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ABSTRACT

Nitinol self-expandingstentsare commonly used to treat peripheral artery disease. However,
the femoropopliteal artepgresents challenging environment fetent placementherelarge
arterialdeformations occur many times dadyringlimb flexion. Compared to other arterial
locatons, femoropopliteal stenting is associated with relatively low clinical success and high
rates of fractureRecenly, novel device platforms have emerged in the faifrpolymer
coveredself-expanding stents that have shgevomising clinical outcomes fiemoropopliteal
applicationsFor these devices, a traditional metallic stent frame is combined with a flexible
polymer covering, whose primary function is to act as mechanical barrier to tissue ingrowth
and intimal hyperplasia, thereby reducing the liketid of longterm restenosis. While this
provides opportunities to improve the design of peripheral stents and enhance patient outcomes,
there are distinct challenges in understanding their behaviour across existhuytaset wire
braided stent platfons. In particular, the relative contributions of the stent frame and polymer
cover properties towards the functional performance of these composite systems is not known.
The objective of this thesis is to investigate the mechanics of polyovered selexpanding

wire braided and lasawt stents forfemoropoplitealapplications through a combined
experimentacomputational approach

In this thesis, dtailed experimentabenchtopstudies were carriedut to investigatethe
mechanic®f polymercoveredself-expandingwire braided and lasewt stentsin parallel, a

finite elemertbased computational framework was developed, whereby novel strategies were
used to implement polymer coverings across wire braided andclaisstents and predict
medanical performancéor selfexpanding wire braided stents, thiambined experimental
computational approach was used to systematiealgluate the effect of braid angle and
polymer cover thickness on the response under a number of different loadimgpseg
Similarly, for lasercut stent systems, the approach was used to evaluate the role of the
characteristic cell design (e.g. opesll, closedcell andseparate@-ring) and polymer cover
properties on functional performance. Finally, the computatibraaieworks were used to
predict thein vivo implant perfomance of barenetal and polymecovered wire braided and
lasercut stent systems, and investigate the influence of severe bending loading on the fatigue
response of these devices.

It was found tha polymer coverings fundamentally alter the deformation mechanisms and
functional performance of sedixpanding wire braided stents, while lasat stents largely
retain their characteristic behaviour when compared to their originahfeetisd designlt was

shown that braid anglesia key governing parameter that dictates the radial and kink
performance of both bamaetal and polymecovered wire braided stent®espite their
complex behaviour the distinct design flexibility offered by these systems mtwaat
performanceouldstill be talored for specific applications, in particular with low braid angles
and relatively thin cover thicknesses. The predicted implanted performanaehadtent type
showed that lasesut stents demonstrated superioritjumen gain and vessel conformance
upon deployment, but promoted vessel kinking and their fatigue life was estimated to be in a
low-cycle range even for moderate bending. The results showed that wire braided stents had
lower lumen gain and vessel conforma@gmpared to lasesut systems, with good predicted
fatigue performance, but substantial malapposition under bendirgpnclusion, the work
performed in this thesenhances current understanding on the functional performance of both
wire braided stentsand covered stentsThe outcomes from theexperimental data and
computational frameworks developed in this thesis form a benchifioarkhe future
development of covered wire braided and lazdistent systems.
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CHAPTER 1

Introduction

Endovascular stenting is a lengk alternative to opesurgery that has revolutionised the
treatment of diseased arterial vessels. Sincenthadiuction of the first coronary stent in 1986,
stents have been developed to treat blockages in many other locations, includiiigrihe
cerebral, peripheral, and respiratory systems. An especially challenging environment for
stenting is théemoropliteal artery, where the implanted stent is subjected to large bending,
torsion and compressive loading during leg flexidoulson et al., 2018Wnfortunately, these

large dynamic deformations have challenged the efficacy of peripheral stents, nytte
stenting associated with high incidence of stent fractures and restenosis, which has ultimately
led to high rates of clinical failurg®eil, 2013; Tosaka et al., 201Recently, novel device
platforms have emerged, whereby the addition ofignper cover to a metallic stent frame has
shown promising clinical outcomes by acting as a mechanical barrier to restenosis. While this
technology has the potential to be applied to a wide variety of existingxgehding lasecut

and wire braided sterglatforms in a range of applications, there are distinct challenges in
understanding the complex behaviour of these composite systems. To realise the true potential
of these polymecovered stent systems and ultimately progress the development of next

gereration peripheral stents, a comprehensive understanding is required on the mechanical
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characteristics and influencing factors of these stent configurations. The work of this thesis
adopts both experimental and computational techniques to investigateothechanical

behaviour of polymecovered selexpanding wire braided and lasart stents.

1.1 Peripheral Artery Stenting and Associated Complications

Peripheral artery disease (PAD) is defined as a partial or complete obstruction in the peripheral
arteries(Criqui and Aboyans, 2015}t is most commonly caused by atherosclerosis, where
plaque accumulates on the arterial wall and restricts blood flow. PAD is estimated to affect
more than 200 million people worldwid8hu and Santulli, 2018nd is acutelyelated to age,
shown inFigurel.1 (Criqui and Aboyans, 2015PAD presents a considerable financial burden

on the United States healthcare system with annual costs exceeding $21(Mélfmmey et

al., 2008) The prevalence of PAD is expected to grow rapidly over the next decade given the
global aging populatigrwhere the population of those aged over 60 years is expected to double

by 2050(Newgard and Sharpless, 2013)

0%

60%

0%

40%

Prevalence

30%

20%
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40 an
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—e—MNHW —B—AA HS —=—A3 —a—Al

Figure 1.1 Prevalence of PAD in men in the United States increasedimearly with age.
Various ethnic groups are shown where AA indicates African Americans; Al, American
Indians; AS, Asian Americans; HS, Hispanics; and NHW;Hhiigpanic whitegCriqui and
Aboyans, 2015)
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A common treatment option for PAD is an endovascular procedure, wheestdyt is deployed

at the site of the occlusion to restore blood flow. Despite the widespread use of peripheral
stents, there are several recurring clinical problems including high stent fractur@Neites
2013) restenosigAlfonso et al., 2014; Tsaka et al., 2012plaque embolizatiofLam et al.,

2007) and thrombus formatiofKatsanos et al., 201.7These complications can partially be
explained by the severe arterial deformations that occur many times daily during leg flexion
(Poulson etl., 2018) The implanted stent must withstand a cyclic loading environment with
axial, bending and twisting deformations, as well as maintaining sufficient radial force to keep
the artery pater(Maleckis et al., 2018Peripheral stenting also incees the arterial stiffness,
which subsequently alters the global deformation characteristics of the artery during limb
flexion (Ni Ghriallais and Bruzzi, 2014)Both stent fracture and alterations in arterial
deformation cause an increased risk of itiitiga a restenosis respon@&dlakha et al., 2010;
GoOkgal et al., 2019)Interestingly, the clinical outcomes of peripheral stenting are-wide
ranging, with reported orgear patency rates between 53 % and 8&&and Owens, 2017)

and stent fracture r@$ between 0 % and 65 @eil, 2013) There are significantly fewer
clinical studies in the realm of peripheral stenting compared to other arterial locations, with the
majority consisting of clinical trials that report outcomes for only one type of @teintl et

al., 2010; Lammer et al., 2013 onetheless, one clinical study considered the impact of stent
design on the clinical outcome, where it was shown that closkdtents (46 %) were
associated with poor patency rates, which improved conbigendnen both opeitell (72.5

%) and interwoven braided (86.7 %) stent designs were consifieest] et al., 2017)This
highlights the importance of stent selection in treating PAD and suggests a distinct link between
the mechanical properties, whistary considerably across commerciadlyailable devices

(Maleckis et al., 2017)and longterm performance in the implanted environment.
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1.2 Overview of Peripheral Stents

