There are three conditions for the displacementtfan to converge to the exact solution

asr increases.

e The displacement model must be continuous withie #lement and the
displacements between adjacent elements must bpatime. The first part is
accomplished by choosing continuous polynomials tedsecond part holds if
the displacement of the element boundary depengoarthe nodes that lie on it.

* The displacement models must include rigid bodpldissment of elements

* The displacement model must include constant sstaites of the element
Isoparametric Element

To avoid having to compute an inverse matii,can be constructed directly with the
use of interpolation (or shape) functions. Thesactions are most conveniently
described in terms of the natural coordinate systesed to define isoparametric

elements.

A local coordinate system is one that is defineddne element only, while a global
coordinate system is defined for the entire bodynadural coordinate system is a local
coordinate system which permits the specificatiba @oint in the element by a set of
dimensionless numbers whose magnitudes never exoed Expressing an element’s
nodal displacements in the natural coordinate systeneralises and simplifies equation
formulation and allows the numerical integratiordiso solve the virtual work equation
to be carried out more easily. Each element expdess the global coordinate system

(the actual element) has a parent element in ¢t lsatural coordinate system associated
with it. There exists an invertible mapping frome tlsoparametric elemerémto the

actual elemenB|
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F'B_.B

2.108
x=F(X) ( )

The linear quadrilateral element together with ffaent element is illustrated Fgure
2-17.

o>
w

T F B, e
1 = 4 \ Bn

Parent Element AR

Actual Element

Figure 2-17: The quadrilateral element in naturglafent element) and cartesian

(actual element) coordinate systems, mapfdngnto B_.

A point in a tri-linear hexahedral isoparametricereént is defined in terms of
0g=(9,0,r) wherdd<g<1, 0<g<1 and O<r <1. The mapping onto the parent

element takes the form

x=x(g) =Y. %@ (2.109)

i=1

The sum is taken over all nodes in the element. lirffear hexahedral isoparametric

element has 8 nodes which are numbered as shokigure 2-18
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1 2

Figure 2-18: A hexahedral isoparametric element.

The stiffness matriXK for an isoparametric element can easily be diyembnstructed

with the use of interpolation functions. Interpadat (or shape) functions are defined as
functions which have a value of one at one nodaitpand zero value at all other nodal
points. To define a displacement vectorat a point in the element in terms of nodal
displacements, an interpolation function is needsmresponding to each nodal

displacement. The equation then becomes for thaheskal element:

@ 0 0@ 0 O a 0 0
U={0 g 0 0 ¢ O 0@ O (2.110)
0 0g 0 0 g 0 0 @
where

a=Y1-9)a-a)-r) g =Y 1-g)t-a)a+r)
@ =%+ 9)1-a)i-r1) ¢ = K@+ g)a-a)a+r)
@ =Y a+rg)a+a)i-r) g = K a+g)a+a)a+r)
¢.= Y-+ a)t-r) g = K (1-g)t+a)i+r)

The stiffness and force integrals can be written dach element in term of the

isoparametric element. In order to do this it isgssary to define the Jacobian matrix
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ox 0y 0z
dg 0dg 0g
_0X | ox 0y 0z

J="F= = = = (2.111)
dg |0q 0q O0q
x oy 0z
or o o

In calculating the matriXB the derivatives of the basis functions are usé Jacobian

can then be employed to m&{x) — I%(g) by using

a_(l{:\]—la_%’l (2.112)
0x Jg
Also needed to transforid and F is
dV = dxdydz=det] dgdqde Jd' (2.113)
Similarly
dS= jd< (2.114)

K (a) =F can then be written for each element in termssofiatural coordinate system.

K m(e) = [ BTo(a)JdV (2.115)
B,
Fo= [ tegjdS+ [ 2.9 IdV (2.116)
0B, B,

The integrals that definK andF must be calculated to solve the displacement probl
These integrals can usually not be solved analigtiaad must be solved using numerical
integration of which the Gaussian Quadrature foatioh is used in this work to solve
the integrals. It consists of evaluating the funictat certain points defined by the roots of
Legandre polynomials, multiplying each functionuabbtained by a predefined constant

ad then summating the results, as shown in equéiaia?).

[ f(x)dv = i ¢ f(x,) (2.117)
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Convergence Criteria
Equation (2.110) can be expressed as some funaftioodal displacement in the form

Y(')=0 (2.118)

Let @, be thei” approximation to the solution and ¥{e,) =¥, . Thena. is solved to
a close approximation using Newton’s meth8él. must therefore converge to zeroias

increases and is known as the force residual. DHewiing criteria are checked to

establish whether a converged solution has beennaut within the increment:

(1) The largest force residual must be less thaagoal to R times the instantaneous
magnitude of the force at the time specified timagraged over the entire body. has a
default value of 0.005.

(2) The largest displacement correction at any nodbe current Newton iteration must
be less than or equal 18 times the maximum nodal displacement differendsvéen

the current and previous incremefit.has a default value of 0.01.

In ABAQUS the size of the time increment for thexnetep can be controlled
automatically in which case the ease of convergefidhe current increment is used to
check whether the time increment for the next stequld be increased, decreased or stay
the same. This allows for fast convergence of @achement and therefore also the
overall problem solution. The automatic time incesrtation is controlled by predefined

parameterd ., |, , D, and D;. If the number of iterations needed for currectément

is less thanl ; , then the next time increment is increased byofaEl, -1. If the number
of iterations needed however, is less than then the time increment will be decreased
by a factor 1D,. The default values for these parameters be=4, | =10,

D, =1.5 and D, =0.75.

Contact Modelling

Different contact formulations are possible buthe version of ABAQUS (6.4-5) used,
only surface-to-node contact is available for usefinite sliding problems between
deformable bodies. Master-Slave surface-to-nodetaconwill be discussed in this

section.
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The slave surface is described by the element nodethe surface while the master
surface is described by an element based surfacmnfact pair is defined between a
slave node and the element surfaces on the mastacs. The distance between them is
is defined. Ifd < d

defined asd and a distancel the contact pair is assumed to be

crit crit
in the closed state (the pair is in contact) anabif it is assumed to be open.df< 0 it

means the slave node has penetrated the mastacesuih such a case overclosure has
occurred which is not allowed and the increment el attempted again using a smaller

time increment.

In closed contact pair, contact pressure is exebiedhe master surface on the slave

surface, to which it will respond by displacemesf@ any other surface traction.

In contact problems, severe discontinuity iteragiazan occur in each increment in
addition to the normal convergence iterations. ®ese discontinuity iteration occurs if
contact conditions have changed, i.e. if contaatspaave opened or closed. When the
contact state has converged the increment willicoatwith the normal iterations.

Stabilization

The difference between the internal and externaef®will be equal to the force residual
at each iteration . Therefore from equations (2.104) and (2.118)etogr with the

definition of the force residual it can be writtidvat

K(a,)-F=¥, =R. (2.119)

However in some models local instabilities can ocesulting in a local transfer of strain
energy from one part of the model to another. Thsdability can be avoided by the
addition of volume proportional damping to the systof equations. Viscous forces can
be added to the global system of equilibrium eaqumstin the form of

F,=cM’v (2.120)

where c in a damping factorV "is the artificial mass matrix calculated with uaensity
and Vvis a vector of nodal velocities, calculated by therease in nodal velocities over
time. If the nodal velocities are small the viscdoces in that region should be small

enough to be negligible, however if large nodabegies are experienced (as would be
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the case in local instabilities) the viscous foraés dampen the unstable behaviour. The

viscous forces are added to the equilibrium eqoatas follows:
¥ -F =R (2.121)
2.6.2Finite Element Modelling of Intravascular Stents

The literature offering the best comparison toviire support structures modelled in this

thesis is that pertaining to FEM models createdthier analysis of intravascular stents.
These tiny wire structures are inserted into atethat have become clogged over time
by a build up of fat, cholesterol and other substan An intravascular stent is a metal
mesh made either from fine wires or by laser cgtthre desired patterns into tubes. They
are set into place to act as a long term suppattsire for a critically stenosed artery [3,

6, 8, 9].

Experimental mechanical tests on these small strestare difficult and in vivo tests on
stent-artery interactions are not possible dueheorisk it holds for the patient. Since
stents are mechanical solutions to biological mold, it is necessary that their exact
mechanical properties be known The FEM has prowebet useful in optimising stent

mechanical properties, leading to better long teffectiveness [1-3, 5, 6, 8].

Although structurally similar, many differences sixbetween the investigated support
structure and intravascular stents. Selected FEMetsoof intravascular stents will be
discussed in this section. These models all haffereint objectives but in this section
attention will be focussed on the strategies fodldwn creating the models. Later the
differences between models in this section andvine support structure modelled in this

work will be discussed.

Migliavacca et al [2] showed how FEM can be usedntmdel intravascular stents by
conducting experimental tests and comparing thelteeso the FEM results. Three
dimensional CAD model was created of he stent gégmehe model was meshed using
ten-noded tetrahedral elements and a sensitivalyais was conducted to determine the
optimal mesh density. A Von-Mises plasticity modéth hardening was used to describe
the 316L stainless steel material. A uniform limgancreasing radial pressure was
applied to the internal surface of the stent. Thedeh was analysed using
ABAQUS/Standard with the Newton-Raphson solutiorthrod due to the non-linearity
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caused by the material plasticity. Mechanical probge of the stent after load removal
were investigated. Values at corresponding stemmeiers in experimental and
computational tests were compared, results at sporeding pressure values differ due to
some of the pressure being absorbed by the baiothe experimental tests. Mechanical
properties for which FEM was shown to be a usefiMestigative tool were stress
distribution and displacement results such as todgial and radial recoill,
foreshortening and dogboning effects.

Migliavacca et al [3] also conducted FEM studieshow the effect of the variation of
geometrical features on a stent’s mechanical behawn order to optimise the design of
intravascular stents. A three dimensional model aoftypical diamond shaped
intravascular stent was created as well as modéls geometric variations on this
design. Variations in slot length, strut thicknemsd metal/artery area index were
considered. Only one twelfth of the circumferenod half of the length was modelled on
account of symmetry. The stent models were mesh#deirght-noded brick elements
and a sensitivity analysis was conducted to detexrthe effect of mesh density on the
results. The material model used was Von Mises-igidsticity with parameters
describing 316LN stainless steel. Boundary conuiitiavere applied to account for the
symmetry simplifications. The main limitations d&fig study are the absence of contact
between the stent and the artery, balloon andtdflow. Linearly increasing pressure
loading was applied directly to the inner surfadettee stent and then removed to
simulate the balloon removal. The fact that malesiad geometric non-linearities in
these problems are difficult to simulate was higiied. Output quantities were
displacement results (distal radial recoil, centratlial recoil, longitudinal recoil,

foreshortening and dogboning) as well as stredsllition [3].

Tan and Liu [1] analysed the difference in mechahibehaviour resulting from

variations in stent geometry while establishingemagyal FEM procedure to model a
coronary stent. The geometry was developed in tiigobane and then mapped onto a
cylindrical coordinate system. Slight variations fhe stent geometries were also
considered. Meshing was done with beam elements aandaterial approximating

surgical steel was implemented. An artery with ladgdaque protrusion was added to the
model geometry. The loading of the stent was coreduthrough radial displacement of
the stent nodes inside the stenosed artery. Sthessbutions, deployment pressure

necessary and strain results were discussed amdsitreported that subtle variation in
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design could considerably affect the deployed stétbe stent which was related to the

biological response of the artery through comparisgperimental results.

The goal of the model created by Dumoulin and Clich4é] was to show how FEM can
be used to analyse the mechanical behaviour ofvasdalar prosthesis during and after
implantation. After consideration of in vitro tessults, it was decided to model a unit
cell of the stent pattern and assume infinite prests under uniform radial expansion. A
three dimensional curved cell was subjected tamalepressure and found to have larger
circumferential than radial stresses during exmansrihe final model consisted of a two
dimensional planar cell meshed with two dimensiogaédratic continuum elements.
Elastic and perfectly plastic material models wesed to describe 316L stainless steel.
Boundary conditions were used to account for thamsgtry simplifications and the cell
was deployed by prescribed displacement under pdamess assumptions. The results
analysis focussed on the response of the stentxternal compressive stresses,

displacements, as well as stress and strain disitviis [4].

Etave et al [5] studied a number of mechanical grdgs of intravascular stents as well
as the effect of geometric variations on these gnttgs. Four geometric variations were
considered. A material model for stainless steéL.34as implemented with the used of a
standard stress strain curve for the annealed mlatnd boundary conditions were

applied to limit flexion. Lack of realistic contabetween the stent and a deformable
balloon and artery model is given as a limitatiéthis study. Loading consisted of each
node in a model first undergoing increasing radiaplacement followed by decreasing
radial displacement, simulating the deploymentulgroballoon inflation followed by the

balloon removal. 7 mechanical parameters were efliudPressure necessary for stent
deployment, determination of intrinsic elastic riécoesistance of stent to external

compressive forces, stent foreshortening, stemibiley as well as stress and residual

strain distributions [5].

Walke et al [6] conducted a study which focussedietermining mechanical behaviour
of stents to aid in the optimization of the desidw. show that realistic results were
obtained from the FEM models used, numerical resutre compared to experimental
results. A three dimensional model of a singlensagt of the design was used as the
geometry of the model due to the repetitivenesshef design. A material model

describing 316L stainless steel was used for taet "tructure. Appropriate initial and
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boundary conditions were added to describe therarpatal behaviour of the structure.
An artery was modelled as a thin walled pipe ofatdength than the stent section and
was assigned a linearly elastic material model.t&drbetween the stent and the artery
was modelled. Radial expanding pressure was inedeascrementally on the inner
surface of the stent from 0 to 3750mmHg, simulatiadjoon expansion. Experimental
tests results correlated well with that of the ntioa¢ analysis. Deployment pressure,
stress and strain distributions in the stent amairal surface of the artery were

discussed.

David Chua et al [90] aimed to investigate theratéon between the stent and artery
with plaque protrusion. A three dimensional modebme eighth of the stent was created
due to circumferential symmetry. Linear brick elerse are used and the element
numbers for all the different components are givefiner mesh is used at the proximal
anastomosis, as the plaque protrusion was modéksed and this area is therefore
predicted to be important for accurately capturiing stress distribution. The stent was
modelled using a model for stainless steel 304.nBaty conditions accounting for the
symmetry simplification were applied as well asditions preventing rigid body motion
and longitudinal motion of any of the componentsmAdel for the artery and balloon
delivery system was included and contact was defbetween all surfaces which could
come into contact. Pressure was increased on tmer isurface of the balloon from
OmmHg to just over 18 000mmHg and then decreaseinap OmmHg. Stress
distributions in both the stent and the artery wasgermined and deployment pressure,

elastic recoil and foreshortening of the stent diasussed.

Holzapfel [22, 91] went even further in analysimg tinteraction between the stent and
the artery wall. They established a technique ofi@iong different stent designs inserted
into a stenosed artery, the geometry of which eaddiermined from MRI imaging and

can therefore be patient specific. A three dimamai@rtery structure was created from
MRI images and three different stent geometrieseweodelled. The artery is modelled
with linear 8-noded hexahedral elements, but witledr 20-node elements in contact
regions; the stents are modelled with quadraticofse order) hexahedral elements. A
stainless steel was modelled for the stent thraihghuse of a neo-hookean material
model. Boundary conditions are applied to preveégitlrbody motion and longitudinal

motion of the artery. Frictionless contact was miedi between the stent and the artery.

Due the absence of a balloon model, numerical tesutre expected to deviate from
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experimental tests as in a physical situation #debn exerting the pressure would bulge
between the stent struts. A pressure load is applieectly to the stent as this is allows

more realistic displacement behaviour of the stieah displacement loading. The group
studied variations is strut thickness, diameternmaieh and unit cell geometry and

reported on the pressure concentration on theiarteall lumen. Focus was placed on

the intimal pressure concentration caused by #at struts, the stress change within the
arterial wall and the luminal changes during stemtiThis was done as endothelial cell
damage and medial SMC damage are determinantedt@niosis after stenting. [22, 91].