1.2.1Laser-Cut Stents

Given the success of ballo@xpandable stents in the treatment of coronary artery disease,
several balloorexpandable stent systems were trialled in the treatment of PAD in the 1990s
(Schillinger and Minar, 2009While initial results were promisingpmgterm clinical data

failed to show any benefits to ballcexpandable stents compared to balloon angioplasty
(Becquemin et al., 2003; Cejna et al., 2000yo key drawbacks of balloeexpandable stent
systems were that they could only be used to tr&atively short lesions, and they were
susceptible to irrecoverable crushing deformation when subjected to external forces. The
introduction of seHexpanding Nitinol stents provided shapemory characteristics that
improved crush recoverability and stdlexibility, with reduced foreshortening that enabled
accurate placement during deployment. Since the approval of the first Nitinol peripheral stent
in 2009(Schneider, 2017}hese properties have led to better patency rates compared to earlier
stentdesigns and, today, the overwhelming majority of commercial stents used in the treatment
of PAD are seHexpanding Nitinol lasecut stents. The design features of these Nitinol stents
have evolved in the last decade from cleselll to opercell designsSeveral of these open

cell designs are shown igurel.2, with further design parameters varying through geometric
features such as strut shape, thickness, length and width and the number or profile of the
interconnecting segments. Clinical resuits selfexpanding Nitinol lasecut stents have
demonstrated stent fracture at ~gmar follow up in the LifeStent (3.1 % ), Innova (1.9 %)

and Smart stents (26.9 ¥eil, 2013; Powell et al., 201.7Primary patency rates at twear

follow up were gamilar for Innova (68.7 %jPowell et al., 2017)Absolute Pro (68.7 %) and

Complete SE stents (66.7 ¥jan et al., 2019)
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Absolute Pro (Abbott) Zilver (Cook Medical) EverFlex (Covidien)

LifeStent (Bard) Smart Control (Cordis) Misago (Terumo)

Innova (Boston Scientific) Smart Flex (Cordis) Complete SE (Medtronic)

N

-
o — Nl
2

v,
oS

Figure 1.2 Commerciallyavailable lasefcut peripheral stents. Adapted fravtaleckis et al.
(2017)

The introduction of drugluting stents (DES) also represents a significant advancement in
improving restenosis rates, where antiproliferative drugs are used to inhibit neointimal
hyperplasia. There are two existing Ffproved DI for the peripheral system, the Zilver
PTX stent (Cook Medical, Indiana) and the Eluvia (Boston Scientific, Massachusetts), shown
below inFigurel1.3. The Zilver PTX stnt has demonstrated improved figear patency rates
(72.4 %) compared to the Zilver bareetal stent (53.0 %{Dake et al., 2013More recently,

the Eluvia stent has shown improved tya@ar patency rates compared to the Zilver PTX stent

(83.0 % vs 77 %) (Muller-Htlsbeck et al., 2021)

Although Nitinol selfexpanding stents and DES represent significant milestones in the
advancement of PAD treatment, these clinical outcomes are much worse than other arterial
locations, such as coronary applications where patency rates are consisteml9@bgAllie

et al., 2004)and there is clearly need for further improvement.
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(b)

Figure 1.3 Drug-eluting peripheral stents (a) Zilver PTX stent (Cook Medical, Indiana) and
(b) Eluvia (Boston Scientifidassachusetts).

1.2.2Wire Braided Stents

Seltexpanding wire braided stents are composed of sets of interlacing Nitinol wires in
clockwise and amtlockwise directions. Wire braided stents have been used across a range of
applicationgSuzuki et al., 2017)ncluding digestivgHindy et al., 2012)biliary (Yokota et

al., 2017)and respiratory indicationg-reitag et al., 2017)while also being used as flow
diverter systemgSuzuki et al., 2017)To date, the only braided peripheral stent currently
available commercially is the Supera stent (Abbott Vascular, Santa Clara, CA), which is shown
in Figure 1.4. Clinical outcomes are good, with several studies reportmgtent fractures
(Chan et al., 2014; Scheinert et al., 2011; Werner et al., 2ahd)oneyear and tweyear
primary patency rates of 85 % and 76 % respecti{@&ipeinert et al., 2005The Supera stent

has demonstrated improved patency compared otber commercially available
femoropopliteal lasecut stentgBishu and Armstrong, 2015nd hence, it is an attractive

option for femoropopliteal stenting.

Figure 1.4 Braided Supera stent (Abbott Vakca r , CA, USA) with brai
external diameter (De) parametdebelled(DAC, 2013)

6



Chapterl

1.2.3Polymer-Covered Stents

Polymercovered stents incorporate a cover onto the stent frame through a suturing, wrapping,
compression/vacuum forming, dgoating or electrospinning procg$sarhatnia et al., 2013)

An advantage to polymerovered stents is that the use of a collema more innovative stent
frame design, while providing a mechanical barrier between the vessel wall and bloodstream.
This has seen polymeovered stents used in a wide range of applications, for example,
excluding aneurysms in the abdominal artérgijink et al., 2019) preventing tumour n
growth in the digestive systefWang et al., 2020Q)or sealing perforated coronary vessels
(Lansky et al., 2006)For the peripheral vasculature, the only polyec®rered device
commercially available is theigbahn endoprosthesis (Gore, Arizona), which is composed of
separated wire rings that are wrapped with an expanded polytetrafluoroethylene (ePTFE)
polymer cover, as shown iRigure 1.5. The Viabahn endoprosthesis (Gore, Arizona) has
demonstrated significant clinical benefits in peripheral regions compared to traditional bare
metal stents, with improved success in terms of patency and restenosis, wineoatii2
patency rats improved from 54 % when treated with a baetal stent to 79 % when treated

with the Viabahn sterftammer et al., 2013 he Viabahn stent has also demonstrated no stent
fracture and 81 % patency after three yg&tsammeri et al., 2012Jherefoe providing an

excellent solution for PAD treatment.

Figure 1.5 Covered Viabahn endoprosthesis (Gore, Arizona).
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1.3 Biomechanics of BareMetal and Polymer-Covered Stents

1.3.1Potential for Polymer-Covered Stents

The recent clinical success of the Viabahn endoprosthesis (Gore, Arizona) has furthered the
developedofthenexgener ati on of Acovered stentso, whe
is combined with a flexible polymer covering. These coverings ypiealy made from
expanded polytetrafluoroethylene (ePTFE), polyurethane (PU) or polyethylene terephthalate
(PET/Dacron) and are applied to the stent frame through suturing, wrapping,
compression/vacuum forming, dgmating or electrospinning process@@rhatnia et al.,
2013) Covered stents were initially developed for the treatment of -ldiegeeter aortic
aneurysmgFarhatnia et al., 2013\here the purpose of the polymer covering was to protect
the aneurysm belly from haemodynamic blood fordestetoy reducing radial pressure and
providing an unobstructed lumen. More recently, covered stents are being exploited in the
treatment of traditional vessel occlusions in periph€vanturini et al., 2017) coronary
(Panduranga et al., 2014nd bilary (Conio et al., 20183ystems. Here, the primary function

of the polymer cover is to act as a mechanical barrier to tissgeowth and intimal
hyperplasia, thereby reducing the likelihood of ldagn restenosi¢Farhatnia et al., 2016;
Lammer et al 2013) Current clinical research on covered stents shows improved patency
outcomes and reduced incidences ebcelusion compared to bamgetal stents in complex
femoropoplitea(Hajibandeh et al., 2016; Lammer et al., 2013; Vartanian et al., a0@i3)ac
lesions (Chang et al., 2008; Marin, 1996; Mwipatayi et al., 2016, 20H9Jwever,
biomechanical studies of polymeovered peripheral stents are not present in the literature.
While polymer coverings provide opportunities to improve the desigof peripheral stents

and enhance patient outcomes, there are distinct challenges in understanding the

behaviour of these devices, in particular the relative contribution of stent frame (e.g.
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laser-cut or braided) and cover parameters on the functional pdormance of these

composite systems.

1.3.2Polymer-Covered LaserCut Stents

There is a substantial body of existing research that evaluates the biomechanical performance
of commerciallyavailable lasecut stent designs. During development and certification,
regulatory bodies require an extensive numbeinofitro benchtop tests, some of which are
used to characterise stent response under radial, bending, torsional and axial (1&42ling
2020) Experimental benchtop testing provides real reliable data for evaluating key
characteristics of stent performance and has been used to assesstbhlaseicut stents for

PAD, for example as reported (Berti et al., 2021; Duda et al., 2000; Malecgtsal., 2017,
Nikanorov et al., 2008Benchtop testing of the covered Viabahn stent demonstrated that it has
low torsional, bending and compressive resistance compared to other femoropopliteal stents
(Maleckis et al., 2017Beyond this, there arenlited studies that investigate the mechanics of
covered stents, with the majority of work focussing on large diameter-ggtdfitg with
separated wire rings used for abdominal artery aneurysm treafPergock et al., 2013;
Demanget et al.,, 2012; Kleinstrer et al., 2008; Perrin et al., 2018&)nly one study has
implicitly demonstrated the considerable mechanical effects of stent covering, where the
addition of a polymer cover in a tracheobronchial lasgrstent system more doubled the
maximum radiaforce at full crimp(McGrath et al., 2016)Given that covered stent systems

are providing promising clinical results across a range of applications, there is a clear

need to develop a thorough understanding of their mechanics as we aim for a biometric

design capable of accommodating arterial deformation.

1.3.3Polymer-Covered Wire Braided Stents
Wire braided stents are weaved structures known for their high flexibility, as individual wires

have the freedom to slide and rotate at crossover points to accommodate deforfdations

9
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et al., 2019) While they tend to have low radial stiffng@ou etal., 2016) a key benefit of
braided stents is their versatility as their mechanical properties can be tailored by altering key
design features including wire density, wire diameter, braid argture 1.4), and braid
pattern(Rebelo et al., 2015Modification of these geometrical features can be used to create
applicationspecific devices; for example, wire braided stents used in aneurysm treatment have
a high wre density with small and numerous pores to create a flow diversion(&htadra et

al., 2010) while wire braided stents used for occlusion treatment are designed with large wire
diameters and a circumferentially aligned braid angle for improvedl stdength(Stoeckel et

al., 2004) Examples of experimental testing of braided stents are somewhat limited, with few
stent configurations or experimental tests carried out in any one(#tallly et al., 2019; Kim

et al., 2008; Yuksekkaya and Adanuf02). Incorporating a polymer cover with a braided
stent will likely influence the deformation of the wires, which could have important
implications for crimp, deployment and lotgrm performance. However, few studies have
analysed the mechanical bet@awi of covered braided stent systeffsayama et al., 2009)
particularly for smaldiameter systems, and there is a distinct lack of understanding on how
thefunctionalperformancef thesecoveredbraidedstentsystemsompareso theirbaremetal
courterparts. To advance these nexgeneration devices to more widespread
implementation, it is critical that functional properties relating to crimp, deployment and

implanted configuration are better understood.

1.4 Computational Modelling of Polymer-Covered Stetts

Computational modelling is a powerful tool that allows the simulation of complex material
behaviour and boundary conditions to accurately represenifeeatenarios. Finite element
analysis (FEA) can facilitate more comprehensive understanding wif Iséhaviour by
providing further details on aspects of their performance including crimp, deployment and
subsequent implanted behaviour. This is particularly important for the continued development

10



Chapterl

of peripheral stents, given the large and complex loadorglitions an implanted stent is
subjected to in the femoropopliteal artery. Simulating stent deployment and arterial
deformations representative of conditions that the stent experi@mogso can provide
information on the fatigue life of stents. Fuetimore, FEA can enable large parameter studies
that would otherwise be unfeasible to conduct with femesuming and costly experimental

testing.

Presently, computational modelling of the mechanics of -beetal stents has received
significant attention ithe literature including research on geometrical and material properties,
stent/artery interaction and fatigue |{#&uricchio et al., 2016, 2011; Conway et al., 2012; De
Bock et al., 2012; Garcia et al., 2012; Grogan et al., 2@%2)ell as analysesnsidering the
dynamic femoropopliteal environmefBerti et al., 2021; Dordoni et al., 2015, 2014; Gokgol
et al., 2015; He et al., 2021Hlowever, there are few examples of computational models for
covered stents in the literature, particularly inbh&ded stent domain, where only one study
has attempted to model the complex behaviour of a covered braidedLsteet al., 2017)
Several largaliameter stergjrafts have been modelléde Bock et al., 2013; Demanget et al.,
2012; Kleinstreuer et al2008; Perrin et al., 201,3)ut few of these have presented validated
computational techniques, with only limited examples providing insight into the mechanical
implication of stent coverinfMcGrath et al., 2016)t is currently unknown how the baviour

of the implanted stent and the fatigue life compares in different bare and covered stent systems.
For continued development of polymeicovered stents, robust computational models are
required to enable predictions on their longterm performance andtheir response under

physiological deformations.

11
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1.5Objectives

The objective of this thesis is to investigate the mechanics of polyovered selexpanding

wire braided and lasawt stents for femoropopliteal applications through a combined
experimentacomputational approach. This work will facilitate a better understanding of the
functional performance of these complex devices and significantly contribute towards the
design and development of negeneration covered stents. The specific aims of thesareb

are as follows:

() To experimentally investigate the mechanical response of polyovered self
expanding wire braided stents and evaluate the role of braid angle and cover thickness
on functional behaviour.

(i) To develop a computational framework thatcuwately predicts the mechanical
behaviour of barenetal and polymecovered wire braided stents and use it to
systematically evaluate the effects of various geometrical and material design
parameters.

(i) To investigate the role of a polymer covering onftivectional behaviour of laseut
stent systems through a combined experimeasaaiputational approach.

(iv) To predict the deployment behaviour, the response under physiological bending and
long-term performance of baraetal and polymecovered versions of we braided

and laseicut stent systems.

1.6 Thesis Structure

The outline of this thesis is as follows:

Chapter 2 outlines the existing literature relevant to femoropopliteal stenting. This chapter
describes the function and form of the femoropopliteal aeedyprovides detail on its disease

states, treatment options, and complications associated with stenting in the femoropopliteal

12
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artery. It also provides a review of various experimental and computational techniques that

have been employed to evaluate sparformance.

Chapter 3 presents a review of the fundamental theory of continuum mechanics, particularly
in context with the finite element method. An analytical model that predicts geometrical and

mechanical properties of wire braided stents is detailed.

Chapter 4 represents an experimental investigation into the mechanics ofriedaé and
polymercovered wire braided stents. The functional performance of each stent configuration
is assessed through radial compression, axial compression and tensiatef&mkation and

stent elongation benchtop tests.

In Chapter 5, a computational framewoik developed to predict the functional performance

of baremetal and polymecovered wire braided stents under radial compression and kink
deformations. A systematiz&uation of the effect of wire braid parameters (e.g. braid angle,
wire density, wire diameter and Nitinol material properties) and cover parameters (e.g.
thickness and cover material properties) is presented. The computational framework is
validated agaist experimental data reported in Chapter 4, and the radial response for bare

metal braided stents is compared to an analytical solution.

Chapter 6 presents a combined experimertamputational investigation into the role of a
polymer cover on thebiomechanical performance of selpanding lasecut stents.
Experimental benchtop testing is conducted on bare and pebyowered opeitell Precise

Pro stents (Cordis Endovascular, a Johnson & Johnson company, Miami, FL), and a
computational frameworksideveloped in parallel that accurately predicts the biomechanical
characteristics observed experimentally. Further, the computational model is used to provide
insight into covered stent mechanics by considering closédand separated-ring stent

geoméries.