As different stent designs have different restenoates, Lally et al [7] analysed the
interaction of the stent with the artery wall shogvihow two different stent designs
provoke different levels of stress in the vascuwall. The modelled geometry also
consisted of three dimensional models of the refdatunits of the stents due to the high
circumferential symmetry. The models were generatedplane and then mapped onto a
three dimensional cylindrical coordinate systemghér mesh density was defined in
regions of contact and high stress gradients. @alilty elastic model for 316L stainless
was used to describe the stent material. Boundangitons were applied to prevent
rigid body motion and account for circumferentighsnetry. An artery, represented by
an idealized cylindrical vessel, and a localizesscent shaped stenosis was modelled on
the lumen. Both were described by Mooney-Rivlin drgbastic material models.
Frictionless contact was defined between bodieshatld were allowed to deform. The
loading definition consisted of the vessel beingasaded to an inner diameter larger than
the outer diameter of the stent. The luminal pressun the vessel was then decreased
from an expanded state to 100mmHg, resulting inpressive forces being placed on the
stent structure. Radial retraction was different ttee different stent designs and the
optimum stent should retract enough during theiaardycle to prevent overstretching
the vessel wall and minimizing tissue-prolapses(ies protrusion between stent struts).
Radial retraction, tissue prolapse, contact aeass distribution The main limitation to
this study is that no rupture or damage mechanssefined for the plaque, with the

level of the stress that was observed was highgimtucause plaque rupture [7].

Petrini et al [8] investigated stent flexibility imoth the expanded and unexpanded state

by means of FEM and compared for different designgards the optimization of the

stent design. The stent designs that were modetliedisted of tubular-like rings which

support the vessel after deployment and bridgingnbezs which link he rings in a
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flexible way to aid in the delivery process. Onlpartion of the stent was studied due to
the repetitiveness of the design (2 rings and @gbrg member). Two different designs

were considered. The mesh consisted of 10-nondedhésliral elements and was
sufficiently refined to ensure the solution wasepdndent from the mesh. Von Mises-
Hill plasticity with isotropic hardening with matal parameter for 3161 stainless steel
was use to describe the material behaviour. Thgitladinal ends of the model were

rotated by a predefined angle and bending was deresi about both axes perpendicular
to the longitudinal axis. ABAQUS/Standard was us#ith the Newton-Raphson solution

method to account for the material non-linearityheTstudy reinforced that the

methodology is able to quantitatively describe labztails in stent structural behaviour.

The main limitation in this model is the absenca dlelivery system.

Perry et al [92] discussed how FEM can be useciarcthining the fatigue life of stents if
the magnitude and nature of the cyclic loadingnsvin. The small size of implantable
stent devices limits the significance of quant#atimeasurements, but with the
incorporation of FEM these devices can be testddréeexpensive prototypes are
manufactured. The fatigue depends on the meanlerdating stress states. A Goodman
or Modified Goodman analysis can be performed. Tdr&phical approach uses the
amplitude of alternating stress, the mean stredstlaa stress limits of the material. A
fatigue limit is then defined by a line drawn fraime endurance limit on the y-axis
(alternating stress axis) to the ultimate stremtthe material on the x-axis (mean stress
axis). The study also notes that experimentalrtgstnd simulation enhance each other as

methods of characterisation of devices.

A study by McGarry et al [32] looked at the perfamaee of stents on a micromechanical
level. They only modelled a unit cell of the stel#sign due to the periodicity of the
design and used a two-dimensional representatitn generalized plane strain.. 316
stainless steel was described by two different natenodels. The first was isotropic

elasticity with plastic deformation defined throughflow theory. The second used a
crystal plasticity material model. Boundary cormtitt were added to account for
symmetry simplifications. Loading included stent pldgment defined through

displacement separation of stent struts, then Iraqgmn balloon deflation. This was

followed by a simulation of a cardiac cycle definddough planar expansion and
contraction of an arterial pressure pulse. The fireadel showed a stress and strain field

which spatially varied smoothly while the crystdagiicity showed non-uniform and
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localized stress and strain fields. There was hewevstrong correlation between the
global model predictions and experimental data atsongly supports the results. The
recoil values are lower for the crystal plasticiyhile the foreshortening values are the
similar. Most importantly, higher factors of safetse predicted for the crystal plasticity
based on a Goodman diagrams. This model shows éhefib of using a microscale

material model as the more realistic values alltws more effective design [32].

The previous models all described the behaviolatibon-expandable stents, while the
next models will deal with self expandable steB&lf expandable stents differ mainly in
fatigue life and stiffness and are often made dini. Upon release from the delivery
system these stents undergo a transformation frenMartensite to the Austenite phase
during which they expand to support the artery. $tracture then responds to systole-
diastole-driven cyclic distension of the vessel due employment of its pseudoelastic
range [9, 10].

A Nitinol stent model was created by Gong and Pelt@. They highlight that the
material behaviour of Nitinol generates analysifidlilties due to its highly non-linear
behaviour and raise the fact that an efficient titutsre model needs to be implemented
since numerical iteration will be necessary dutimg analysis. A single diamond shaped
unit cell of the stent was modelled to represeatdtent design. The strong non-linearity
of Nitinol’'s material behaviour discourages comaled analyses. A Nitinol UMAT is
used to define the material behaviour in ABAQUS @thased on a general plasticity
description by Aurichio and Taylor [79, 80]. The WW has been previously
demonstrated to predict both uniaxial material o@se and stent behaviour accurately.
They propose that the Austenite finish temperatoeld be changed to achieve the
optimum design. Load and displacement results wenepared to experimental data and
shown to agree well. Stent stiffness was also atelyr predicted. They showed that
FEM modelling of Nitinol stents with the develop@@BAQUS Nitinol UMAT can be
used to analyse fatigue life and optimize the deWimctionality [93].

Self expandable Nitinol stents were also discussetlvhitcher [10]. A model of a self

expandable Nitinol stent was created with minimugtad using all the available axes of
symmetry. One eighth of a symmetric unit cell wasdelled and meshed using 27-node
elements and a sensitivity analysis was done tibyvigre results’ dependence on mesh

density. The Von Mises yield-criterion elastic-piasmaterial model in ADINA was
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chosen. Boundary conditions were defined to accéamthe symmetry simplifications
and pressure loading was applied directly to tkatsiThe regions of peak stresses were
identified and a fatigue analysis was done thrahghuse of a Goodman diagram [10].
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CHAPTER 3: MATERIALS AND METHODS

3.1 Nitinol Material Characterisation

A uniaxial tensile test was conducted on Nitinotesamples, the same as those used in
creating the reinforcing structures. The purposethef tests was to characterise the
Nitinol material by extracting values needed fag thaterial model definition used in the

FEM analysis.

3.1.1Experimental Setup

The following equipment was used:

* Instron 5544 tensile testing machine with 500Nistatd cell
e Water bath

* Heating element

* Thermometer

* Temperature Controller

e Customised clamps

e Clamp adaptors

The experimental setup is shownRigure 3-1 (a) Tests were conducted on an Instron
5544 tensile testing machine with a 500N statia loall. Samples remained submerged
in distilled water at 3C (physiological temperature) throughout the t&se water bath
(Figure 3-1(b) contained the heating element and thermometerchwhvere both
connected to the external temperature controllest@nised clampg=(gure 3-1(c), (d)

were used to connect the samples to the Instromimac
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Figure 3-1: (a) Equipment setup for the tensilstt€b) the water bath with heating
elements, thermometer and clamps, (c) bottom ckmdp(d) top clamp.
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3.1.2Test Samples

A total of 12 Nitinol wire (BB grade for medical plpcation) samples were tested; three
different wire diameters with four samples of eatameter. The three diameters were
0.05m, 0.0635mm and 0.075mm. The samples weré@lihim in length and were heat

treated in the same way as that of the knitted suggort structures.
3.1.3Sample Preparation

To prevent pullout of the clamps, the Nitinol wingsre fixed to aluminium plates which
were inserted into the clamps. Each plate surfacee made slightly course with fine
grain sandpaper and then cleaned with alcohol toove all residues. Wires were
attached to the plates with two-component epoxg gluch that the wire length between

the plates was 100mm. A prepared sample is scheatigtillustrated inFigure 3-2

‘ Nitinol wire ‘

. Glue.-~
~Aluminum plates.-”

Figure 3-2: Prepared Nitinol wire sample for termstesting.
3.1.4Testing Procedures

The uniaxial tensile test procedure comprised 3%esyfrom 1% to 4.5% strain (the first

cycle started from 0% strain). Of these 99 cyclamdvas captured for the first 3 cycles
and the last 2 cycles. This was followed by twoleydrom 1% strain to 8% strain and a
cycle from 1% to 20% strain for which data was rded. The cycling was conducted at
a cross-head speed of 38mm per minute. The spesedhesen to be the same as the

speed used in these previous tests, as the datalseassed in different study to compare
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to this previous test data. Merlin Software asdediavith the Instron machine controlled

the testing procedure.
3.1.5Data Analysis

The data files created by the Merlin software pgekaere processed in Excel. Data for
each sample was obtained from a stress (MPa)ran $%0) plot of the cycles for which
data was recorded. Each sample produced moreotiedata set per region, as data was
captured from multiple cycles. The stress/straepbs for each sample can be separated
into 4 regions: The Austenite region, Loading Tfamsation region, Martensite region

and Unloading Transformation region as showRigure 3-3.

A
Stres

Loading

Austenite Martensitt

Unloading

Strair
Figure 3-3: Theoretical stress vs. strain plot fditinol with the four different regions

indicated.

Linear equations describing the different regiomserobtained from cycles 98 to 102 for
all the samples, by adding trendlines to the relevagions and then determining the
average trendline for each region. The followirgufes all have cycle 1 to 3 plotted for
comparison. IrFigure 3-4the stress vs. strain plot for cycles 98 and 9hmswvn. Two

equations were obtained for the Austenite regiahtam for the Loading Transformation

region from the data ranges indicated.

In Figure 3-5the stress vs. strain plot for cycles 100 andig¢&hown. One equation was
obtained for the Austenite region (from cycle 10@)e for the Loading Transformation
region (from cycle 100), two for the Martensite iceg and two for the Unloading

Transformation region, with the relevant data rangéicated.
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Stress/Strain for cycles 98 and 99
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Figure 3-4: The stress vs. strain curve for tensilgt cycles 98 and 99, extending up to

4.5% strain.

Stress/Strain for cycles 100 and 101
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Figure 3-5: The stress vs. strain curve for tenslgt cycles 100 and 101, extending up

to 8% strain.

In Figure 3-6the stress vs. strain plot for cycle 102 is sholne equation was obtained

for the Martensite region, with the relevant datages indicated.
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Stress/Strain for cycle 102
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Figure 3-6: The stress vs. strain curve for tensdst cycle 102, extended up to 20%

strain, but failing at around 13,2%.

For each region, an average equation was obtaiedrisidering all relevant equation in

all the samples. The following values were obtaiaed are indicated iRigure 3-7

e Austenite young’s modulus: The average gradierasfthe Austenite region
equation Figure 3-7(1)).

* Martensite young’s modulus: The average gradieminfthe Martensite region
equation Figure 3-7(2)).

» Transformation strain: The strain—intercept of tWartensite region equation
(Figure 3-7(3)).

» Start of transformation loading stress: Determibgdextrapolating the point of
intercept between the average equation for the ehitst and Loading
Transformation regions={gure 3-7(4)).

* End of transformation loading stress: Determinedekirapolating the point of
intercept between the average equation for the ibgadransformation and
Martensite regionsHigure 3-7(5)).

» Start of transformation unloading stress: Deterhibg extrapolating the point of
intercept between the average equation for the éviaiie and Unloading

Transformation regiong-{gure 3-7(6)).
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* End of transformation unloading stress: Determibgextrapolating the point of
intercept between the average equation for the adlvhg Transformation and
Austenite regionsHigure 3-7(7)).

I

Stress

, 3)/ |
( )# » Strain

Figure 3-7: Extrapolated values used in the deifanitof the Nitinol material model.

3.2 Finite Element Models

3.2.1Model Description

A metal support structure, which represents a carapb of a vascular graft, was
analysed using the FEM. The structure consisteslghft wire-loop pairs (a pair consists
of a loop in both longitudal directions) around tbiecumference of the cylindrical
knitted geometry. All the loops were equal in siZis design is illustrated iRigure
3-8. This structure has been manufactured to unddngsiqal testing.

Figure 3-8: Solid 3D geometry of the even loop \gueport structure.
3.2.1.1Geometry

Three dimensional centreline geometry of one stiggde of the structure (provided by

Pro-Consulting, Minneapolis, MN, USA, accordingréguest) was used in the model. A
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solid single-loop part, illustrated at the centfd~gure 3-9,was created from this three
dimensional centreline geometry using Pro-Enginé#fldfire 2.0 (Parametric
Technology Corporation, Needham, MA, USA). ThegkAoop solid geometry was
imported into ABAQUS CAE 6.4-5 (Abaqus Inc., Praste, RI, USA) and partitioned
in the longitudinal and circumferential wire directs to aid in the mesh assignment and
contact definitions. The longitudinal partitionseashown in expanded form figure
3-9. The partitioning allowed separation of the loamiparts with small curvature and
large curvature for improved FEM mesh definition ilwhcircumferential quarter-
partitioning of the wire surface assisted in contifinition. The final assembly is shown
in Figure 3-10.

Figure 3-9: Single-loop solid even loop geometrgstitioned in longitudinal and
circumferential wire direction. The original geomeis shown in the centre with an

expanded view of the circumferential partitions.

The portions making up the loop geometry were addeithe assembly in a fashion to
represent three loops in the longitudinal directioh the tubular structure. In
circumferential direction, the single loop represea 45 section of the structure. This

was sufficient to capture the geometrical featwfesvo circumferentially adjacent loops.

Additional sections of a single loop were incorgiedainto the assembly geometry and
can be seen in the positions indicated as frontoac#l inFigure 3-10 (a).These sections
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were used for definition of boundary conditions @vhiaccount for the longitudinal

geometric simplification.

(@)

Front reference Left Back reference
points points
(b) Top (©) Top
Front reference Back reference
Right points Left Left points Right

Bottom

Bottom

Figure 3-10: Naming conventions for (a) Loop assgmtb) Front view, (c) Back

view.

A central reference point, positioned at the origfithe assembly coordinate system, was
used to facilitate the definition of an ‘expandsiructure used for the loading definition.
Four other reference points were created and weesl un defining the boundary
condition They are indicated iRigure 3-10 (a), (b), and (cFigure 3-10also illustrates
the naming conventions used throughout this thesis.

3.2.1.2Finite Element Mesh

The single-loop geometryrigure 3-9 was meshed using 8-noded brick elements. Loop
regions of low curvature (straighter sections) wassigned four elements through the
wire thickness (shown ifrigure 3-11(b)) and regions with high curvature (more bent
section) and were assigned six elements in thedoeetion through the wire thickness
and eight elements in the perpendicular directioough the wire thickness (shown in
Figure 3-11 (c). The complete meshed loop is shownFigure 3-11 (a).Automatic

meshing, controlled by user defined seeding, wasd ts generate the FEM mesh.
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b) c)
Figure 3-11: Different mesh densities: a) Completeshed loop (b) Coarse mesh (4

elements through wire thickness) (c) Fine meshdents through wire thickness).

3.2.1.3Nitinol Material Model

The SMA material model discussed in Section 2.594 used to define the wire material.

The material parameters were determined from tperaxental tensile tests described in

Section 3.1. The propertieéa_aj, (a_a) and 8VL could not be obtained from
oT ), oT ),

experimental tensile testing and were used as rataifrom Medtronic Vascular,

Galway, Ireland. All the values are listedTiable 3-1
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Table 3-1: Material parameters used for the Nitinmterial model.