13
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Chapter 7 develops upon the validated computational models established in Chapters 5 and 6
to determine the characteristics of baretal and polymecovered stents after deployment and
under physiological bending deformations. The results providiatonship between the stent
radial response and the resulting arterial lumen gain. Stent conformity and fatigue analysis are

compared for each stent type under bending loading.

The primary conclusions of this thesis are summarised and recommendattifuisre work

are discussed i@hapter 8.
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CHAPTER 2

Literature Reviewon Femoropopliteal
Stenting

This chapter provides an overview of the literature relevant to the subject areas of this thesis.
In Section2.1, a background to arterial function and structure is given, with a particular focus
on femoropopliteal arteries and peripheral artery disease. Typical features of femoropopliteal
stenting and the performance characteristics of Nitinol stents are dis¢usSedtion2.2
Section2.3reviews various experimental and computatigeahniques that have been used to

evaluate stent performance.

2.1 Arteries and the Femoropopliteal Artery

2.1.1Arterial Function and Structure

The primary function of an artery is to carry oxygenated blood from the heart to other regions
of the body.The aorta ighe largest artery in the human body, measuring approximately 300
mm in length and 25 mm in diame{@&adsalgikar, 2017}t originates in the left ventricle of

the heart and extends through the abdomen, where it then bifurcates into left and cight ilia

arteries. Several branches extend directly from the aorta, including theangHeftcoronary
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arteries, and arteries supplying blood to the upper limbs, the pulmonary system and the

digestive system, shown kigure2.1 (Netter, 2018)

Image removed due to copyright

Figure 2.1 Principal systemic arteries in the human body circulatory sy¢héstter, 2018)

Traditionally, arteries can be classified as large, medium or small. Large arteries, such as the
aorta and pulmonary arteries, are elastic arteries which facilitate the continuous and uniform
flow of blood by allowing the arterial wall to recoil and disten response to blood pressure.
Medium and small arteries are muscular. A healthy artery typically consists of three main
layers; the tunica intima, the tunica media and the tunica adventitia, as shbwar@?2.2
(Holzapfel et al., 2000)The composition of each arterial layer varies depending on the artery

size and location.
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reinforced medial layers

Bundles of collagen fibrils
External elastic lamina
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Smooth muscle cell
Internal elastic lamina

Endothelial cell

Figure 2.2 Image showing the three laygeof healthy arterial tissu@Holzapfel et al., 2000)

The intima layer is in direct contact with blood flow and it acts as a semipermeable membrane,
allowing the transfer of nutrients and chemical signals. In large elastic arteries, the tunica
intima consists of endothelium, subendothelial connective tissue, and an inconspicuous internal
elastic membrane. The endothelium is composed of a layer of endothelial cells which release
surface adhesion molecules and receptors, while the subendothelial laganettive tissue

has a contractile function and is composed of smooth muscle cells, elastin fibres and collagen
fibres. In muscular arteries, the tunica intima is much thinner and it has a noticeable internal
elastic membrane. The tunica media is a smonitbcle layer embedded in collagen and elastin.
Large elastic arteries have fenestrated sheets of elastin between layers of radially arranged
smooth muscle cells, while medium arteries predominantly consist of concentric layers of
smooth muscle, with litd elastic material. The tunica adventitia layer is mostly composed of

connective tissue to reinforce the vessel. It also contains collagen and elastin fibres to allow
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the artery to expand in response to internal blood flow pressure. Compared to ekxstis, art
the tunica externa layer in muscular arteries is thicker, almost the same thickness as the tunica

media laye(Pawlina and Ross, 2018)

2.1.2Peripheral Arteries and the Femoropopliteal Artery

Peripheral arteries are small diameter vessels encomgadisnorrcerebral and nenoronary
arteries. They can be differentiated into upper and lower extremity arteries, whereby the upper
extremity arteries supply blood to the arm and hand, and the lower extremity arteries supply
blood to the leg and fo@Drake et al., 2015)The major artery supplying the lower limb is the
femoral artery, which is a continuation of the iliac artery and begins at the point where the iliac
artery passes under the inguinal ligament and enters the femoral trigigglee @.3). The

femoral artery passes through the adductor hiatus in the adductor hiatus muscle and transitions
to the popliteal artery behind the knee jqiDtake et al., 2015)The superficial femoral artery

(SFA) and the popliteal artery (PA) together are known as the femoropopliteal artery (FPA).
The external arterial diameter of a healthy femoropopliteal artery varies from 9.3 mm at the
common femoral artery to 4.4 mm agttlistal popliteal arter@iVolf et al., 2006)and the total

wall thickness ranges between 0.71 mm 1.1(Kamnaat et al., 2009)-emoropopliteal arteries

are unique compared to other major vessels in the body in that they are subjected to large
exterral deformations, applied through movement from the surrounding muscles in the thigh.
A typical healthy artery follows the movement of the leg during leg flexion, and the artery
curves several times proximal to the knee j¢ifensing et al., 1995)The ehaviour of the
femoropopliteal artery during leg flexion is not obvious, because there are more than twelve
muscles in the thigh controlling hip and knee mover{@heng et al., 2006As the leg bends,

the femoropopliteal artery experiences axial caapion and bendin@mouse et al., 2005)

as well as torsiofDesyatova et al., 2017)
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Figure 2.3 Contents of the femoral triangle in the lower lifilrake et al., 2015)

2.1.3Peripheral Artery Disease

Peripheral artery disease (PAD) is estimated to affect more than 200 million people worldwide
(Shu and Santulli, 2018}t is primarily caused by athesclerosis, where plague accumulates

on the artery wall and causes narrowing of the artery, as shdvigure2.4. Less commonly,

PAD can be induced from inflammatatiseases of the arterial wall such as vasculitis and non
inflammatory diseases of the arterial wall such as fiboromuscular dys(fagia and Rooke,

2016)

In the majority of cases (78 %), PAD is asymptomggioffers et al., 1996 however in some
cases, patients may have limited walking ability and hence a reduced quality{Rbbikertson
et al., 2017) Symptomatic PAD patients can experience numbness, discomfort or coldness in

the leg, or claudication, painful exerciseluced leg cramping.dss than 80 % of patients
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have critical limb ischemia, with a risk of limb logdankey et al., 2006)PAD is often
evaluated and measured with the axikiachial index (ABI), the ratio of blood pressure at the
ankle to the blood pressure in the upgen, where an ABI of less than 0.9 suggests blocked

arteries due to PAIHirsch et al., 2001)

Atherosclerosis Normal artery
narrowed artery

Figure 2.4 Peripheral artery disease caused by atherosclerosis, where plague builds up on
the artery wall and reduces blood flgWwopfer and Spry, 2016)

The TransAtlantic InterSociety Consensus (TASC) Document provides recommendations in
the classification antreatment of PAD(Dormandy and Rutherford, 2000)he anatomical
lesion classification, where lesion patterns are grouped ifidolésions Figure2.5), is used
widely in the clinical setting. The TASC group recommends the use of endovascular therapy
for the treatment of TASC A and B lesions, while open surgical repair should be used for TASC

C lesions when the patient is medically fit and always for the treatm@®S€ D lesions.
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= Single stenosis =10 cm in length
= Single occlusion =5 cm in length

TASC B lesions

» Multiple lesions (stenoses ar acclusions),
each=%cm

* Single stenosis or occlusion =15 cm not
invalving the infrageniculate popliteal artery
= Heavily calcified occlusion =5 cm in length
# Single popliteal stenosis

%

A

~N_

TASC C lesions

* Multiple stenoses or occlusions totaling »15
crm with or without heavy calcification