Parameter Abbreviation Unit| Vald
Austenite Young’s Modulus E, MPa | 38992
Austenite Poison’s ratio Vi - 0.46
Martensite Young's Modulus E, MPa | 21910
Martensite Poison’s ratio Vu - 0.46
Transformation Strain st - 0.042
oo
Loading Temperature Derivative of Stress [OTJ MPalC 0
L
Loading Start of Transformation Stress o> MPa 483
Loading End of Transformation Stress ULE MPa 610
Reference Temperature T, MPa 37
. o oo
Unloading Temperature Derivative of Stress (BTJ MPaPC 0
V]
Unloading Start of Transformation Stress o) MPa 388
Unloading End of Transformation Stress 05 MPa 256
Loading Start of Transformation Stress (Compregsign Jg'L MPa 610
Volumetric Transformation Strain &, - 0.04
Number of Annealings to be Performed During Anaysi N, - 0

3.2.1.4Boundary Conditions

Various boundary conditions were assigned to tbp Essembly in order to approximate

realistic physical behaviour of the structure anal &ccount for geometrical
simplifications, i.e. to simulate the effect ofrgt@arts which were not incorporated in the

model. The positions of the boundary conditionsiadecated inFigure 3-12

The first boundary condition (A irFigure 3-13 accounts for the circumferential
simplification and symmetry of the structure. It weorth noting that a single loop
(therefore also the whole structure) is not trulymmetric since it has a helical
component. The movement of all cross-sectional surgaces on left and right wire-loop
ends in the assembly were restrained to only attewvement in radial direction. This is

indicated inFigure 3-13

Partial loop geometries at the front and back af #ssembly accounted for the
longitudinal geometric simplifications. The bounglaonditions on these partial loops (B

in Figure 3-19 prevented rigid body motion of the structurehe tongitudinal direction.
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They were applied by restricting motion of frontadvack reference points, which lie in
the centre of their respective cross-sectionalsnthces. Each reference point’s motion
was coupled to its respective surface, allowingrniolamy conditions to be defined on the
reference points instead of the surfaces themselNes reference points (and therefore
the end surfaces) were prevented from moving inldhgitudinal direction, but were

allowed to move in the radial and tangential dimw. The only rotation allowed was

about the longitudinal directiorkigure 3-14shows the permitted motion of the right

front reference point.

A
Figure 3-12: Positions at which boundary conditi@amplied to the loop assembly.

Radial displaceme Radial displaceme

Figure 3-13: Direction of motion permitted for there-loop end surfaces at the right

and left sides of the assembly (Boundary condaipn

Radial displacement Radial displacement

. . ‘ Rotation about
Circumferential

: longitudinal directiog i ;
Displacement 9 Circumferential

Displacement

Figure 3-14: Motion permitted for the referencemsi(Boundary condition B).
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This boundary condition (B ifigure 3-12)had to be defined via the coupled reference
point as the linear brick elements used in the mastignment do not support any

rotational degrees of freedom. If these rotatiategdrees of freedom were not restrained
from moving, the front and back of the wire assgmbbuld be allowed to lift off the

expander during loading, which is inconsistent wité physical problem.
3.2.1.5Contact Definitions
Contact definitions were required for:

» Contact between the expander surface and the loepwfaces (1)
» Contact between different wire surfaces at wiressfover sections (2)

» Contact at the interfaces of partitions of a silgt®. (3)

Wire-expander (condition 1) and wire-wire (conditi@) contact definitions employed
Master-Slave Surface-to-Node contact with finiteis as defined irBection 2.6.1The
normal and tangential behaviour was defined byesefl contact with exponential
pressure overclosure and frictionless behavioupews/ely. For the wire-expander
contact (condition 1), the expander surface wagm@sd as master surface and the wire
surface was assigned as slave surface. In wireeminégact, the bottom wire was defined
as the master surface and the top wire as slaviacsurThe Pressure-Clearance
parameters for the softened contact with pressueectosure were set to (500 000 MPa,
Omm) and (OMPa, 0.0005mm) as describe8eaction 2.6.1The contact pairs were set to

be adjusted for initial overclosure at the starthef analysis.

In the partition contact definition (3), the winstérfaces were connected to each other
using tie constraints. The interface with the hrgheesh density was designated the
master surface while the lower mesh density suneaethe slave surface.

3.2.1.6Loading

The radial expansion of the graft structure wasutated using a cylindrical surface
aligned with the longitudinal axis and positionedinally to the wire assembly. Radial
displacement loading was limited to the expandet pad was defined linearly over
time. Geometry and motion of the expander was implged though a user defined rigid
cylindrical surface with the use of FORTRAN codéeTinitial diameter of the expander

surface was defined approximately that of the indieameter of the loop assembly.
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Figure 3-15shows the front view of the wire loop assemblythwhe expander surface.
No image of the expander is available, since inat inserted into the ABAQUS
assembly, but rather defined through a mathemadesdription in FORTRAN.

Expander Surface -

Figure 3-15: Front view of the model assembly, wiita expander surface included

(Sketch not to scale).
3.2.1.7Numerical Analysis

The displacement-based analysis was executed inQAB&Standard CAE 6.4-5 in two
steps. In the first step contact was establishéddan the expander surface and the wire
surfaces and between the wire surfaces. The sestepdvas the analysis step consisting
of the radial displacement loading of the expanderface. Automatic time
incrementation was used with minimum and maximummiasible time increment size
set to 1x10 and 0.02 respectively. The parameters used taaidifie incrementation

(defined in Section 2.6l were used with their default values of =4, 1 =10,
D, =1.5 and D, =0.75. The convergence parameters (also define@eantion 2.6.1
were also used with their default valuesR# 0.005 and C =0.01. Steps were executed

using the stabilisation option, with the defaulssipated energy fraction d@x 10%, as
described irSection 2.6.1After running the model, the total strain energgsveompared
to the energy dissipated by automatic stabilisatidme dissipated energy fraction was
decreased and the model re-run until the energypdited by automatic stabilisation was
a reasonable amount. It was decided that a reasoaafount of stabilisation (which
does not significantly impact the mechanical bebavdf a model) is stabilisation energy
which is a maximum of 15% at 80mmHg and decreasebetow 5% of the total

stabilisation energy in the model. The final models defined to have a dissipated

energy fraction o2x 107 for stabilisation.

75



3.2.2Application of Model

The strategy described 8ection 3.2.1vas applied to different geometries. The objective
was to investigate the effect of geometric variaion the mechanical behaviour of the
structure. In order to create these different mgdedme modifications had to be made to
the model described i®ection 3.2.1Six models were analysed: Two different loop
geometries (shown iRigure 3-16, each with three different wire thicknesses. €ken
loop geometry has already been described and vemkfas the original model. Another
knitted wire structure design was investigated, gosing of eight loop-pairs around the
circumference. Loops in one longitudinal directisiere narrower and loops in the
opposite direction broader compared to that of ¢hren loop geometry. The wire

thicknesses used were 0.05mm, 0.0635mm 0.075mm.

Figure 3-16: Solid geometry of (a) uneven and {@reloop knitted wire structure.
3.2.2.1Even Loop Geometry

Two new models were created with the same even degmetry as the original model
(Section 3.2.)Lbut with different wire diameters. The format dde refer to these even
loop geometries is: EL(wire diameter in mm), ilee briginal model will be referred to as
EL(0.0635). The two new models with wire diametef®.05mm and 0.075mm and are
referred to as EL(0.05) and EL(0.075) respectivilyTable 3-2a summary is given of
the parameters differences between the even-loogelsio The original model,
EL(0.0635), is indicated in bold print in the table

The change in wire diameter leads to a variatiogaametry, therefore the single loop
centreline geometry used to create EL(0.0635) cowdt be used for EL(0.05) and
EL(0.075). Existing single loop centreline geonmextrivere imported into ProEngineer.
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This single loop was then extruded with the respeatire diameter and imported into
ABAQUS.

The new models were created as describesention 3.2.1The three even loop models
had different wire thicknesses, but were all meshét the same number of elements
through the wire thickness. Due to the wire thidses variation, each model contained
different element sizes. The thickest wire (witle targest elements) would have fewer
elements in the longitudinal direction than thenti@r wires. The total number of nodes

and elements in each model is gived able 3-2

Since mesh definition is one of the factors inficiag the stabilisation energy, it had to
be verified, for each model, that the energy detsig due to automatic stabilisation was
less than 15% of the total strain energy at 80mmdgreasing to less than 5% at
200mmHg. For EL(0.05) and EL(0.075) and the defdigsipated energy fraction value

of 2x10™ satisfied the predefined limits (s€able 3-3.

Model EL(0.05) terminated soon after reaching datadisplacement corresponding to
80mmHg due to lack of convergence. It was re-ruth wicreased softened contact to
assist convergence. The Pressure-Clearance parammtee changed from (500 000
MPa, Omm) and (OMPa, 0.005mm) to (500MPa, Omm) @hMPa, 0.005mm). It was
verified that 500MPa was still significantly high#ran the maximum contact pressure
experienced in the model during the analysis. Thange improved the convergence rate
and the model ran to completion. The original madat named EL(0.05)Auto while the
new model with improved convergence retained thmen&L(0.05) and was the final

model for this design.

Table 3-2: Even loop geometry model variation sungma

Models Dissipated_Energy Softened Contact No Nodes | No Elementk
Fraction Parameters (MPa, mm)
EL(0.05) 2x10™% (5?890b8)£3) 68373 53648
EL(0.0635) 2x107° (gf%_oo%%s(;) 59640 47444
EL(0.075) 2x10™% %‘?%%%%5(;) 44889 34752
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3.2.2.2Uneven Loop Geometry

One narrow single loop section was used to créeteassembly and is shown Higure
3-17.

Figure 3-17: Single narrow loop for uneven loop gedry.

A broad single loop section was also modelled tifywéhat the geometric simplification
is an acceptable approximation of the geometry iandescribed in the verification

section.

Three models were created for this geometry witteghdifferent wire diameters:
UL(0.05) (wire diameter of 0.05mm), UL(0.0635) (evidiameter of 0.0635mm) and
UL(0.075) (wire diameter of 0.075mm). They were aleated in the same way as
EL(0.0635) (described irSection 3.2)1 Some variation in parameters was however

necessary and are described in this section.

Three different centreline single loop geometrimse(for each of the three models) were
imported into ProEngineer, extruded to the corméce diameter and then imported into

ABAQUS/CAE. All three models were originally credtand run with default value for

the dissipated stabilisation fractioﬂ>(10_4). Models had similar mesh definitions to the
even loop models and the total number of nodessterdents in each of the three models

is given inTable 3-3

The three final models, UL(0.05), UL(0.0635) and(Q.D75), were run with dissipated

stabilisation fractions oR2x10#, 2x10* and 2x107 respectively, after confirming

that the energy dissipated by automatic stabibsatvas below the predefined limits. The

first model for UL(0.075), which was run with thefdult stabilisation valugx10
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was renamed UL(0.075)Auto. The difference betwéerfinal models are summarised in
Table 3-3.

Table 3-3: Uneven loop geometry model variationraainy.

Models D|SS|pFated.Energy Nr Nodes Nr Elements
raction
UL(0.05) 2x10™ 63305 49408
UL(0.0635) 2x10% 53045 41296
UL(0.075) 2x107° 45383 35280

3.2.3Post Processing Procedures

For each loop design, a graph of the dissipatedygres a fraction of total strain energy
was drawn with respect to the equivalent luminat¢spure. Graphs of the radial
displacement (as a percentage of the initial diametere also plotted. Other output
variables are the diametric compliance, maximummaggpial stress and maximum

principal strain.

In order to calculate the diametric compliancehaf various models, the reaction force of
the loop assembly onto the expander surface wasded during the numerical analysis.
The corresponding luminal pressure was then cakdillay using a formula dependent on

both the effective reaction force and expandemusafilependent on time).

The expander surface was represented by a refepamceat the longitudinal centre of
the expander’s radially central axis and the effeateaction force on this reference point

was recorded and can then be given by

For = (FZ+F Y2, (3.1)

The z-component (longitudinal component) is notiuded as it will be zero due to
symmetry. One longitudinal half of the expandesh®wn inFigure 3-18together with

the reference point representing it.
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Y.
Y-axis

Figure 3-18: An illustration of longitudinal halfféhe expander surface.

F, and F, (Figure 3-18) can be written as

a a
F, =~[ PsingdA F, =—[ PcosgdA
0 0
a a
=~[PLRsindd and =~[ PLRcosf 4
0 0
= PLRcosAf =-PLRsin 815
F, = PLR(cosa - 1) (3.2) F, =-PLRsina. (3.3)

Then equation (3.1) can be written as

F.« = PLR(sin?a + (cosr - 1f §'2

= PLRVsina + coda + + 2cog

= PLRJV2-2cosx

and luminal pressure can be calculated from

_ I:eff
LRV2-2cosxy

where F is the effective reaction force on the referenomtp L is the length of the

(3.4)

expander surface in longitudinal stent directiéhis the expander radius calculated from

the time increment andr is the circumferential section of the expandefasgr (45 in
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this case). An internal pressure value can be Ikl at each time incrementof the
numerical analysis, from the effective reactioncéorand expander radius at that

increment, as L andr remains constant with time.

The complianceC, can be calculated from two pressure-diameter pesD, ), by

Cp=, 2 D
(Pz‘ I::>L) Dy

The maximum principal stress and strain value aryeintegration point of the model

(3.5)

was recorded for each time increment during thdyaisa All data pertaining to the
partial loops at the longitudinal ends of the lcagsembly were disregarded, as these
loops function only as boundary conditions. Theraets on the boundaries between
partitions were also disregarded since resulteatdanstrained surfaces can be unreliable.
The maximum principal stress and strain value inhemodel were documented at
luminal pressures of 80mmHg and 120mmHg as welihasvalues over all the time
increments up to 200mmHg were also recorded. Thetipes at which these values

occurred were also shown.

3.3 Verification of Finite Element Models

Different models were created to verify variouseasp of the final model give acceptable
results. Aspects that were verified include themelet type, mesh density, boundary
conditions, variation in softened contact defimtiditinol material model and the loop
geometry for the uneven loop geometry.

3.3.1Elements Type Verification

Three verification models were created from modelOED635) by replacing the eight-
noded linear brick elements with ten-noded quadirairahedral elements of differing
mesh densities. Five different mesh densities waggnally created; however in all five
models the energy dissipated due to stabilisatiaa much higher than the predefined
limit. Only the three most coarsely meshed modets/erged once the dissipated energy
fraction was decreased. The final three models irséte element type verification were
(in order of increasing mesh density): EL(0.0635)Tr EL(0635)Trhr2 and
EL(0.0635)Trhr3, with convergence not being achieweith acceptable dissipated
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energy percentage for EL(0.0635)Trhr4 and EL(0.06885. Model EL(0.0635)Trhrl
was created to have approximately the same numibenodes as EL(0.0635).
EL(0.0635)Trhr3 and EL(0.0635)Trhr5 have respetyivapproximately double and
triple the amount of nodes then EL(0.0635). Fohezfdhe five models, a finely meshed
section is shown irFigure 3-19to aid in the visualisation of the meshes, while a
summary of the different models is givenTiable 3-4 There is not an obvious difference
in mesh density visible between adjacent mesh&gure 3-19 but inTable 3-4there is

a clear difference in the number of nodes preserthé model. In these models the
elements are ten-noded, and therefore even a smetlase in the number of elements

has a large increase in node numbers to effect.

e)

Figure 3-19: Models of increasing mesh refinemerd) HL(0.0635)Trhrl,
(b) EL(0.0635)Trhr2, (c) EL(0.0635Trhr3, (d) EL(63%45)Trhr4 and
(e) EL(0.0635)Trhr5.
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Table 3-4: Tetrahedral element model variation s@aryn

Models Dissipated_Energy Nr Nodes Nr Elements
Fraction
EL(0.0635)Trhrl 2x107° 52 244 29 992
EL(0.0635)Trhr2 5x10° 70 388 40 312
EL(0.0635)Trhr3 1x107° 90 344 53 304
EL(0.0635)Trhr4] No suitable valug 105 580 62804
EL(0.0635)Trhr5] No suitable value 134 712 81 288

3.3.2Mesh Refinement Verification

To verify the sensitivity to mesh density of mo@#l(0.065), three models were created
from model EL(0.0635) by varying the density of tirgginal linear brick element mesh.
EL(0.0635)Coarse was meshed more coarsely than.@.3D), with approximately one
third of the number of nodes. EL(0.0635)Fine2 wasigned a finer mesh than
EL(0.0635), with approximately double the amountnotfies and EL(0.0635)Fine3 was
assigned an even finer mesh with approximatelyetinmes the amount of nodes of
EL(0.0635). A sample of the mesh from a finely negkinegion is presented Figure
3-20for each of the three models as well as EL(0.068%gn be seen that the mesh was

not only refined along the length of the wire, blgo through the wire diameter.

c)

Figure 3-20: Different hexahedral element meshes (&) EL(0.0635)Coarse

(b) EL(0.0635) (c) EL(0.0635)Fine2 and (d) EL(0.BfEne3.