* Recurrent stenoses or occlusions after failing
treatment

TASC D lesions

» Chronic total ccclusions of CPA or 5FA (>20
cm, invalving the popliteal artery)

« Chronic total ecclusion of popliteal artery
and proximal trifurcation vessels

Figure 2.5 TransAtlantic InterSociety Consensus (TASC) lesion classification for

femoropopliteal diseagdaff et al., 2015)

2.1.4Treatment for Peripheral Artery Diseasei Current State of the Art
Mild forms of PAD can be treated by improving lifestyle choices and limiting risk factors, like

exercise, smoking cessation and introducing a low cholesterol diet. Clinicians may prescribe

medication to target hypertension and hypercholestaialdike cholesterelowering agents,

antihypertensives and antiplatel@sichwald et al., 1996; Hiatt, 2001 more severe cases,

endovascular or surgical intervention is required, with the former recommended for TASC type

A and B lesions and thettar recommended for TASC type C andNbrgren et al., 2007)
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Currently, endovascular stenting is the most common treatment option for revascularisation of
diseased peripheral arteries, with bypass surgery reserved for complex and/or extensive lesions
in medically fit patientgJaff et al., 2015)Endovascular stenting is a minimalfywasive
procedure where a tubular metallic scaffold is deployed into the diseased artery to restore vessel
patency. Sefexpanding stents are manufactured in their edpdnconfiguration, and then
crimped and constrained within a sheath. The endovascular stenting procedure begins by
inserting a catheter with the mounted stent through an incision in the groin, which is then is
navigated to the site of occlusion in the pkéaral artery. When the crimped stent is positioned

at the blockage, the sheath is removed to allow the stent to expand into the artery, where it
remains in place as a permanent metallic scaffold. Endovascular treatment has the advantage
of lower 30day mabidity compared to bypass surgery, however, it is associated with higher
technical failure(Antoniou et al., 2013)For femoropopliteal applications, a wide variety of

stent platforms are currently available commercigdMaleckis et al., 2017)with recent

devices moving towards combinations of setpandable Nitinol laserut or wirebraided
frames(Werner et al., 2014nd polymer covered systelfMdadassery et al., 2018)Vhile the
evolution of endovascular stents has revolutionised the treaitmheccluded vessels, current
clinical success rates in the femoropopliteal artery are much poorer compared to other arterial
locations, where patency rates of-6® % are common in the femoropopliteal artery compared

to > 90 % in coronary and aort@it arteriegAllie et al., 2004; Powell et al., 2017)

A major driving factor for the poor clinical performance of femoropopliteal stenting is the large
deformation the femoropopliteal artery undergoes under daily activity, experiencing bending,
torsionand compression during leg flexion, which induces repetitive trauma to the artery and
implanted stenfMacTaggart et al., 2014l is also understood that stent placement within the
femoropopliteal artery increases the arterial stiffness and impedeantbhant of axial

compression in the vesg&li Ghriallais et al., 201§pee sectiol.1.5for further details). This
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is associated with higher curvature levels in the unstented vessel distal to the stent, which could
lead to vessel wall damage and stent failure due to restenosis. Astifillstents experience
higher stress concentrations, putting them at risk for datiéailure and stent fracture.
Furthermore, because body movement is repetitive and leg flexion occurs many times daily,
the implanted stent is placed within a cyclic loading environrf®nsari et al., 2013)This
explains why femoropopliteal stenting linked to high rates of stent fracture, which can in

turn cause vascular injury andskent restenosis. 4stent restenosis is an overreaction response

of wound healing after vessel injury, which results in excessive neointimal thickening causing
a signficant reduction in the lumen crosectional area and reocclusion of the vessel as

illustrated inFigure2.6.

Figure 2.6 Crosssectional and longitudinal views representing the developmentsbéint
restenosis. (a) Plaque builgp reduces the lumen diameter and disrupts blood flow. (b)
Endovascular stenting restores lumen diameter by compressing the plaque against the
arterial wall. (c) Instent restenosis is present after neointimal hyperplasia, and the vessel is
reoccludedSimard et al., 2014)
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Scheinert et al. (200%®valuated 121 implanted sakpanding Nitinol stents to find a stent
fracture rate of 37.2 %fter a mean followup time of 10.7 months, with increased fracture
rates in long stented regions. It was also demonstrated thnnhrestenosis or-cclusion
occurred in approximately twihirds of patients with stent fractures. Restenosis ratds wit
femoropopliteal stenting are generally high, with studies reporting restenosis rates of 58 %
within three yeargSiracuse et al., 2012and occlusion rates of b % after two years
(Tosaka et al., 2012Dther complications can occur during stiemplantation, such as injury,
rupture, or perforation of the vessel wall, as well as embolization of plaque fradBekiken

et al., 2012) The complications associated with FPA stenting can eventually necessitate re
intervention(Rits et al., 2008; S&inert et al., 2005)and in some cases;irgervention rates

can be up to 31 %Malas et al., 2014)

2.1.5Deformation Characteristics of the Femoropopliteal Artery

The femoropopliteal artery is a particularly challenging environment for endovascutargsten

due to the large dynamic deformations that occur during leg flexion. As well as typical design
considerations relating to the radial performance of the stent, we must strongly consider the
physiological loading exerted on the vessel from the surragnduscles. A femoropopliteal

stent that accommodates these physiological deformations without causing large stress
concentrations in the stent will be less likely to fracture due to stress failure. This section

reviews existing studies that have quantifiemoropopliteal deformations.

The biomechanical deformations of the femoropopliteal artery have been evaluated in both
healthy and diseased states. An early study by Weasalgvaluated the curvature of femoral
vessels in healthy volunteers aged633years using 2D magnetic resonance angiography
(Wensing et al., 1995)he study observed that the artery adopted a tortuous configuration in
all volunteers upon leg flexion, with three or more small curves proximal to the knee joint.

Upon leg extensio, young participants (<45years) regain normal straight arteries, but some of
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the arterial curves remain in older participants, a feature which can be attributed to reduced
arterial elasticity and impaired gliding of the femoral vessels in the adductdr(Emure2.7).

This study demonstrates that deformations and tortuosity in the femoropopliteal artery are age
dependent, anguggests that this could lead to changes in local hemodynamics and therefore

contribute to atherogenegM/ensing et al., 1995)

Figure 2.7 Coronal view of an extended leg in a (a)y&ar old and (b) 6§ear old. The
artery in the older volunteer has not regained its normal physiological morphology and small
curves still remair{Wensing et al., 1995)

Smouse et al. (200%valuated thenovement of fourteen human cadaver limbs with 2D
arteriography to observe that during leg flexion, the strdightdistance between the hip and

calf decreases and the arterial segment must shorten in length to avoid kinking. To achieve this,
the arteryaxially compresses as much as possible, before bending to allow further shortening,
with the most severe bending occurring in the popliteal artery below the ®herg et al.

(2006) were the first to investigate the thrdenensional nature of femoropdpal
deformations by utilizing magnetic resonance imaging. Eight healthy volunteers were assessed

in straight and flexed positions to show that fim@oropopliteal artergeforms up to 25 % in
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axial compression, 17 % in axial tension and twisting defboms ranging from 4° to 113°.

At a later stage, the same group carried out a similar study with seven healthy older subjects
aged 5070 yearCheng et al., 2010Yhey showed that the older group exhibited less arterial
axial compression compared t@tounger group, with a mean axial reduction of 6.9 % across
the SFA. In addition, it was proven that the older group showed a greater maximum change in
curvature in the bottom third of the SFA with curvature rates of 0.444ci®.22 for the older

group ad 0.04 crmt + 0.16 for the young group. Reduced arterial axial compression and
increased bending are both consequences of stiff arteries in older vessels, which can lead to

kinking, shown inFigure2.8.