The dissipated energy fraction of each model wasseetl until the energy dissipated by
automatic stabilisation was within the predefingdits. Other parameters remained as

for EL(0.0635). Parameter variations are summairisdable 3-5
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Table 3-5: Mesh refinement model variation summary

Models D|SS|pateo_I energy| Softened Contact Nr Nodes | Nr Elementh
fraction Parameters

EL(0.0635)Coarse] 1x107° (500 000, 0) 20 568 14 704
0 (0, 0.0005)

EL(0.0635) 2x10° (500000, 0) | 54 g4 47 444
(0, 0.0005)

EL(0.0635)Fine2 1x1074 (500 000, 0) 123 610 104 536
(0, 0.0005)

EL(0.0635)Fine3 2x10% (500, 0) 178 004 153 248
(0, 0.0005)

Some problems occurred with EL(0.0635)Fine3 tertimigadue to too low convergence rate
shortly after reaching a radial displacement cpoasding to 40mmHg. This was rectified by

employing the same strategy as used for EL(0.064ifying the softened contact definition.

The dissipated stabilisation energy as percentag®al strain energy was 20% at 80mmHg
(5% higher than the predefined value), but decetséess than 5% at 200mmHg. The value
could not be decreased further as a lower dissipateergy fraction lead to premature
termination of the model (before 200mmHg) due toklaf convergence. Therefore the

model had to be used as is, even though the disdigtabilisation energy is elevated.

3.3.3Material Model Verification

Two different sets of material parameters for thetenial model were implemented to
verify the material model used in the wire loop misdand four different models are
described in this section. It was verified that fimal material model input values used

resulted in the anticipated stress and strain aytyadicted by the theory.
Tensile Test Finite Element Model

A tensile test model was created to compare regpohthe ABAQUS Nitinol material
model to stress and strain data expected from yhdbie tensile test model was run with
the Nitinol material properties determined from thgerimental tensile test. Since these
values were determined as averages from sevetsl th® output stress/strain curve
could not be directly compared to that of the eixpental tensile tests. Instead the tensile
test model’s stress vs. strain output curve waskdtagainst the expected output curve
for the given input material model values. This wiase to verify the accuracy of the
Nitinol material model that was used throughous thiesis.
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The geometry for the tensile test model consistedwire (length 10mm) with a circular
cross section (diameter 0.0635mm). This geomety/ eh@sen to represent the wire used
in the experimental testing. The length, howevers whosen to be 10mm in stead of the
experimental 100mm due to computer memory conggraifhe results of the 10mm
model were compared to a more computationally esiperbOmm model to verify that
the length difference between the experimental dastthe FEM model did not impact
the stress and strain results.

The two boundary conditions and their positionsiadécated inFigure 3-21showing the
geometry of the wire as well as enlarged end seaiowhich the boundary conditions

are defined.

* The cross-sectional end surface (1) at one endheofnire was prevented from
moving in any direction.

e On the opposite cross-sectional end surface (2{isplacement boundary
condition was applied. In the first step a longihad displacement (displacement
to the right inFigure 3-23 of 1,3 mm (7,5mm in the case of the 50mm model),
equivalent to 13% strain, was applied to the sexféicthe second step the surface
returns to its original position. The 13 % straiasxchosen since the experimental
test showed that the austenite to martensite wamsttion is complete by the time

this strain value is reached.

10 mm

fecmsssnsncnsnnnnn sl

.............................

Figure 3-21: The tensile test wire geometry witHaeged sections indicating the
positions of the boundary condition.

The wire was meshed with six elements through hiekimess in one direction and four

through the thickness in the perpendicular directithe same mesh as the coarsely

meshed, straighter sections in model EL(0.063®)e displacement-based analysis was

executed in ABAQUS/Standard CAE 6.4-5 in two stepsiring the first step,
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displacement at surface (2) was linearly increasil time to the maximum value. In
the second step the displacement was decreasadlyingth respect to time back to the

initial position.

Automatic time incrementation was used with minimand maximum admissible time
increment size respectively set to 1X1dhd 0.1 and the parameters were used to control

the incrementation (defined Bection 2.6.Lwith their default valued, =4, 1 =10,
D, =1.5 and D, =0.75. The convergence parameters (also define®aantion 2.6.)L
were also used with their default valués=0.005 and C=0.01. The steps were

executed using a dissipated energy fraction valudxd0*. These models will be

referred to as Tensilel_short and Tensilel_longeas/ely.
Non-Zero Temperature Derivative without Temperature Field

Figure 3-22 shows the one-dimensional transformation procdsscribed inSection
2.5.4 as implemented for the material model used insifeh and the wire-loop models.
The Stress-Temperature derivatives were defindzbteero. This effectively means that
the transformation boundary lineskigure 3-22(where the F values are equal to 0) run
parallel to the temperature axis, which means aileertest will exhibit the same

transformation stress values irrespective of tmeptrature (egl; or T,) at which the

test occurs.

P;AS_O
F¥ =0
F¥ =0
sS4 _
Ff -
F>0||F<0
F>0|F <0
1) I T

Figure 3-22: One-dimensional SMA transformation qass for Tensilel material

model.
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To determine the impact of the temperature streswatives they were assigned finite

values. The values chosen are givemmable 3-6

Table 3-6: Nitinol material parameters that wereanolyed to create Tensile 2 [76].

, o ilo
Loading Temperature Derivative of Stress a—_l_ MPalC 7.2
L
. _ do
Unloading Temperature Derivative of Stress 6_T MPaPC 9
U

These were the only values that were changed frensilel to create the new model,
which will be referred to as Tensile2. For the matemodel used in Tensile2, the stress
vs. temperature graph is shownhkigure 3-23 In this case there is a clear difference
between transformation stresses depending on thpet@ature at which a test is

conducted.

O(MPa) AS
"""""" F7 =0
610 s
AS
777777777777 Ff _— 0
483
84 _
sl L b=
54
e F:7 =0
56
47,7 -30,1 61 86 37 T(:C)

Figure 3-23: One-dimensional SMA transformation qass for Tensile2 material

model.
No temperature field was defined in this model.
Non-Zero Temperature Derivative with Temperature Feld

After determining the impact the temperature stoesss/ative can have if no temperature
field is defined, another model was created witBraperature field of 3 defined over
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the entire geometry. This model will be referrecasoTensile3 and its resulting stress vs.
strain curve is shown in the results section. Thiy difference between Tensile3 and
Tensile2 is the definition of the temperature field

3.3.4Contact Definition Verification

As highlighted inSection 3.2.2.,1the softened contact definition in model EL(0.05)
different to that of the other even loop models. Sfmw that the change in contact
definition did not have a considerable impact oa tésults, only the convergence was
increased. The results from EL(0.05) are compardihe available results from
EL(0.05)Auto (which does not have the altered contdefinition) also described in
Section 3.2.2.1

3.3.5Boundary Conditions Verification

Model EL(0.0635)BC was created from model EL(0.063856th different boundary

conditions still representing the same physicalagion. The only changes made relates
to the boundary condition restraining the part@ds at the longitudinal ends of the
assembly (Position B iRkigure 3-13. The central nodes and coupling constraints en th
end surfaces were removed and replaced by disp&aderonstraints on the central point
of each surface. The constraints prevented movewfetiiese points in any direction

except for the defined radial displacement. Inrhaial direction the displacement was

defined to be the same as that of the expander.

The results of model EL(0.0635)BC were comparethtse of EL(0.0635). If a large
variation in results occurs with small boundary dition variation it is an indication that
the chosen boundary conditions do not provide bkdiaresults. Stabilisation,

deformation, compliance and maximum principal str@sd strain was analysed.
3.3.6Geometry Verification for Uneven Loop Geometry

The single loop geometry used for the uneven looplats, was created from the small
loop, with half of a large loop on either side. Verify that this simplification is
acceptable, UL(0.0635)large was created using gagrakone large loop with half of a
small loop on either side. Both geometries are shawFigure 3-24 The boundary

conditions, contact definitions, and loading defons were created as for UL(0.0.635).
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b)

Figure 3-24: Solid 3D geometry of (a) Small loopnfr the uneven geometry (b) Large

loop from the uneven geometry.

The two models were meshed as similarly as pos®blkedo differ slightly. The number

of nodes and elements for each model is giverainle 3-7

Table 3-7: Number of nodes and elements in UL(GP&Ad UL(0.0635)Large.

o

Model Nodes Element

UL(0.0635) 53045 | 41296
UL(0.0635)Large] 58441 | 45760

3.3.7Comparison to Experimental Compliance Values

Compliance values obtained were compared to vdhees previous experimental tests
conducted by groups at the CVRU [94], Dynatek Dt 95] and Medtronic MBC [94,
95]. The test procedures differed from each otleewall as from the FEM models,

therefore the results from these tests are not aeaparisons.

The CVRU tests were circumferential tensile tesiaducted on an instron with the
samples submersed in water af@G7Two metal rods (1 mm diameter) were inserted int
the support structure. They were displaced in @alairection, deforming the structure in

an elliptical fashion (cross section showrfigure 3-25.
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Initial Position Reference Position Final Position

Figure 3-25: Cross-section of the elliptical def@tion of a metal support structure

during circumferential tensile testing.

Initially the metal rods were displaced until thecalar cross-section of the structure was
deformed to the longest elliptical shape still coisipg the same circumference as the
original circular cross section. This position wesed as the 0% circumferential strain
reference configuration. From extension past thiereace position the load and

displacement data was captured the complianceeo$tifucture over the pressure range
80mmHg to 120mmHg was calculated. The deformatibthe structure in this test

differs to that experienced in vivo and to the ispment modelled in the FEM models

in this thesis.

Dynatek Dalta conducted volumetric compliance testd then calculated the diametric
compliance from the determined volumetric compleandhe experimental setup
included a lumina latex liner and loading was dgthbd through varying water pressure
inside the liner. The cyclic tests were conductedoam temperature with the water
inside the liner at € and with the pressure cycling at a frequencyob@m (1.2 Hz),

the standard frequency used in vitro to represeraveerage heart rate. The Latex liner
accounts for some of the compliance of the totalcstire. Calculations were done and
measuring pressures adapted so as to exclude faw ef the latex liner on the final

compliance of the system. These tests differ froemREM models in that the inner liner

used in loading is deformable and that the proeeducyclic.

Medtronic MBC also conducted compliance tests \atbx liner and water pressure, but
did not correct for the effect of the liner. Conayice was determined by measuring the

outer diameter by means of a laser micrometer. sT@gtre conducted at room
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temperature at a frequency of 72 bpm (1.2 Hz). fEsés differ from the FEM model in
that the loading surface is deformable, the tegtyclic and the effect of the liner is not
accounted for.
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CHAPTER 4: RESULTS

4.1 Nitinol Material Characterisation

Wire samples were tested as describe®&ection 3.1 Not all tested samples produced
results, as some wires pulled out of the glue thedclamp) during the test. Tests of the
following samples produced results that could bedus8 samples from the 0.05mm
diameter wires, 2 samples of the 0.0635mm diameiies, 4 samples of the 0.075mm

diameter wire. Nitinol material parameters listed able 4-1

Table 4-1: Nitinol material parameters calculatedrh the experimental tensile test.

Parameter Abbreviation Unit Value

Austenite Elasticity E, MPa | 38992

Martensite Elasticity E, MPa | 21910
Transformation Strain st ) 0.042
Loading Start of Transformation Stress o> MPa 483
Loading End of Transformation Stress ULE MPa 610
Unloading Start of Transformation Stress aj’ MPa 388
Unloading End of Transformation Stress a; MPa 256

Other input parameters could not be determined tr@rtensile tests conducted and were

therefore used as supplied by Medtronic Vasculatn@y, Ireland.
4.2 Finite Element Analysis Results

The luminal pressure values were calculated usiageaction force of the wire structure
on the expander surface (measured at the refepmiicg and the expander radius (which
increases linearly with time) as described Section 3.2.3 The FEM analysis was
conducted incrementally over time with time incremseautomatically controlled to
ensure fastest possible convergence. For this meds® pressure increments are not
always equal in size and the exact equivalent presat an increment could not be
explicitly controlled. Increments with pressureued as close as possible to the desired
pressure are used in the analyses, as resultsraaced at physiological pressure values
(80mmHg, 120mmHg, 200mmHg).
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4.2.1Stabilisation and Strain Energy

For each model, the energy dissipated due to satdn was calculated as a percentage
of the total strain energy. lhigure 4-1curves for the dissipated stabilisation energy (%
of strain energy) was plotted vs. luminal presdorethe even loop geometry models
EL(0.0635)Auto, EL(0.0635), EL(0.05) and EL(0.07B) Figure 4-2curves are plotted
for the uneven loop geometry UL(0.0635), UL(0.08),(0.075)Auto and UL(0.075).
Limits for the stabilisation energy percentage weiscussed irSection 3.2.1.7This

same analysis procedure was followed for subseatabtiisation analysis sections.

Even Loop: Stabilization energy vs. Pressure
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Figure 4-1: Energy dissipated by stabilisation pdaot for the even loop models.

Uneven Loop: Stabilization Energy vs. Luminal Pressure
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Figure 4-2: Energy dissipated by stabilisation péot for the uneven loop models.
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For EL(0.0635)Auto (inFigure 4-1) the stabilisation energy is much higher than the
proposed limit when the default value for dissigatnergy fraction is used. The
stabilisation energy curve decreases from more 4@ at 80mmHg to just lower than
10% at 200mmHg. For the three final even loop modbese values lie within the
proposed limits. For UL(0.075)Auto (figure 4-2 the stabilisation energy is also much
higher than the proposed limits when the defaulbevdor dissipated energy fraction is
used. The stabilisation curve decreases from nt@e 60% at 80mmHg to just below
20% at 200mmHg. For the three final uneven loop elgds with the even loop models,

the stabilisation values fall within the proposadge.
4.2.2Radial Deformation

In Figure 4-3 and Figure 4-4 graphs were plotted of luminal pressure (mmHg) vs.
internal diameter increase (% change from initiahteter at OmmHg) for the even and
uneven loop models respectively. Although expansiaime metal structure is dependent
on the luminal pressure increase, it is generabgpted in the medical field that pressure
is plotted on the y-axis for compliance graphs. &centage was used rather than an
absolute diameter value to allow comparison betwdidierent models starting from

slightly different initial diameters. Values areofied from OmmHg to approximately

200mmHg to cover the physiological range and sépayaphs were plotted for the even

and uneven loop geometry.

Even Loop: Pressure vs. Internal Diameter Increase
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Figure 4-3: Graph of Luminal Pressure (mmHg) vdetnal Diameter Increase (%)
for the even loop models.
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Uneven Loop: Pressure vs. Internal Diameter Increase
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Figure 4-4: Graph of Luminal Pressure (mmHg) vdeinal Diameter increase (%)

for the uneven loop models.