Supine Leg Flexed

Figure 2.8 Magnetic resonance angiograms of a young adult (top row) and older adult
(bottom row) in supine and flexed leg positions. Upon leg flexion, the superficial femoral
artery remains straight in the young adult, while the vessel in the older adult exhilBitsgki
(Cheng et al., 2010)

A literature review performed in 2013 evaluated twelve studies that analysed femoropopliteal

biomechanics with limb flexion. Although there is large variability between studies, the results
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showed that under walking conditi®, the artery deforms up to 13.9 % in axial compression,
twists up to 3.5 °/cm and the vessel is pinched such that the aspect ratio of the lumen changes

by 12.5 %(Ansari et al., 2013)

Recent studies have employed the use of-atierial markers fomore accurate and repeatable
measurement@MacTaggart et al., 2018, 2014; Poulson et al., 20B8hding, torsion and
compressive arterial deformations were examined by implantisgaped stainless steel
markers in five lightly embalmed cadavéMacTaggart et al., 2014)Findings of the study
showed that the largest deformations occurred at the adductor hiatus and below the knee with
bending values measured as radii of spheres with 15#3 mm. Bending deformations are
commonly described with sphe radii, illustrated ifrigure2.9. The arteries exhibited twisting

of 28 £ 977 + 27 °/cm and axial compressive deformations of 1980& 8 %(MacTaggart

et al., D14) This study was furthered developed®yulson et al. (2018with an improved
Nitinol marker design, arterial pressurisation and a larger sample size with 28 limbs. To
account for the range of human motion, deformations were recorded undengtavadking,

sitting and gardening postures (showirigure2.10). Both studies found more severe bending
and compression deformations through the iattarial marke method than previously

reported through imaging metho@oulson et al., 2018)

The results of the studies discussed have established that the femoropopliteal artery exhibits
complex deformations during leg flexion. It is important to remember that these deformations
occur many times in daily life during walking, sitting or kneeliAg.implanted stent should

be able to mimic arterial deformations, as well as having good durability to withstand the

repetitive loading of the vessel.
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-

Figure 2.9 Computed tomography (CT) reconstructionshef femoropopliteal artery
measuring 3D bending with sphere radii (shown in green). Here, smaller radii indicate
higher degrees of bendir{goulson et al., 2018)

) §tanding Walking Sitting Gardening

XY 9 S 3

Il A\ SFA

Figure 2.10 Computed tomography (CT) igpes of femoropopliteal deformations including
standing (180°), walking (110°), sitting (90°) and gardening (60°) postures. Most severe
deformations occur at the adductor hiatus (AH) and popliteal artery (PA) se¢Rongson
et al., 2018)

2.2 Femoropopliteal Stent Features

2.2.1Stent Design and Associated Clinical Outcomes
Femoropopliteal stents can be characterised by the form of the material (e.g. sheet, wire, tube)

and by manufacturing methods (e.g. lasafting, waterjetcutting, photeetching, wire
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forming) (Stoeckel et al., 2002As discussed in Sectidh?2, lasercut stents make up the
majority of femoropopliteal stents, however more recently there is increstsemgion towards
braided stent systems and polyrserered stent systems. This section provides a brief
overview of clinical studies that have compared outcomes with different stent types(itaser

braided, polymecovered).

The impact of stent desigmmneyear patency rates was compared for three distinct self
expanding femoropopliteal stents, showrrigure2.11. Poor patency rates were shown after
implantation wih closedcell lasercut stents (46 %), which improved with the use of an open
cell lasercut stent design (72.5 %). However, superior patency was demonstrated in patients

stented with an interwoven braided stent design (86.7 %), shaowigure2.12.

(a) (b) -

CcC OoC W

Figure 2.11 Peripheral stents with distinctive features. (a) Laset closeecell stent design,
(b) lasercut opencell stent design and (c) wire braided stent degigeitl et al., 2017)

=
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Figure 2.12 Kaplan-Meier estimate showing improved patency for the interwoven braided
stent (IW) compared to laser cut opegll (OC) and closedell (CC) stent design@reitl et
al., 2017)

To date in the literature, many studies have compared the clinical outcomesmoEbarstents

(BMS) and covered stents (CS), with reports that covered stents result in improved patency
rates and freedom from revascularisaidajibandeh et al., 2016; Marin, 1998)arin (1996)

was the first to evaluate stent covering effectsniygianting stents that were half covered and
half baremetal in human iliac arteries. After 6 months of follaw, the mean diameter in the
covered portion (7.7 mm) was significantly larger compared to the bare portion (6.7 mm). Since
then, covered stentké the Viabahn (Gore, Arizona) have demonstrated significant clinical
and patency benefits in femoropopliteal regions compared to antsed stent, where 12

month patency rates improved from 54 % when treated with anbatia stent to 78 % when
treatedwith the Viabahn stent. Additionally, the Viabahn group showed improved freedom

from revascularisation (84.6 % vs 77 % in the BMS) and a higher-ankédial index (0.94
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vs 0.85 in the BMSjLammer et al., 2013However, other studies, where Dacromsed as

the polymer cover material, have found less favourable results, with poor patency rates (27 %
patency at 6 months, 17 % patency at 72 months), as well as increased restenosis at the edges
of the stenggraft compared to a bareetal sten{fAhmadi & al., 2002) Also, there is evidence

that covered stents are more prone to thromb@&ssanos et al., 2019nd have poorer
patency rates compared to drelgting stents (DES)Thukkani and Kinlay, 2015)Few long

term studies exist on the clinlcautcomes of covered stents, however, one study has
demonstrated improved patency rates in covered stents over five years, as ghigumeihl3

(Mwipatayi et al., B16).
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Figure 2.13 Kaplan-Meier estimate from the COBEST trial showing improved primary
patency rates for a covered stent compared to a-beetal stent after implantation in the
iliac arteries(Mwipatayi et al., 2016)

2.2.2Nitinol Shape Memory and Superelasticity

Due to thdarge deformations experienced in the femoropopliteal artery, most stent devices use
Nitinol in their stent frame due to its superelastic properties. Nitinol is a Aitkelum metal

alloy used for many medical applications including-seeibanding stels. The uniqueness of

Nitinol lies in its ability to shift in structure with changes in temperature or strain, giving rise
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to distinct shape memory and superelasticity characteristics. Nitinol has two main phases which
are characterised by crystal struetithe austenite phase has an ordered, simple cubic structure,
and the martensite phase has a monoclinic crystal stry&abertson et al., 201 2)epicted

in Figure2.14 (a).
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Figure 2.14 (a) Schematic representation of Nitinol phases and its related crystal structures.
(b) Austenite compositietemperature cure. Austenite is stable at temperatures above Af,
while martensite is stable at temperatures below Mf. Whefealistenite start temperature,
Af1 austenite finish temperature, NMsnartensite start temperature, Mimartensite finish
temperature.

Shapememory effects of Nitinol allow the material to return to a-fpagned geometry upon
heating through thermahduced reversible phase transformation. Thermal hysteresis of
Nitinol, shown inFigure2.14 (b), is caused by a delay in the transformation from austenite to
martensite phases, or vice versa. At high temperatures, Nitinol is stable in the austenite phase,
while at low temperatures, Nitinol is stable in the magitenphase. Thus, if Nitinol is cooled

to below the austenite start temperaturg,(@eformed in the martensitic phase, and then heated
above the austenite finish temperature),(#he material will recover its original unformed
geometry (se€igure2.14 (b)). Phase transition temperatures can be manipulated by changing
the nickeltitanium composition of Nitinol, as well as the heat set temperature, time and cooling

rate during manufacturgreung et al., 2004)
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While shape memory relies on temperature to induce a phase change, superelastic behaviour is
stressinduced. Superelastic effects allow Nitinol to accommodate large and fully reversible
strains up to 10 %, byhanging phase from austenite to martendeaerig et al., 2000)As

shown inFigure 2.15, Nitinol exhibits highly nodinear behaviour with four distinatages.