The even loop model have of the thinnest wire pcedua curve with smoother diameter
increase, while the curves for the two thicker wiexhibits a distinct change in the
gradient at around 10mmHg. In further descriptidghese will be referred to as the initial
and final gradients for the gradients at low arghhpressure respectively. The region of
the final gradient show the rate of diameter inseedecreasing with increasing wire
thickness. In the uneven geometfyigure 4-4 a similar trend is followed for the
0.0635mm and 0.05mm diameter models. The absolateeter increase is however
considerably less (almost half) than that of thereloop geometry models. The final
gradients also follow the same trend as even loodets, with the gradient increasing
with increasing wire thickness. The absolute defdirom in UL(0.075) however differs
from the trend observed in the even loop geométsytotal radial deformation is more
than that of the smaller diameter wires. Its larfieal diameter is due to the final
gradient only being reached at a higher diamet@ease, even though the final gradient

follows the trend observed in the even loop models.
4.2.3Compliance

Table 4-2reports the compliance values calculated betwkemptessure values that lie
closest to 80mmHg and 120mmHg, with the exact pressspecified in the table.

Compliance values were calculated as describ&kation 3.2.3n % per 100 mmHg.
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Table 4-2: Compliance values for uneven and evep foodels.

Model Compliance Pressure Range (mmHg

(%/100 mmHg)| Minimum | Maximum
EL(0.05) 2.51 80 121
EL(0.0635) 0.92 80 123
EL(0.075) 0.63 79 120
UL(0.05) 1.17 80 123
UL(0.0635) 0.52 78 117
UL(0.075) 0.51 74 115

Compliance increases with decreasing wire thickmegsoth the uneven and even loop
designs. The increase in compliance from 0.0635nameter to 0.05mm diameter
models is much more pronounced than the complianceease from 0.075mm to
0.0635mm diameter models. The even loop models sksgmificantly higher

compliances and greater compliance variation wiite wiameter than the uneven loop

geometry.

4.2.4Maximum Principal Stress

The stress distributions in the even and unevep geometries are illustrated kgure
4-5 andFigure 4-6respectively for EL(0.0635) and UL(0.0635). Thexmaum principal
stress for each of the six models is recordetaible 4-3at pressures closest to 80mmHg,
120mmHg and 200mmHg. Distributions for other witecknesses are similar. The

maximum stress positions are circled in black.

Table 4-3: Maximum principal stresses at 80mmHdM2Hg and 200 mmHg for even

and uneven loop models.

80 mmHg 120 mmHg 200 mmHg

Model P Stress P Stress P Stress

(mmHg) (MPa) (mmHg) (MPa) (mmHg) (MPa)
EL(0.05) 80 177.2 121 268.3 200 420.5
EL(0.0635) 80 87.0 123 131.9 206 218.3
EL(0.075) 79 58.0 120 91.0 201 144.3
UL(0.05) 80 116.0 123 174.9 200 283.4
UL(0.0635) 78 62.3 117 83.9 199 146.1]
UL(0.075) 74 63.6 115 79.5 200 128.6|
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Top view 4 Bottom view

2.20E+C

1.17E+02

0.00E+00

Figure 4-5: Stress distribution for even loop getmewith positions of maximum

stress indicated.

Top view Bottom view

0.80E+02

0.00E+00

Figure 4-6: Stress distribution for uneven loop getry with positions of maximum

stress indicated.

Both the uneven and even loop geometry displayrélasi trend in maximum principal
stress: the models of thinnest wire diameter eepeds the highest stress and stress
values increase with both decreasing wire thickraggk increasing luminal pressure. In
the uneven and even loop geometry the maximumipahstress values for the 0.05mm
wire models are significantly higher than for thtber two thicknesses (about double that
of the 0.0635mm wire model). In some cases the ativebserved trends are not
followed. UL(0.0635) displays a lower maximum pipal stress than UL(0.075) at
80mmHg. The two values are very close to each adimer by the time the luminal
pressure reaches 120mmHg the values follow theabvavserved trend. The even loop
geometry displays higher values for all the thicdses and pressures, except in the case
of the thickest wire (0.075mm) at 80mmHg, where theven loop model has a higher

value.
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4.2 .5Maximum Principal Strain

In Table 4-4 the maximum principal strain at the pressures esdbfo 80mmHg,
120mmHg and 200mmHg respectively are given for egdmetric variation. The strain
distributions in the even and uneven loop geonetre giverkFigure 4-7andFigure 4-8
respectively. The distributions are for EL(0.06a80 UL(0.0635) as distributions for the
other wire thicknesses are similar. The areas wimepdmum strain occurs are circled in
black.

Top view 4 Bottom view

3.90E-03

0.00E+00

Figure 4-7: Strain distribution in even loop geomewith positions of maximum strain

indicated.

Top view Bottom view

3.20E-03

0.00E+00

Figure 4-8: Strain distribution in uneven loop gestny with positions of maximum

strain indicated.
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Table 4-4: Maximum principal strain at 80, 120 add0 mmHg for the even and uneven

loop models.
Model 80 mmHg 120 mmHg 200 mmHg

P(mmHg) | Strain (%) P(mmHg) Strain (%) P(mmHEJ) Strdio)
EL(0.05) 80 0.46 121 0.70 200 1.10
EL(0.0635) 80 0.32 123 0.43 206 0.66
EL(0.075) 79 0.24 120 0.39 201 0.67
UL(0.05) 80 0.37 123 0.71 200 1.15
UL(0.0635) 78 0.34 117 0.41 199 0.59
UL(0.075) 74 0.24 115 0.32 200 0.81

Both the uneven and even loop geometry displaysthaar trend in maximum principal
strain. The thinnest wire thickness experienceshighest strain with the strain values
decreasing with increasing wire thickness. At 200#gmthe 0.0635mm diameter models
however display a lower maximum principal straiartithe 0.075mm diameter models.
The difference between the strain in the thinneisé vand that in the other two wire
thicknesses becomes more pronounced with incregsiegsure. This differs from the
situation for maximum principal stress where tharbst wire model already experiences
a significantly higher stress from 80mmHg. Theistraalues also differ from the stress
values in that strain values for the uneven anadh éeep models are much more similar

than their stress values.
4.3 Results for Verification of Finite Element Models

The same parameters analysed for the main FEM maodale analysed for verification
models. Each model was analysed according to staiin, deformation, compliance,

maximum principal stress and maximum principalistra
4.3.1Element Type Verification

Stabilisation and Strain energy

Dissipated energy (% of strain energy) is plottedluminal pressure (mmHg) Figure
4-9. Curves for EL(0.0635), EL(0.0635)Trhrl, EL(0.0¢B&r2 and EL(0.0635)Trhr3
are shown, where EL(0.0635) is the original modehg verified.
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Tetrahedral Elements: Stabilization Energy vs. Luminal Pressure
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Figure 4-9: Energy dissipated through stabilisaties. luminal pressure, plotted for

different mesh refinements with tetrahedral elemastwell as EL(0.0635).

Although the curve for EL(0.065)Trhr3 starts slighdbove 15%, it decreases to below
5% by 200mmHg. The initial value falls slightly side the predefined limit, but the
dissipated energy fraction parameter could notdmeehsed further without encountering
convergence difficulties. Stabilisation energy fine other models falls within the
predefined limits. The stabilisation energy incezhwith increasing mesh refinement and
all the tetrahedral element models had higher Isabon energy values than

EL(0.0635).
Radial Deformation

In Figure 4-10a graph is plotted of luminal pressure (mmHg) wsernal diameter
increase (% change from initial diameter at Ommtdg}he tetrahedral mesh verification

models.

The point of distinct gradient change occurs atlightty larger ID increase for the
tetrahedral models than for EL(0.0635). Other ttiaat the curves are similar. All three

of tetrahedral models exhibit the same displacermemnes.
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Pressure vs. Internal Diameter Increase
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Figure 4-10: Graph of Luminal Pressure (mmHg) vgetnal Diameter (%) for the
tetrahedral mesh models as well as EL(0.0635).

Compliance

The compliance values as well as the pressure samga which they were calculated are

given inTable 4-5

Table 4-5: Compliance values over for tetrahedradels and EL(0.0635).

Model Compliance | Pressure Range (mmHg
(%/100 mmHg)| Minimum | Maximum
EL(0.00635) 0.921 80 123
EL(0.0635)Trhrl 0.906 79 124
EL(0.0635)Trhr2 0.879 82 122
EL(0.0635)Trhr3 0.893 82 125

The compliance of the tetrahedral models is onfhdly lower than that of EL(0.0635).
There does not appear to be trend in the compligagation with mesh refinement and

all three compliance values are approximately #rees
Maximum Principal Stress

The maximum principal stresses in the models weedrded at pressures close to
80mmHg, 120mmHg and 200mmHg respectivelyTable 4-6. The stress distributions
for the hexahedral and tetrahedral models are showfigure 4-11and Figure 4-12

respectively.
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Table 4-6: Maximum principal stresses at 80, 12@ &00 mmHg for the tetrahedral
element models and EL(0.0635).

80 mmHg 120 mmHg 200 mmHg

Model P Stress P Stress P Stress

(mmHg) (MPa) (mmHg) (MPa) (mmHg) (MPa)
EL(0.0635) 80 87.0 123 131.9 206 218.3
EL(0.0635)Trhrl] 79 96.1 124 143.7 200 224.0
EL(0.0635)Trhr2 83 100.1 122 144.0 199 227.2
EL(0.0635)Trhr3| 82 101.3 125 148.3 205 238.1

Top view Bottom view

2.20E+C

1.17E+02

0.00E+00

Figure 4-11: Stress distribution of the originaleevloop geometry, EL(0.0635), with

positions of maximum strain indicated.

Top view

1.17E+02

0.00E+00

Bottom view

Figure 4-12: Stress distribution for tetrahedral shed even loop geometry,

EL(0.0635)Trhr2, with positions of maximum streadicated.

The maximum principal stress values for the tetdabl element models are slightly

higher than that of EL(0.0635) at all three presstalues. The stress values also appear

to increase with increasing mesh refinement oftédtehedral elements and increasing
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luminal pressure. The positions of maximum princtigress is the same as for
EL(0.0635). The stress distribution is also simiaEL(0.0635).

Maximum Principal Strain

The maximum principal strains in the two models sreorded at pressures close to
80mmHg, 120mmHg and 200mmHigable 4-7 The strain distributions are shown in
Figure 4-13andFigure 4-14respectively.

Top view 4 Bottom view

3.90E-03

0.00E+00

Figure 4-13: Strain distribution for original evdpnop geometry, EL(0.0635), with

positions of maximum strain indicated.

Top view Bottom view

3.90E-03

0.00E+00

Figure 4-14: Strain distribution in tetrahedral eleent meshed even-loop geometry,
EL(0.0635)Trhr2, with positions of maximum streadicated.
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Table 4-7: Maximum principal stresses at 80, 1868 200 mmHg.

80 mmHg 120 mmHg 200 mmHg
Model P Strain P Strain P Strain
(mmHg) (MPa) (mmHg) (MPa) (mmHg) (MPa)
EL(0.0635) 80 0.32 123 0.43 206 0.66
EL(0.0635)Trhrl 79 0.24 124 0.37 200 0.57
EL(0.0635)Trhr2 83 0.25 122 0.35 199 0.56
EL(0.0635)Trhr3| 82 0.25 125 0.36 205 0.58

The maximum principal strain in the tetrahedralhedat models is slightly lower than
that of EL(0.0635). There does not appear to breradtwith respect to mesh refinement.
The positions of the maximum principal strains iar¢he centre of the loops, not at the
contacts positions observed in the previous hexaheglement models. Maximum
principal strain increases with increasing lumipadssure. The strain distribution is also
similar to EL(0.0635), but the maximum values ootgur in one of the position seen in
EL(0.0635).

4.3.2Mesh Density Verification

Stabilisation and Strain Energy

In Figure 4-15 dissipated energy is plotted vs. luminal pres$orenodels with different

mesh densities.

Mesh refinement: Stabilization Energy vs. Luminal Pressure
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Figure 4-15: Energy dissipated through stabilisaties. luminal pressure, plotted for

different hexahedral element mesh models.

104



As mentioned inSection 3.3.2EL(0.0635)Fine3 has approximately 20% stabilcsati
energy a 80mmHg, but decrease to below 5% by 200gimthough this 20% falls
outside the predefined limits, the dissipated epdrgction parameter could not be
decreased further without encountering convergeliféeulties. Stabilisation energy for
the other three models falls within the predefinedits. The stabilisation energy
increases with increasing mesh density although0BBE@5)Coarse does not appear to
follow this trend.

Radial Deformation

In Figure 4-16luminal pressure (mmHg) is plotted vs. internandeter change (%
change from initial diameter) for the mesh verifica models as well as the original
model, EL(0.0635).

Pressure vs. Internal Diameter Increase
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Figure 4-16: Graph of Luminal Pressure (mmHg) vseinal Diameter (%) for the

hexahedral element mesh models.

The point of distinct gradient change shifts depegadn the mesh refinement. The more
refined the mesh, the further the ID increases reetbhe gradient change occurs.
EL(0.0635)Coarse again does not follow this tremd @ncreases even further than
EL(0.0635)Fine3 before the gradient changes. Aetbfice in final gradient can not be
observed by simply looking at the curves, this ¢atlks very similar compliance values
for the different models. This change is howevelyvamall. Again EL(0.0635)Coarse
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does not follow the trend observed in the othee¢hmodels, having an gradient is even
less steep than that of EL(0.0635)Fine3.

Compliance

The compliance values as well as the pressure samga which they were calculated are

given inTable 4-8

Table 4-8: Compliance values for the hexahedrahelet mesh models.

Model Compliance Pressure Range (mmHg
(%/100 mmHg)| Minimum Maximum
EL(0.0635)Coarse 0.98 82 118
EL(0.0635) 0.92 80 123
EL(0.0635)Fine2 0.94 79 120
EL(0.075)Fine3 0.94 81 123

The compliance values decrease with increasing nuestsity. EL(0.0635)Coarse
however does not follow this trend with a complineven higher than that of
EL(0.0635)Fine3.

Maximum Principal Stress

The maximum principal stresses in the models amrded at pressures close to
80mmHg, 120mmHg and 200mmHgTiable 4-9

Table 4-9: Maximum principal stresses at 80, 12@ &0 mmHg for the hexahedral

element mesh models.

80 mmHg 120 mmHg 200 mmHg
Model P Stress P Stress P Stress
(mmHg) (MPa) | (mmHg) (MPa) (mmHg) (MPa)
EL(0.0635)Coarse 82 98.5 118 135.9 203 2441
EL(0.0635) 80 87.0 123 131.9 206 218.B
EL(0.0635) Fine2 80 89.2 120 129.4 200 210|0
EL(0.075)Fine3 81 91.5 123 136.9 204 220y7

The maximum principal stress values for EL(0.0686)1 EL(0.0635)Fine2 are similar,
while values for EL(0.06.35) Fine3 is slightly hegh EL(0.0635)Coarse has higher
values than both EL(0.0635) and EL(0.0635)Fine2.
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Maximum Principal Strain

The maximum principal strains in the models areorded at pressures close to 80
mmHg, 120 mmHg and 200 mmHg respectivelyable 4-10

Table 4-10: Maximum principal strains at 80, 120daB00 mmHg for the hexahedral

element mesh models.

80 mmHg 120 mmHg 200 mmHg
Model P Strain P Strain P Strain
(mmHg) (%) (mmHg) (%) (mmHg) (%)
EL(0.0635)Coars¢ 82 0.26 118 0.35 204 0.58
EL(0.0635) 80 0.32 123 0.43 206 0.66]
EL(0.0635) Fine2 79 0.31 120 0.45 200 0.8
EL(0.0635)Fine3 81 0.48 123 0.67 204 0.8]

The strain increases with increasing refinementwa#i as with increasing luminal

pressure. The strain values of EL(0.0635) and BEL§35)Fine2 are very close to each
other while the values for EL(0.0635)Fine3 and EQ@35)Coarse slightly higher and
lower respectively. This indicates that maximumnpipal strain increases with

increasing mesh density. At 2 00mmHg, EL(0.0635%9Eimoes not follow the trend,

having a higher maximum principal strain that ER@B5)Fine3.