The first stage is mostly elastic, as the chemical bonds deform in the austenite microstructure.
After this, austenite begins to transform to martensiteu) and the curve plateaus. As strain
increases, the volume fraction of martensite increastisthe entire structure is composed of
twinned martensite Eam). When the applied stress is removed, the reverse reaction takes place
as martensite becomes unstable and begins transforming to austéni)e The martensite
volume fraction decreasemitil the structure is fully austenite5ua) (Maleckis et al., 2018)

It is worth noting that the elastic modulus for austenitg) (B usually stiffer than that of

martensite (), owing to a more ordered crystalline austenite structure.
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Figure 2.15 Stressstrain graph of Nitinol showing the typical profile of strétsduced
superelasticity. In Part | of the curve, Nitinol has a fully austenitic structure. Part Il of the
curve is the transformation remiai where the Nitinol structure transforms from austenite to
martensite on the top plateau and martensite to austenite on the bottom plateau. Part Il
corresponds to a fully martensitic Nitinol structure.
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Table2.1 Summary of key terms of a Nitinol strsssin curve

Symbol Parameter

Ea Austenite elasticity

Em Martensite elasticity

0 Transformation strain

USam Start of transformation loading
0Eam End of transformation loading
0Sua Start oftransformation unloading
UFva End of transformation unloading

2.2.3Nitinol Stent Characteristics

Both stent design and Nitinol properties can be optimised to fully exploit the shape memory
and superelasticity characteristics of Nitinol. Nitinol superelasticity allows a Nitinol stent to be
crimped into a small diameter catheter and reach high st&i %) without causing plastic
deformation(Henderson et al., 2011This allows minimally invasive deploymeit vivo,
whereupon sheath withdrawal, stored energy in the stent causes it to expand into the vessel. To
ensure that the stent expands uponaeal of the sheath, ther femperature of Nitinol used

for stent manufacturing is set below 37 (fetrini and Migliavacca, 2011A typical stress

strain response of Nitinol shows stress hysterésgi(e2.15), where loading and unloading

paths are distinctly different. This is also reflected in the radial force curve of a Nitinol stent as
biased stiffness, where the radial force is dependent on whether the stbeesed to loading

or unloading. Furthermore, Nitinol is a favourable material for medical applications as it is
biocompatible and corrosieresistant. These characteristics can be contributed to the
formation of a titanium oxide layer, which acts totect the bulk material from corrosion and
prevents the release of toxic nickel igigever et al., 1998)n the context of femoral stenting,
where the vessel is subjected to large external pressures, a flexible and kink resistant material
is important.Conventional materials like stainless steel deform elastically to approximately 1
%, whereas Nitinol (and biological materials) can deform up 10 % in dim@ar manner
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(Kapoor, 2017) Ni ti nol 6s | arge recoverablssmakd r ai ns
Nitinol 10-20 times more flexible compared to stainless gteakrig et al., 1999)The kink

resistance of Nitinol is closely related to its flexibility, but more specifically the s$tesis

curve, where stress plateaus with increasing stnaiiihit reaches a fully martensitic structure

at which point stress increases rapidly. In terms of local stress, if Nitinol is strained beyond the
plateau strain and high local stresses are generated, the strain will partition to an area of lower

strain,hence preventing strain localization or kinkifi@uerig et al., 1999)

2.3 Evaluating Stent Biomechanics

Stent biomechanics can be evaluated through both experimental and computational methods.
Experimental testing is important to provide real reliabla dat is useful to directly compare

key mechanical attributes between different stent designs. However, benchtop testing cannot
capture the complex loading conditions experiencatlyoand has limitations in terms of cost.
Computational modelling can h#&sed to accelerate the development of stents by rapidly
simulating a wide range of stent parameters. It can add knowledge to traditional benchtop tests
by providing information on failure mechanisms by indicating stress in the struts and the use
of in silico modelling can provide insight into realistic stent deployment and evaluate stent

artery interaction.

2.3.1Stent Experimental Testing

2.3.1.1In Vitro Benchtop Testing of Stent Biomechanics

The International Organization for Standardization (ISO) provides minimum test requirements
for vascular stents in the | SO idEodovastdan t ent
devices: Par t 2: -25639%)cThdsareconsmeralations paeiguldg i on

assessing device performance, where experimental benchtop testing is a major component for

evaluating stent behaviour. As shownTiable2.2, there is arextensive list of experimental
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tests required during cardiovascular device development and validation, which are costly and
time-consuming. It is important that benchtop testing is representative of physiological loading
conditions for the intended appiton. The benchtop tests, detailed belovirable 2.2, are

used to determine the radial, axial, torsional and kink behaviour eéxqadinding stents, as

well as fatige and durability behaviour.

Table2.2 Relevant tests for sedixpanding stents, summarised from {&539(ISO, 2020)

Tests

Test description and requirements

Simulated use

Evaluate the ability to access, deploy, and withdraw the stent system, incluc
pushability, flexibility, torquability, and trackability, and determine deployme
accuracy, using an anatomical model(s) representative of the anatomy in th
intended patienpopulation. Evaluate the conformability of the deployed stent
the vessel wall, positioning (including orientation, if applicable), and absenc
anomalies (e.g. kinks, twists, noamiform expansion, stent damage).

Force to deploy

Determine thdorce required to deploy the stent by the operator under simulz
anatomical conditions.

Tensile bond strength

Determine the bond strength of all joints and/or fixed connections of the dell
system.

Torsional bond
strength

Evaluate theorsional strength of the joints and/or fixed connections in the
segments of the delivery system that are subjected to torsion during clinical

Haemostasis

Evaluate the ability of any haemostatic seal or valve in the delivery system i
minimize leakag of blood.

Biocompatibility

The biocompatibility of the delivery system and the vascular stent shall be
evaluated in accordance with ISO 109Band appropriate other parts of the 1S
10993 series.

Corrosion

Evaluate the susceptibility of a stemth metallic materials to corrosion.

Fatigue and durability
8 Computational
analyses

Calculate the magnitude and location of the maximum stresses and/or strail
each appropriate loading scenario.

Radial fatigue and
durability - in-vitro

Evaluate thdong-term structural integrity of the stent when subjected to cycli
radial loading conditions using a mock vessel with a physiologically relevan
radial deformation. Demonstrate a minimum design life of 10 years.

Axial fatigue and
durability - in-vitro

Evaluate the londerm structural integrity of the stent when subjected to cycli
axial loading conditions, demonstrating a minimum design life of 10 years.

Bending fatigue and
durability - in-vitro

Evaluate the londerm structural integrity fdhe stent when subjected to cyclic
bending loading conditions.

Torsional fatigue and
durability - in-vitro

Evaluate the londerm structural integrity of the stent when subjected to cycli
torsional loading conditions, demonstrating a mininaesign life of 10 years.

44



Chapter2

Compression fatigue
and durability - in-vitro

Evaluate the longerm structural integrity of the stent when subjected to cycli
compressive loading conditions perpendicular to the stent axis (e.g. compre
along the entire lerth, local compression), demonstrating a minimum design
of 10 years.

Compression resistance
to perpendicularly-
applied load

Determine the force at which a pspecified displacement occurs under a loac
applied perpendicular to the longitudinal axigle stent.

Radial force

Determine the outward force as a function of the diameter of the stent.

Kink resistance
(flexibility)

Determine the minimum radius that the stent can accommodate without kinl

Stentfree surface area
and stent outersurface
area

Determine the proportion of free or open surface area of the stent at minimt
and maximum indicated deployed stent diameters and the maximum contac
between the stent and the vessel.