4.3.3Material Model Verification

Tensile Test Model

Figure 4-17 shows the stress vs. strain curve for Tensilelrtsired Tensiltl_long as
described irSection 3.3.3 It can been seen Kigure 4-17that the stress strain response
for models of length 10mm and 50mm models are daetly the same. It can therefore
be inferred that the results for 100mm will alsothe same as that of the 20mm models.
The material model verification will therefore us@dels which are 10mm in length. The
stress values at the start and end of the tranatoons correspond to the input values.
The shape of the curve also corresponds to thessbiag Nitinol tensile test predicted by

the theory.
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Figure 4-17 The Stress vs. Strain plot for long ahdrt models of Tensilel.
Temperature Derivative without Temperature Field

The transformation stress values were determine@Xperimental tests conducted at
37°C. These values were seen at the start and emdnsfférmations in model Tensilel.
However it is clear fronfrigure 4-18that in model Tensile 2 the transformations sthrte
and ended at different values than those entertteimaterial model. This would be due
to the test proceeding at a different temperathem tthat for which the values were
entered (37C).
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Figure 4-18 Stress vs. strain curve for model Tlehsand Tensile2.
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Temperature Derivative with Temperature Field

To investigate the validity of the material modeither, Tensile2 was run again with a
temperature field of 3T defined over the entire geometry. This model wamed
Tensile3.Figure 4-19shows the stress vs. strain curve for Tensile8tteg with that for
Tesilel. The curves for Tensilel and Tesile3 asetiyxthe same.

Tensile 3
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Figure 4-19: The stress vs. strain curves for Tledisand Tensile3

It appears that if no temperature field will beidefl and the model is run at the same
temperature for which the values were entered, thentemperature strain derivatives

should be defined to be zero, as done in Tensile 1.
4.3.4Boundary Condition Verification

In this section, results are given for the model@B635) and EL(0.0635)BC, described
in Section 3.3.5

Stabilisation and Strain Energy

In Figure 4-20the dissipated energy (% of strain energy) istptbvs. luminal pressure
for the models with different boundary conditio@surves are plotted for EL(0.0636)BC
and EL(0.0635).
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Uneven Loop: Stabilization Energy vs. Luminal Pressure
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Figure 4-20: Energy dissipated through stabilisati¢% of total strain energy) vs.

luminal pressure (MPa), for models with slightlyrieal boundary conditions

EL(0.0635)BC has slightly higher dissipated stahbiiion energy percentage than
EL(0.0635). The values for both models still faltvin the predefined limit.

Radial Deformation

In Figure 4-21a graph is plotted of luminal pressure (mmHg) imgernal diameter
change (% change from initial diameter at OmmHg)s vpdotted for the boundary

condition verification model.

Pressure vs. Internal Diameter Increase
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Figure 4-21: Graph of Luminal Pressure (mmHg) vgetnal Diameter (%) for the

boundary condition verification model.
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The point of distinct gradient change is shiftegrgly further along the ID increase axis
for EL(0.0635)BC. The final gradients of the two aets are very similar.

Compliance

The compliance values as well as the pressure samga which they were calculated are

given inTable 4-11.

Table 4-11: Compliance values for EL(0.0635) and(H0635)BC..

Model Compliance | Pressure Range (mmHg
(%/100 mmHg)| Minimum Maximum
EL(0.0635) 0.92 80 123
EL(0.0635)BC 0.93 80 120

The compliance values for both modelsTiable 4-11are very similar. The change in

boundary conditions did not adversely affect thegliance results.

Maximum Principal Stress

The maximum principal stresses in the two modeks r@corded at pressures close to
80mmHg, 120mmHg and 200mmHg Trable 4-12 The stress distribution was the same as
indicated inFigure 4-5

Table 4-12: Maximum principal stresses at 80, 12d 200 mmHg for EL(0.0635) and
EL(0.0635)BC..

80 mmHg 120 mmHg 200 mmHg
Model P Stress P Stress P Stress
(mmHg) (MPa) (mmHg) (MPa) (mmHg) (MPa)
EL(0.0635) 80 87.0 123 131.9 206 218.3
EL(0.0635)BC 80 111.4 120 167.0 200 259.5

Even though the stress values of EL(0.0635)BC issistently higher than that of
EL(0.0635), the position of maximum principal sgegas the same for both EL(0.0635)
and EL(0.0635)BC.

Maximum Principal Strain

The maximum principal strains in the two models ereorded at pressures close to 80
mmHg, 120 mmHg and 200 mmHg respectivelyrable 4-13 These stress distribution was

the same as iRigure 4-7
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Table 4-13: Maximum principal strains at 80, 120dah00 mmHg for EL(0.0635) and
EL(0.0635BC).

80 mmHg 120 mmHg 200 mmHg
Model P Strain P Strain P Strain
(mmHg) (MPa) (mmHg) (MPa) (mmHg) (MPa)
EL(0.0635) 80 0.32 123 0.43 206 0.66
EL(0.0635)BC 80 0.48 120 0.68 200 1.73

The maximum principal strain values are also caesty higher for EL(0.0635)BC
compared to EL(0.0635). As with maximum principaess, the positions of maximum

principal strains are the same in both models.

4.3.5Contact definition verification

Strain energy and stabilisation

Dissipated energy (% of strain energy) is plottedl¥minal pressure for the models with
different contact definition irFigure 4-22 Curves are plotted for EL(0.05)Auto and
EL(0.05).

Even Loop: Stabilization energy vs. Pressure
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Figure 4-22: Energy dissipated through stabilisati¢? of total strain energy) vs.
luminal pressure, plotted for models with differeantact definitions.
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EL(0.05)Auto and EL(0.05) has very similar stalatisn energy percentages.
Radial Deformation

In Figure 4-23a graph is plotted of luminal pressure (mmHg) imgernal diameter
increase (% change from initial diameter at OmmFky) EL(0.05)Auto and EL(0.05).
Values are plotted from 0 mmHg to approximatelyr2@tHg.
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Figure 4-23: Luminal Pressure (mmHg) vs. Internabmeter (%) for the contact

verification model.

The difference between the results of the two n®dehegligible.
Compliance

As EL(0.0635)Auto terminated shortly after reacharginternal diameter corresponding
to 80 mmHg, the compliance between 80 and 120 mrmoblgd not be calculated.

Compliance results can therefore not be used tgacarthe results of these two models.
Maximum Principal Stress

The maximum principal stresses in the two modebsracorded at pressures closest to
80mmHg inTable 4-14 The maximum principal stress of EL(0.0635)Autoswaot
available at 120mmHg and 200mmHg due to prematnmmaination of the model and
therefore these values could not be compared.
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Table 4-14 : Maximum principal stresses at 80 mniid=L(0.05) and EL(0.05)Auto.

80 mmHg
Model P Stress
(mmHg) (MPa)
EL(0.05) 80 177.2
EL(0.05)Auto 80 178.1

The maximum principal stress values at 80 mmHgarg close.
Maximum principal strain

The maximum principal strains in the two models meorded at pressures closest to
80mmHg inTable 4-15 As before, the maximum principal strain of ELEB8)Auto was

not available at 120mmHg and 200mmHg and therefanmot be compared.

Table 4-15 : Maximum principal strain at 80 mmHg b (0.05) and EL(0.05)Auto.

80 mmHg
Model P Strain
(mmHg) (MPa)
EL(0.05) 80 0.46
EL(0.05)Auto 80 0.59

The maximum principal stress values for EL(0.068%) EL(0.0635)Auto are very close

to each other at 80mmHg.

4.3.6Verification of Geometry for Uneven Loop Models

Strain Energy and Stabilisation

Dissipated energy (% of strain energy) is plottedluminal pressure (mmHg) in Figure
4-24. Curves are plotted for UL(0.0635) and UL(@Bd.arge.
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Even Loop: Stabilization energy vs. Pressure
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Figure 4-24: Energy dissipated through stabilisati¢® of total strain energy) vs.
luminal pressure, plotted for models with differexdp geometries.

UL(0.05)Large has higher dissipated stabilisatioergy percentage than UL(0.05), but for

both models, the values fall within the predefipadameters

Radial Deformation

In Figure 4-25a graph is plotted of luminal pressure (mmHg)ingernal diameter change
(% change from initial diameter) for EL(0.05)AutodaEL(0.05). Values are plotted from O
mmHg to approximately 200 mmHg.
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Figure 4-25: Graph of Luminal Pressure (mmHg) vstetnal Diameter (%) for

UL(0.0635) and UL(0.0635)Large.
115



The model created from the large loop geometry,0lf)Large, has a slightly steeper
gradient than UL(0.05). UL(0.05)Large also has arier gradient change at around
0.2% ID increase, compared to UL(0.05), which clesngradient at around 0.5% ID

increase.
Compliance

The compliance values as well as the pressure samgg which they were calculated are

given inTable 4-16

Table 4-16: Compliance values for UL(0.0635) anq@Q635)Large.

Model Compliance I_:’r_essure Range _(mmHg)
(%/100 mmHg)| Minimum Maximum
UL(0.0635) 0.52 78 117
UL(0.0635)Large 0.48 79 119

The compliance results are close enough to be table explained by the change in

boundary condition only.
Maximum Principal Stress

The maximum principal stresses in the models aterded at pressures of 80 mmHg,
120 mmHg and 200 mmHg respectivelyTiable 4-17 The stress distributions at 200
mmHg for models EL(0.0635) and EL(0.0635)Large sh®wn in Figure 4-26 and
Figure 4-27

Table 4-17: Maximum principal stress at 80, 120 &@D mmHg for UL(0.065) and
UL(0.0635)Large.

80 mmHg 120 mmHg 200 mmHg
Model P Stress P Stress P Stress
(mmHg) (MPa) (mmHg) (MPa) (mmHg) (MPa)
UL(0.0635) 78 62.3 117 83.9 199 146.1
UL(0.0635)Larg¢g 79 66.6 119 95.9 201 164.7
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Top view Bottom view
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Figure 4-26: Stress distribution for uneven largmp geometry, UL(0.0635)Large,

with positions of maximum strain indicated.

Top view Bottom view

0.80E+02

0.00E+00

Figure 4-27: Stress distribution for uneven smalbp geometry, UL(0.0635), with

positions of maximum strain indicated.

Even though the maximum stress value present in0.B6&85)Large is greater than
EL(0.0635), the overall stress distribution appeams/ similar. The maximum values also

occurred at the same positions.
Maximum Principal Strain

The maximum principal strain values are recordegrassures of 80mmHg, 120mmHg and
200mmHg respectively imable 4-18 The strain distributions at 200mmHg for models
EL(0.0635) and EL(0.0635)Large are giverFigure 4-28andFigure 4-29respectively.
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Table 4-18: Maximum principal strain at 80, 120 aB80 mmHg for UL(0.0635) and
UL(0.0635)Large.

Model 80 mmHg 120 mmHg 200 mmHg
P(mmHg)| Strain P(mmHg) Strain P(mmHQ) Strair
UL(0.0635) 78 0.34 117 0.41 199 0.59]
UL(O'Ofg’ggLarge 79 0.39 119 0.58 201 0.97

Top view Bottom view

6.00E-03

3.20E-03

0.00E+00

Figure 4-28: Strain distribution in uneven largeofmgeometry, UL(0.0635)Large, with
positions of maximum strain indicated.

Top view Bottom view
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3.20E-03

0.00E+00

Figure 4-29: Strain distribution in uneven smallofm geometry, UL(0.0635), with
positions of maximum strain indicated.

Even though the maximum strains present in EL(®JE&RXge is greater than
EL(0.0635), the overall strain distribution appesaesy similar. The maximum values
also occurred at the same positions.
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4.3.7 Comparison to Experimental Compliance Values

The compliance values obtained from the FEM modalsee compared to the different
experimental values. Graphical representatione®tompliance values of the even loop

models are given ikigure 4-30and for the uneven loop modelsFigure 4-31
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Figure 4-30: Comparison between compliance valuethe FEM models and those

from different experimental tests for the even lomglels.
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Figure 4-31: Comparison between compliance valuethe FEM models and those

from different experimental tests for the uneveplgeometry.
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As can be seen the results for the different tasg eonsiderably. It is important to bear
in mind that the all the tests are based on difeprocedures and principles, all with
their individual shortcomings. For the even loopustures the overall trend in all the
numerical models and experimental tests appearta blecrease in compliance with
increasing wire thickness. EL(0.0635) does notofelithis trend for the CVRU tests.
Both the Dynatek Dalta tests, Medronic MBC testd &&EM models indicate a larger
decrease from EL(0.05) to EL(0.0635) than from EQE35) to EL(0.075). For all
uneven loop experimental tests, the overall trepmkars to be an increase of compliance
with increasing wire thickness, a trend not dispthypy the FEM models. Dynatek Dalta
tests, Medtronic MBC tests and FEM results all showecrease in compliance from
UL(0.05) to UL(0.0635), while all three experimdntiests show an increase in
compliance from UL(0.0635) to UL(0.075). This inase is not seen in the FEM model
where the compliance values of UL(0.0635) and UX{B) are very close to each other.
With the exception of EL(0.05), the MBC valuesihethe same region as those from the
FEM models, while values from CVRU and Dynatek Bate much higher; the CVRU

values being the highest of these two.
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CHAPTER 5: DISCUSSION

The development of the six models, EL(0.05), EL§&3%), EL(0.075), UL(0.05),
UL(0.0635) and UL(0.075), is discussed Seection 5.1 Comparisons are made to the
modelling approaches followed by authors analysihg mechanical behaviour of
intravascular stents. I18ection 5.2esults of the six models are discussed and cadpar
to each other and to experimental results frometgffit groups. While discussing these
six models, the results of models used in the igatibn of the different aspects of their
construction are also referred to. The resultéyard in intravascular stents models were
also listed, however the actual values cannot lnepaped to the results reported in this
thesis due to structural differences. Section 5.3the FEM results of the six models
analysed in this thesis are compared to experirhdatds which were previously
conducted on the same structures. FinallySaction 5.4 the relevance of the FEM
models results to the medical field is highlighted.

5.1 Creating the Finite Element Model

The geometry of each of the six models analysedhia thesis was created by
implementing a three-dimensional repeatable uniitasewire overlap is one of the major
geometric characteristics of the knitted structamel can only be accounted for in three
dimensions. In literature three-dimensional geoiegtwere implemented in the creation
of intravascular stents models and can be spht tiné following categories (in order of

increasing degree of simplification):

* Models without geometrical simplification [2, 91]
* Models with some degree of symmetry simplificatidn5, 8, 90]
* Models using a repeatable unit cell [4, 6, 9]

A model consisting of one eighth of a symmetrict @eil [10]

Some authors implemented planar geometries foavagscular stent models. This was

done in four ways:

» Creating the entire stent geometry in two dimensiand then mapping it onto a

cylindrical coordinate system [1]
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* Creating the planar unit cell geometry and then pmap it onto a cylindrical
coordinate system [7]

» Keeping a unit cell geometry in a planar stateughmut the analysis [32]

e The use of a two dimensional unit cell to creatéetent geometries, justified by
showing how a three dimensional geometry experemoach larger stresses in

the circumferential than in the radial direction[4]

Dumoulin and Cochelin [4] used tie-constraintsitd lend surface behaviour of the unit
cell in such a way as to assume infinite stenttlenghey analysed a highly symmetrical
structure whereas the wire structures analysehisrthesis has helical climb angle in the
design and overlap between the wires necessitdtiegaddition of another unit cell at

each longitudinal end of the model. One unit celisisted of a single loop and therefore
the basic assembly consisted of three single laagsugh extra half loop sections were
also added to the longitudinal ends of this stmectio aid in the boundary condition

definition.

To define the mesh in the wire loop assembly,imedr (first order) brick elements were
used. Elements used in the literature to meshvas@ular stent models include:

e Quadratic tetrahedral elements [2, 8]
» Tri-quadratic brick elements [10]

e Tri-linear brick elements [3, 90, 91]

* Beam elements [1]

* Quadratic two-dimensional elements [4]

In this the current models, linear brick elementravused to generate the mesh, even
though quadratic tetrahedral elements behave baiteder bending conditions.
Tetrahedral elements are not advised for use wathtact definitions, which occur
abundantly in these models, and they are compuatdhjomore expensive. For these
reasons tri-linear brick elements were chosen, dhengh they have a tendency to
behave overly stiff under bending conditions whareoarse mesh is used. To counter
this negative trait a finer mesh was implementedegions of high curvature. It is also
useful to mesh the areas of contact with a fineshm&s the smoother surface leads to
easier convergence. In the loop assembly, areasrafict coincided with areas of high

curvature. In addition, the regions of large cunvatwere expected to be of greater
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interest with regard to deformations, stresses, simdins. The single loops were
longitudinally partitioned into regions of high ankbw curvature in order to
accommodate the different mesh density definitiohsine mesh could alternatively
have been applied throughout the entire loop gegméthout negatively impacting the
results, however assigning a coarser mesh to regiblfow curvature aimed at reducing
the computational requirements of the numerical ef®dvithout compromising the
results. In literature, a refined mesh has preWouseen used in regions where
mechanical properties were of more interest [7,880)vell as regions of expected contact
[7, 91].

Six verification models were created from EL(0.068® investigate the sensitivity to
mesh density and element type. Sensitivity analym® an established measure for
determining optimum mesh density [2, 3, 8, 10]. Migacca et al. [3] additionally
conducted a sensitivity analysis to determine wéretthe element type had any
significant impact on the results by analysing ¢hneodels of increasing mesh density
meshed with quadratic tetrahedral elements, cordpar¢he tri-linear elements used to

mesh their final models.

Three mesh verification models are presented mttiesis to determine the sensitivity to
element type and are described iBection 3.3.1 Models EL(0.0635)Trhr1,
EL(0.0635)Trhr2 and EL(0.0635)Trhr3 were createdthwiincreasing quadratic
tetrahedral element mesh density as well as incrgatissipated energy fraction. The
dissipated energy fraction had to be increasednitneasing mesh density in order to
ensure overall model convergence. This howevertéedn increase of stabilisation
energy percentage with increasing mesh densitgaase seen ikigure 4-9 with the
finest meshed model falling just outside the spedifrange at 80 mmHg. The
stabilisation factor could however not be decreadedher without preventing
convergence. The tetrahedral element models alymed higher stabilisation energy
percentages than EL(0.0635), highlighting the ddpane of stabilisation on mesh
assignment. Differences in radial deformation arely detectable ifigure 4-10while
compliance values, which are slightly lower for tie¢rahedral element models, differ
with less than 5% from that of EL(0.0635). The idist change in deformation gradient
seems to occur at a slightly higher pressure irtétrahedral models and could possibly
be attributed to inaccurate contact response thezral elements are known to perform
poorly in contact problems. The maximum principstess values occurred in
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corresponding positions with values in tetrahe@tament model being slightly higher;
also a possible consequence of less accurate tartgonse. The difference in these
values decreased slightly with increasing presanceat 200mmHg the tetrahedral model
none of the values are more than 10% higher thasetlof EL(0.0635). The principal
strains were smaller for the tetrahedral elemendeatsy but occurred at the centre of the
loop as in EL(0.0635). However, none of the tetdmaemodels have increased strain
values at the areas of contact, strengthening @ssilpility that differences in the results
can be ascribed to contact inconsistencies. Theeens to be very little variation in
results between the different mesh densities ohltedral elements and their results
correspond well to those of the linear brick eletaett can therefore be concluded that
the results are not influenced by the chosen el&srigpe.

A further three verification models (describedSection 3.3.2)vere created to determine
the sensitivity to mesh density. Models EL(0.063%9(3e, EL(0.0635)Fine2 and
EL(0.0635)Fine3 were created using increasing ndesisity of tri-linear brick elements,
as well as increasing dissipated energy fractionensure convergence. For model
EL(0.0635)Fine3 convergence could not be achieveth \a stabilisation energy
percentage falling within the specified limits. &a in the convergence of this model,
the contact definition was further softened (veafion that this change only influenced
the rate of convergence follows later). The finahwerged model, EL(0.0635)Fine3, still
had stabilisation energy values larger than thendef limits, but this could not be
decreased further. In the majority of the mechdraaors analysed, the results obtained
from EL(0.0635) did not follow the trend displayég the other three models. This
serves as an indication that a coarser mesh cauldadct not be used without
compromising the accuracy of the results. The emedn dissipated energy fraction with
increasing mesh density again leads to the increas@bilisation percentage. The radial
deformations inFigure 4-16 are shown to converge as curves for EL(0.0635),
EL(0.0635)Fine2 and EL(0.0635)Fine3 are very cluts@ne another. Furthermore no
significant differences in compliance, maximum pioal stress or maximum principal
strain results were noted between EL(0.0635) an@Bb35)Coarse. All of these results

indicate that the refinement used in EL(0.0635uesss sufficiently accurate results.

The material used to manufacture the structuresNu@asol, a nickel and titanium SMA.

This material is often used in the manufactureetitesxpandable intravascular stents. No

previous studies comparing different Nitinol stedessigns could be found. There is
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however a discussion on material parameter vanats a possible optimisation
technique for these stents [9] and a fatigue arsalysing a FEM model of a Nitinol self-
expandable stent [10]. Models of balloon expandatents used different material
models which all described stainless steel [1-8,990. McGarry et al. [32] also used a
steel material model in their simulations, but thigective was to demonstrate the

difference in the results obtained by using twdedént models for the same material.

The material behaviour of Nitinol generates analysfficulties, due to the large degree
of non-linearity present, and an efficient matenmiddel needs to be implemented [9, 10,
93]. Migliavacca et al. [3] also noted that matenan-linearities can lead to solution
difficulties. Whitcher [10] used a Von Mises yietditerion elastic-plastic material model
in ADINA which has been shown to correspond welthwihe behaviour of SMAs in
isothermal monotonic loading simulations. In th& support structure models the
ABAQUS UMAT for Nitinol, which is based on the gema#sed plasticity theory [79,
80], was implemented to describe the behaviouhefstent; a material description which
was also used by Gong and Pelton [9]. Input mdtpaeameters used in this thesis were
determined from experimental tests conducted om®litvire samples which correspond
to the wires constituting the knitted support simoes. Some values were not obtainable

from one dimensional tensile testing and were olethirom collaborators.

In order to verify the validity of the material maldresults of simulated tensile tests were
compared to the experimentally determined modek HEM tensile test wire was
meshed with the same number of elements troughwite thickness as was used in
EL(0.0635). Simulating a wire length equal to tldtthe experimental tensile tests
(100mm) presented the numerical problem which waslarge to be solved with the
available computational resources. It was veriftedt the stress-strain response of
models with 10mm and 50mm wire lengths were exatttey same. This occurs most
likely because even the shortest length modell@ch(d), was still large in comparison to
the wire diameter (0.0635mm). Model Tensilel hadale of zero for Loading and
Unloading Temperature Derivative of Stress. Redutt: Tensile2 confirmed that when
no temperature field is defined, models run by dkfat 0 degrees Celsius. This is
acceptable if the Temperature Derivatives of Strestefined to be zero (as in Tensilel),
since the transformation stress values will be dane for all temperature values (see
Figure 3-2). However if these values are non zero, a tempexditeld should be defined
to ensure that models are executed at the coeedrature, as the transformation stress
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values will be temperature dependent. The shapbeoktress vs. strain curve obtained
from the tensile test model corresponds to théth@fexperimental tests. The curves could
not be directly compared, as values used for theemah model were averages
determined from a number of experimental tenssésteThe FEM output stress vs. strain
curves showed a response corresponding to the svalMech were used as input

parameters.

The boundary conditions, which were used to acctarrgeometrical simplifications and
prevent rigid body motion, were describedSaction 3.2.1.4In literature, most of the
intravascular stent models included boundary c@nt to account for geometry
simplification and to prevent rigid body motion agll as longitudinal motion of the
prosthesis [3, 4, 6, 7, 10, 32, 90, 91]. In thissik a verification model, EL(0.0635)BC
(described inSection 3.3.5)was created with a slight variation in boundaoyditions
still describing similar behaviour as EL(0.0635hig was done in order to ensure that a
small change in boundary conditions did not result large variation in output, as that
would indicate instability within the model. Thesudts, compared isection 4.3.4do
not show a large disparity and therefore the bondanditions that were chosen appear

to result in a stable model.

Due to the three dimensional nature of the knitledign, contact had to be defined
between the overlapping wire surfaces in model HI85). In literature, contact
between wire-surfaces of intravascular stents balet defined only in stent flexibility
analyses, as radial expansion of stents will mstyl not result in contact between the

wires.

Contact was defined between the intravascular stetitballoon and/or artery surface in
various models of intravascular stents [1, 6, 7, 90]. The absence of interaction
between the stents and one or more of these comizowas listed as a major limitation
of some intravascular stent models [3, 5, 8, 9H]lyLet al [7] named the absence of
modelling a rupture or damage mechanism for thquaaas their main limitation. In the
models described in this thesis, contact was deéfbetween the rigid expander surface
(used for the loading definition) and the luminalrface of our wire structure.
Frictionless contact was implemented (as in [7) @d]avoid complicating the analysis
even further. A highly non-linear material model [ as well as an abundance of

contact definitions already resulted in a highlpfimear set of equations to be solved.
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All contact definitions used softened contact, whalowed for easier convergence of
the equilibrium equations of the problem. Curvedaxes in FEM problems are never
truly smooth, due to the assignment of the mestdeNmn the slave surface were less
likely to get hooked onto nodes on the master sarfahen softened contact is used, as
surfaces remained a small distance from each offtez. parameters used to define
softened contact in these models were chosen tooéppate hard contact closely in
order to ensure as accurate results as possibletwtn models, EL(0.05) and
EL(0.0635)Fine3, convergence was extremely slow thedanalyses terminated before
the desired luminal pressure was reached. Thebacbdefinitions were softened further
to aid in their rate of convergence. Model EL(0.08ps compared to model
EL(0.05)Auto, with the original contact definitionand the stabilisation, radial
deformation, stress and strain results variatioesewbarely visible in the curves, and
values given differ by very small amounts. It wiasrefore concluded that the change in

contact definition only affected the convergende.ra

The loading definition used in this work was impkarted through a rigid surface, lying
luminal to the stent and undergoing radial disptaeet linearly over time. Loading in
many of the intravascular stents models consiste@ dinearly increasing pressure
applied to the inner surface of the stent [2-41®, 91], while David Chua et al. [90]
applied linearly increasing pressure to a ballooriage which lay luminal to the stent.
Displacement loading of the stent was employed dyes authors [1, 4, 5, 8, 32].
Holzapfel [91] stated that applying luminal pressto the stent allows for more realistic
behaviour of the stent than displacement loadisgha various regions of the stent will
not necessarily undergo the same displacementtintsame amount of luminal pressure
applied. With displacement applied to an interngdaader surface, instead of the stent
nodes, this problem was greatly decreased as rstelets were able to move in different
directions during load increase, not only in ther@asing radial direction. Tan and Liu
[1] separated loading into two steps: first thenstevas crimped onto the balloon,
followed by the expansion of the balloon while #tent underwent radial compression
by the artery. Lally et al. [7] only modelled thenspressive forces caused by the artery

while Petrini et al. [8] considered only the fletity of the stents.

The modelling strategy applied to create the modelsur six geometry variations were
developed from strategies in the available liteatwhile considering the differences

between the wire support structure and intravascst@nts. All aspects of the final
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models were intensively verified through creatioh erification models, which
confirmed the proposed modelling strategy to deliveodels which are adequately
stable.

5.2 Comparison between FEM Models

Six different models were created and their sinredamnechanical properties analysed.
The differences in the results of these six modelse analysed and will be discussed. In
literature, the effect of variation in intravasauséent design on its mechanical properties
has been highlighted [1, 5, 7, 91]. Results reboite literature were not explicitly

compared to those from this thesis, as there arenemy differences in analysis aims and
geometry. Similar output variables were howevelysea here, as from literature FEM

has already proved to be useful in analysing tmeselts. Results analysed in literature

were as follows:

* The pressure necessary for stent deployment was méported [1, 5, 6, 90].

» Deformation results (eg. recoil values, foresharnigrand dogboning) [1-4, 7, 32,
90].

» Stress distributions in intravascular stents [82,,90, 91].

« Strain distributions in intravascular stents [156]4-

* Fatigue analyses through the use of a GoodmanadiiafjtO, 32].

» Resistance to compressive forces [5].

Deformation, stress and strain results were andlgéso analysed in this thesis. Some
deformation results did not apply to the currenglgsis and will be discussed further

later. Resistance to compressive forces was argsyme necessary for stent deployment
was not relevant quantities in this analysis. kegignalysis could be done in future, but

falls outside the scope for this thesis.

The first output variable which was analysed was total energy dissipated due to
stabilisation (seeSection 4.2 Stabilisation had to be implemented to prevecal
instabilities in the highly non-linear material nedThis option also had to be selected in
order for the tensile test model to converge, whiaficates that the instability most
likely stemmed from the material definition and ribé non-linearities resulting from

contact or non-linear geometry. Initially the ddfatalue for dissipated energy fraction
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was used in all six models. This lead to stabilisaenergy equalling a high percentage
of the total strain energy in EL(0.0635) and UL{&Pand the dissipated energy fraction
was decreased to a value which ensures these msiddldisation energy was within the
predefined limits. The stabilisation energies dbagpear to follow a specific trend. This
could be explained by the difference in meshingseduby the automatic mesh

generation, as the stabilisation matrix dependsypan the mesh definition.

Radial displacements (the main quantifiable defdionaresults) are reported Figure
4-3 and Figure 4-4 by means of plot of luminal pressure increase mterinal stent
diameter increase. Although luminal pressure was explicitly used to define the
loading condition of the models, it could be cadtat from the reaction force of the stent
wires onto the expander as explaine&action 3.2.3

If foreshortening was to be determined from thembdels analysed in this thesis, the
boundary conditions at the longitudinal ends of mn@del would have to be changed to
allow longitudinal movement of these ends. As theatest influence in determining the
foreshortening of the stent within a cardiac cyslethe friction between the support
structure and other components of the vascularthmess, meaningful foreshortening
results can not be determined unless the other apemis of the prosthesis are also
included in the simulation. Such a study was howewa feasible with the current

computational resources, as the highly non-linedwakiour of the material model as well
as the considerable amount of contact surfacesmatkfalready produced a complex
numerical problem. Radial recoil and dogboning doaiso not be determined without
the inclusion of a luminal prosthesis componenteaither process will take place against
the current rigid luminal expander. In a completesthesis, one component should
always lay luminal to the support structure, anerd¢fore radial recoil and dogboning
would greatly depend on the stiffness of this lumhioomponent. These displacement
guantities could possibly be determined in futunedies if other components of the
prosthesis are included.

The radial deformation of the structures in thissis are also influenced by the behaviour
of other components in a multi-component graft; beer the values obtained from this
study can be used to compare different proposethgeies by excluding completely the
effect of luminal components. In future, studies 6@ conducted with the inclusion of s

variety of different components and these reswdtstben be compared to determine the
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respective effects of these components. The cupengosed FEM procedure could be

adapted to include these components if more cormipn#d resources are available.

In Figure 4-3 and Figure 4-4 a distinct gradient change can be observed fothall
models except EL(0.05), which resulted in a smaottve. From the deformation plots in
ABAQUS, the change in gradient is seen to occuhatpoint where gaps between the
wire-contact surfaces are closed and the radiglatisment becomes dependent only on
the deformation (bending) of the wirésgure 5-1shows a plot of the wire contact areas

just before and after the change in gradient oeclrr

Figure 5-1: Illustrations of the wire-contact areés) before and (b) after the change

in gradient occurs in the internal diameter increasurve.

The most significant trend that can be observdabii Figure 4-3andFigure 4-4 is the
increase in final gradient with wire thickness. Tradients are also in general steeper for
the uneven loop geometry than for the even loopmgtry. Global trends in diameter
increase are offset by the fact that the ID chatgehich the gradient transition occurs is
unpredictable. This value is influenced by the Hamge at which the wires lock tightly
together, which in turn is affected by the follogifactors:

e Curvature of the loops

* Thickness of the wires

» Distance between the wire-contact surfaces attédreaf the simulation
e The longitudinal distance between the loops asthd of the analysis

* Material stiffness

130



The curvature of the loops together with the thedsof the wire will determine how
closely these contact surfaces will fit togethdre Tistance between these surfaces at the
start of the simulation also has an impact. A moasely knit structure will undergo
more internal diameter increase before the gradibainge occurs. The longitudinal
distance between the loops will also influence hubese these bended contact surfaces
are to each other. Additionally, the ease with \White wire loops bend is important, as
the easier the loop undergoes bending, the lesg floas to be exerted by the contact
surfaces to bend it open. This is the case in then doop structure. The ABAQUS
deformation plot indicates the contact surfaces imgpxloser to each other while the
wire-loops start to bend open at the same times Ehdifferent from the other models
where the loops only start to undergo bending @hedoops are tightly locked together.

Model EL(0.05) was observed to be the only modelexperiencing the gradient change.
As this is the only one of the six geometrical &aan models with an altered contact
definition, a first response would be to ascribes thehaviour to the different contact
definition. This is however an unsatisfactory expldon, as one of the verification
models, EL(0.0635)Fine3, was also run with the saftered contact definition and
exhibited a change in gradient for the ID increaseve (refer toFigure 4-16.
Furthermore model EL(0.05) is compared to modeloE)g)Auto (se&ection 3.3.4and

it can be observed frorRigure 4-26that even with the original contact definition the
model does not exhibit a change in gradient for ifDeincrease curve. In the other
models, varying amounts of force needed to be edettirough the contact surfaces
before loops opening occurred. Model EL(0.05) aotdor the most effortless radial
expansion of all the variations analysed, and ithmuggested to be the reason for which

only EL(0.05) expands without the gradient charegnsn other models.

It is important to be aware that the ID change hictv gradient transition occurs can be
influenced by small geometry variations occurringhi a single design. It is proposed
that this is due the fact that increase in intediameter remain a small percentage of
initial diameter and therefore the wire loops ugdelittle overall displacement during
the expansion. Variations such as tightness okititeor longitudinal stretching can lead
to large differences in radial displacement ofshrecture at 200mmHg for the same loop

design.
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The pressure range at which the compliance valees valculated falls within the region
where the final gradients in the ID change curveehaready been reached and are not
dependent on the absolute IDs. Compliance therefiegends only on the bending
stiffness of the wire and the difference in loogiga of the wire structures. Compliance
values increase with decreasing wire diameter;iblysas thinner wires are likely to
bend more easily and therefore can undergo radjaresion more readily. It is also
noticeable that the compliance differs more betw@®bmm and 0.0635mm diameter
wires than between 0.0635mm and 0.075mm diameteswor both loop geometries.
This indicates that ability to undergo bending dgriradial distension increased
exponentially with a decrease in wire diameter. dwire thicknesses should be tested as
confirmation. The lower compliance values of thewsn loop geometry compared to the
even loop geometry can be ascribed to the differenglobal geometry, which allows

more bending in the even loop geometry.

Maximum principal stress distributions were obtdifiom the analyses and the positions
and magnitude of the maximum values are reporte8eiction 4.2.4From the stress
distributions in the six models it was seen that déineas of largest maximum principal
stresses lie at the centre of the wire loops. énuheven loop geometry it occurs in the
small loop, with the large loop experiencing low&ess. This is due a more concentrated
bending force in the smaller loop. The largest @alof maximum principal stress are
given inTable 4-3 Stress values in the even geometry models agerléinan those of the

uneven geometry at the same pressure values.

Maximum principal strain distributions were obtairfeom the analyses and the positions
and magnitudes of maximum principal strains aremin Section 4.2.5The regions of
largest maximum principal strain occur at areasasftact. For the even loop model the
largest maximum principal strain values for EL(Q.06curs at the same position as the
maximum principal stress value. This can be rel&betthe discussion on the variation in
radial deformation with pressure previously disedalstor model EL(0.05). The loops in
this model start to bend open before the gaps leeivilee wires are tightly closed. Less
pressure needs to be exerted at the contact areasleér to bend the loop open. The
strain values follow a similar trend to the stregaties with increasing strain coinciding
with decreasing wire thickness at the same lumpralssure. Values for even loop
geometry are higher than for uneven loop geometny larger differences are seen

between 0.05mm and 0.0635mm models than betweé8%htm and 0.075mm models.
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Exceptions to these trends occur between the 0.08wen loop and uneven model at
120mmHg and 20 mmHg. These values can not be @kpleompared, as values for
EL(0.05) occur in a different region than thoseha other models due to the difference.
As proposed before, this is caused by the smogphareston of EL(0.05) which leads to
less pressure being exerted at the areas of coAtaather variation from the trend is that
UL(0.075) experiences higher strain than both U2§385) and EL(0.075). This result is
suggested to be related to the gradient change etearlarger ID changedrigure 4-9
which leads to a greater final ID. Due to the gemynas well as the wire’s bending
stiffness, the contact surfaces will push agaiashether with a more force than in other
models, before the wire-loops will start to ben@mpThis increased force at the contact
surface is proposed to be the reason for the higinsvalue observed in this model as

well for as the high ID change value at the graieamsition inFigure 4-4.

In order to analyse the fatigue properties of ttiecture, a Goodman diagram for the
specific Nitinol material used would have to beaobed experimentally, as the diagram
Is material specific. Maximum principal stress tmna®, together with cyclic stress or

strain values, could be used in future fatigue ys®a of the structure.

Resistance to compressive forces was not analys#uds thesis, as no assumptions are
made about what material will be used for compandyihg abluminal to the support
structure. They also investigated stent flexibilithis could be useful to investigate in
future for the six models discussed here, as ti firosthesis might have to be used in
positions where bending is necessary. As the sireicivill form part of a vascular
prosthesis, which will be implanted and not dekeerflexibility during delivery is not

relevant.

5.3 Comparison to Experimental Compliance Tests

There is great variation in the compliance resb#sveen the three experimental tests
and the FEM models. The testing procedures anaipels were however very different.
Compliance testing experiments were not conductquha of the current project as these

tests are very involved and would require a great df study and time.

In literature FEM models are also compared to erpantal tests [6, 96, 97]. The
geometry of intravascular stents lies in a plan&) no contact between metal wires, as is

the case in the currently investigated knitted wtreictures. There will be little variation
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in longitudinal length between models and experi@esamples. The investigated
knitted structures however could have been strdtdieontracted longitudinally before
or during testing which could have a potentiallygla impact on the compliance,
especially considering the small size of the coample values obtained. It is possible that
one set of experimental tests conducted could bame of the structures stretched while
others are contracted. This could severely impgaetcompliance results. In the case of
the FEM models, the wire loops there were varielitariation in longitudinal distance
between the loops for the different designs. Thenddgk Dalta samples which were
tested were 10 cm in length. This corresponds &r avhundred loops in longitudinal
direction, leaving a lot of room for contractionda@xpansion. Tan and Liu [98] showed
how small variation in the geometry of a intravdacistent could have a significant
impact in its mechanical behaviour. A future studyuld focus on the effect of
longitudinal stretching/contraction on the comptiamesults. This however does not fall

within the scope of the current project.

In the CVRU tests the deformation undergone by skent was different to that
undergone in the other experimental tests andenFBM models. The structures were
not expanded radially, but in an elliptical fashivvie see from the FEM models that with
the lower compliance values experienced, model BB)0almost reached a maximum
principal stress falling inside the pseudoelastioge. In the elliptical deformation the
wire loops didn't deformed equally around the cmderence, as some loops underwent
more deformation and others less compared to laop$ergoing circumferentially
uniform deformation (as in the FEM models and far dbther experimental tests). Loops
undergoing more deformation can enter the supéielaEgion of the stress strain curve.
If this happens, a much larger amount of straih lvélexperienced for a small increase in
stress, leading to an enlarged compliance. The atnwhich the compliance is enlarged
will depend on at which pressure during the analybe superelastic range was reached.
This can be different for the different designsvadl as for the different wire thicknesses.
If this range is reached at different pressureshiwitthe physiological range, the
comparison between the different designs’ compéavalues will also be altered. This
effectively means that the difference in defornratcan have a larger effect in the
compliance for some models than for others. No marn principal stress or strain
results are available for these tests and it irethee not possible to determine when and

if the superelastic effect was employed.
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Dynatek Dalta conducted volumetric tensile testshwatex liners inside the wire

structures, adjusting the testing pressures to ustctor the effect of the latex liner

compliance from the total compliance of the systéhat can however not be adjusted
for is the bulging of the liner between the wireops. This bulging could have a
significant effect on the change in volume durirge tcycle, leading to increased
compliance. The amount of bulging will mainly dedeon the stiffness of the wire

structure and the compliance of the liner. A stiffére structure will lead to more

bulging of the liner, while a lower compliance bétliner will lead to less bulging. Since
the stiffness of the structure is dependent ordésgn and the wire thickness, different
structures will undergo different amounts of coraplie increase, changing the
comparison between the different designs.

Medtronic MBC also used a latex liner inside thidure to apply the testing pressure.
The effect of the compliance of the liner was hogremot accounted for. The diameter
change of the structure of the structure was medsby means of a laser micrometer.
Although the volume change caused by the bulgingeliner will not have a significant
effect on the compliance results. If the bulgingte liner extends beyond wire structure
a larger diameter will most likely be measured thaat of the wire structure. UL(0.075)
is the only design in the Medtonic MBC tests foriebhthe trend differs from the FEM
models. From the FEM models it appeared that UZ®).0s the stiffest structure. If this
is in fact the case, the compliance of this stmectoould appear larger, due to the
increased bulging of the liner. This is a possibson for the difference in trend seen for
UL(0.075) for the Medtronic MBC tests and the FEModuls. The effect of the
compensation for the liner can be another reasonhi® difference in results, but the
current testing pressure corresponds to a smalkeeated pressure. If the latex liner was
accounted for, measurements would have been takatmigher pressure which is more

likely to decrease the compliance further.

Measuring of the diameter of the system, bulginguth have a smaller impact on the
compliance results than in volumetric tests. Famnditer measurements the error only
occurs in one dimension, whereas an error due tame change occurs in three
dimensions thereby enlarging its effect. This cobkl one of the reasons why the
compliance values seen in the Medtronic MBC tesés saaller than those for the

Dynatek Dalta tests. In the diameter measuremehés,bulging effect is also only
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measured once, whereas in volumetric measuremntbetgdditive effect of buldging at

each loop is recorded.

All experimental tensile tests conducted includedameters that are not present in the
FEM models. The purpose of the FEM analysis waantdyse the wire support structure
only, without making assumptions of what other comgnt would be included in a final
graft. From the experimental tests it can howewesden that the effect of an inner lining
on the behaviour of the structure is not necegsdnikctly related to the behaviour of the
structure alone. Analysing the structure on its odoes however allow a better
understanding of its behaviour and is thereforefuiiie. The only experimental tests that
did not include the effect of another componentestie CVRU tests, but this tests was
conducted under deformation very different to tldt the FEM models or the

physiological situation.
5.4 Relevance to Medical Field

The effect of different stent designs on the biadabresponse of the artery has been
discussed in literature [1, 6, 7]. As the exparsleface (used in the loading definition of
the six models) was not created as part of thenadge but merely existed through an
analytical definition using the reference pointwas not possible to determine the stress
distribution caused by the support structure onetkigander surface. Even if this result
was determined, it would be meaningless since Xiparaler is a rigid surface and not
deformable as any realistic luminal component ef phosthesis would be. Furthermore,
there was no graft component lying abluminal to shpport structure in this model on
which a stress distribution could be analysed. tlieo components of a vascular
prosthesis are added to the model in future studiesanalysis of the stress exerted on

them by the expander will be a useful analysis.

Even though suggestions are not made about the otingponent of such a composite
graft, the support structure is not likely to expece great external compressive forces
from possible abluminal components as it was desigo be the stiffest component in a
multi-component prosthesis. This means the supgiastture is likely to contribute the

greatest proportion to the stiffness of a propogexsthesis and other components are

unlikely do exert significant external compresdiorces on it. The models were therefore
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not created to determine the structures responseotopressive forces exerted by

abluminal surfaces onto the support structure.

The compliance values of all the models are lowantthat of arteries and saphenous
veins (refer toTable 4-3 and EL(0.05) is the only model possessing a campé value
higher than that of ePTFE and Dacron grafts. Ndnde models analysed in this work
reached the physiological compliance, with the mmmhpliant mode EL(0.05) only
reaching about half that of an artery. The strecteould possibly be used to serve the
same purpose as the collagen fibres in naturaklegused with one or more compliant
inner linings. A truly non-linear stress-strainpease was only seen in EL(0.05) as all
the other models showed a distinct gradient chahigis. distinct change is dependent on
small geometric variations which are likely to ocaupractice in a medical setting. It is
suggested that an important future study is therdebation of degree of dependence

which the compliance values have on these smakltams.

A possible use of the current stiff structures dobé as external support for existing
vascular prosthesis. Many external wraps have laggtied to a variety of vascular
prosthesis resulting in reduced formation of IHd&sussed irBection 2.3These multi-
component prostheses appear to function at theik jfethe external layer is highly
porous allowing more graft healing. The supportigtire presented here has a knitted
design which would allow much more tissue ingroatimpared to any fabric or porous
material presented in the previous studies. Non¢hefprevious external wraps can

compare to it with respect to porosity.

It is important to evaluate the effect of longitual stretching or contraction on the
behaviour of the structure, as this could easilyuotn a final graft. Even if care is taken
that the initial length (before application to imnkning) and final length (after
application to inner lining) is the same, there il be some local stretching and
compressive effects present in the graft, cancellout over the complete length.
Longitudinal stretching and compression could ah&ophysiologically induced after

implantation.
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CHAPTER 6: CONCLUSION

The objective of this study was to analyse the raeial behaviour of an existing wire
support structure through the use of FEM and tabdish a procedure by which models
with geometric variation could easily be createdaals mechanical optimisation of the
structure. Geometry was successfully imported fl@AD models into ABAQUS CAE.

The material parameters for the Nitinol materiabdido create the structures were
determined by means of an experimental tensile fBstough multiple verification

models, the overall modelling approach propose&antion 3.2has been shown to be

numerically stable and can easily be applied taréety of geometries.

Time constraints prevented more design variatioos foeing analysed. If an optimised
design is to be developed, more designs would tede@ assessed. New models could
look further into effects like:

* Additional wire thicknesses

* Amount of loops around the circumference
* Curvature of the loops

» Variation in helical climb angle

» Tightness of the knit

« The effects of longitudinal compression or expangibthe stent

The degree to which the compliance is dependerdgnaall geometry variations (which
would occur in a practical setting) is an importanalysis. The models presented in this
thesis could be adapted to determine this deperdédncs also possible that different
models will have a different degree of dependentéhese variations. The least amount
of dependence will be preferred, and the presemiedelling procedure can be adapted

to determine which geometry has the smallest degreredon these variations

The absence of other components of the graft inntleelel prevents the analysis of
guantities like foreshortening, dogboning and radecoil. However, as the model
already generates complex equations to be solvedadthe material models and contact

definition, more computational power would be nektte include these components. If
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one of these components were abluminal to the wingport structure, the effect of

external compression could also be analysed.

Another interesting future analysis will be deterimg the effect of different compliant
inner linings on the compliance of the structurdne Tamount of bulging can be
determined, as this will be an important parameteéhe physiological setting. A highly
bulged luminal surface could cause flow disturbanieading to an increase in IH, a
highly undesired response.

A fatigue analysis can also be conducted from layguhe maximum principal stress and
strain values from the models. For this a Goodmiagrdm for the specific Nitinol

material would first have to be determined expentaly.

Better comparison to experimental tests is needdterences between FEM results and
experimental tests can be further analysed by gdalideformable luminal component to
the current model and applying a pressure loadirtbe luminal surface, but only if more
computational power is made available. Alternagiva test will have to be developed
which models the simplified loading conditions loé tmodels.

Overall, it can be stated that the presented miadelapproach lead to a better
understanding of the complex mechanical behavibtimewire support structures. There
exists scope for future analyses by implementireg ghoposed modelling approach to
investigate additional parameters helpful for fartbptimisation of the support structures

and vascular grafts utilising these structures.
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