Dimensional
verification of stent

Determine theleployed stent dimensions including outer diameter(s), wall
thickness(es), and all other appropriate dimensions, for verification to desig
specifications.

Stent length

Determine the relevant lengths of the stent on the delivery system and as
deployed.

Magnetic resonance
imaging (MRI) safety

Determine the appropriate MR safety term (i.e. MR safe, MR conditional, or
unsafe) as defined in ASTM F2503.

In the literature, benchtop tests are often used to evaluate commercially available stents, since
they allow comparisons of the mechanical performance of different stent types without patient
dependent factors. The radial force response is one of thecorstonly used metrics to
assess stent performance, where radial stiffness, radial resistive force (RRF) and chronic
outward force (COF) are compared between different stent {iadsr et al., 2018)The most
appropriate benchtop test to determine datbace is with an iris crimping head which
uniformly reduces the radial diameter of the stent, showigure2.16. Radial properties have

also been measured using glensheet loop setugGong et al., 2004)v-block testing
(Maleckis et al., 2017)parallel plategMuller-Htlsbeck et al., 2009r localised compression

with a probgXue et al., 2018)
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Figure 2.16 Radial force test machine showing (a) radial crimping head and (b) uniaxial test
machine(Dabir et al., 2018)

Figure2.17 shows a typical radial force curve of a Nitinol stent during crimp and release. First
the stent is crimped, changing phase from austenite to martensite, until it reaches the desired
delivery dameter (point A). When the stent is correctly positioned, it is deployed into the
vessel, and the radial force curve follows a lower plateau associated with martensite to austenite
transformation. At point B, the stent contacts the artery wall and reagb#é®rium with the

vessel. The biased stiffness of Nitinol means that the force resisting radial compression, or the
radial resistive force (RRF) increases rapidly (poir@)B while the force acting on the vessel

wall, or the chronic outward force (CQFemains low(Duerig et al., 2000)
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Figure 2.17 Radial force versus diameter curve showing typical superelastic behaviour
during crimping and unloading of a stent. Adapted fiduerig, Tolomeo and Wholey
(2000)
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Other benchtop tests have focused on the stent longitudinal strength by quantifying stent
compressive and tensile forces. Axial compression benchtop testing is typically conducted by
applying an axial compressive load to one end of a stenistbahstrained at the ends, while

axial tension is carried out by reversing the loading direction and causing stent extension. Axial
compression and tension testing provide information on the stent compressive/tensile forces as
well as the deformed configation (stent buckling, crosectional area reduction). One such

study demonstrated that stent longitudinal strength, measured as the resistance to shortening or
elongation Figure2.18), increases with the number of interconnecting segments between the

radial rings(Ormiston et al., 2011)

Figure 2.18 Benchtop testing where A/B shows 5 mm axial compression anchQAB 8
mm axial tensiofOrmiston et al., 2011)

The bending behaviour of sadkpanding stents has been analysed with several experimental
techniques. Measures for bending stiffness have been acquired by measuring the force exerted
to bend a stent around a blo@krischek et al., 2011pr with a threepoint bending test
(Maleckis et al., 2017)while bending deformation profiles have been analysed by deploying
stents in curved silicone tub@&rischek et al., 2011gnd with thregpoint bending deformation

profiles (Maleckis et al., 2017)as shown ifrigure2.19.
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(b)

Figure 2.19 Compaison of bending deformation profiles using (a) deployment in silicone
tubes and (b) threpoint bending. Adapted froKrischek et al(2011)and Maleckis et al.
(2017)respectively.

2.3.1.2Femoropopliteal Stent Biomechanics

When evaluating femoropopliteaiesit biomechanics, it is important to consider application
specific deformations like bending and torsional behaviour, ideally under both static and cyclic
loading regimesMaleckis et al. (2017xarried out a comprehensive evaluation on the
mechanical prformance of twelve commercialfvailable femoropopliteal stents including
lasercut, braided and covered stent configurations {sd®e2.3). A range of benchtop sés

were conducted, including axial and radial compression, axial tension, bending and torsion
(Figure2.20). Each stent was subjected to large bending (10 fpoirg pin displacement) and

torsion (90 °/cm) deformations, reflective of the severe femoropopliteal artery loading

environment.

Table2.3 List of commercially available femoropopliteal stents which were evaluated by
Maleckis et al. (2017)

Stent Name Manufacturer Stent Type
Absolute Pro Abbott Vascular Lasercut
Supera Abbott Vascular Wire Braided
Lifestent Bard Lasercut
Innova Boston Scientific Lasercut
Zilver Cook Medical Lasercut
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S.M.A.R.T. Control Cordis Endovascular Lasercut
S.M.A.R.T. Flex Cordis Endovascular Lasercut
EverFlex Covidien Lasercut
Viabahn Gore Medical Wire scaffold, Covered
Tigris Gore Medical Wire scaffold, Coated
Misago Terumo Lasercut
Complete SE Medtronic Lasercut
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Figure 2.20 Schematic of benchtop tests used to assess the performance of femoropopliteal
stents(Maleckis et al., 2017)

Forcestrain behaviour, stent stiffness (the slope of the initial fet@n curve for axial
compression, axial tension, radial compressiad torsion testing), and the deformed stent
geometry were compared for each stent type. Axial compression testing found that the Viabahn,
Tigris, Misago and Supera stents offered the least resistance to axial compression and the Smart
Control, Smart Flexand Zilver stents offered the most resistance. The Innova, Zilver, Smart
Control, Smart Flex, and EverFlex stents buckled at 25 % axial compreBgjone.21),

while t he Absolute Pro and Supera stents didno@
axial tension, the stiffest stents included the Viabahn (12387 N/m) and Smart Flex (2469 N/m)
stents, while the lowest tensile stiffness was seen in the Misago (32 Abieglute Pro (47

N/m) and Supera (94 N/m) stents. Thpeent bend testing demonstrated the highest bending
stiffness in the Smart control stent (98 N/m) and the lowest in the Viabahn (3 N/m) and Tigris

(2 N/m) stents. Bending deformations showed thalabercut Innova, Zilver, Smart Control,

EverFlex and Complete SE stents kinked at the point of contact with the load pin, and Misago
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and Zilver st emackd® haopweelaraa mage,t olri k eahgled c au s e «
struts. The radial respons&s most no#linear for the braided Supera stent, where the initial

radial stiffness was modest (295 N/m) when the crossing wires could slide, followed by an
exponential stiffness increase when the caEsgional area of the stent reduced by more than

10 %. Aside from the Supera stent, the highest radial stiffness was observed in the Complete

SE, Lifestent and Viabahn stents and the lowest in Smart Control and Zilver stents.

Overall, results showed large variation in mechanical performancelifféhent stent designs,
however, no stent design demonstrated superior characteristics across all deforfigtioas (
2.22). Yet, notably, the covered Viabalstent exhibited low bending, compression and
torsional stiffnessKigure2.22). Although the ideal mechanical behaviour and most important
mechanical characteristic fan improved clinical outcome are unclear, it was suggested that
low axial forces and the ability to accommodate severe bending will minimise stent/artery

interaction, reducing arterial wall injury and therefore reducing the likelihood of stent failure.
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Figure 2.21 Femoropopliteal stents in the neutral position, under 25 % axial tension, and
under 25 % axial compressigMaleckis et al., 2017)
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Figure 2.22 Comparison of stent stiffness under bending, compression and torsion
deformations with marker size representing radial stiffness. No stent type demonstrated
superiority under all deformations, and the most important deformations in terms of the

clinical outcome are not yet establish@daleckis et al., 2017)

As discussed in Sectio@.1.5 the femoropopliteal artery is subjected to large cyclic
deformations, inclding axial compression, bending and torsion that may lead tmanere

stent failure. Stent fatigue has been analysed experimentally by applying repetitive loading
directly to the stenfBerti et al., 2021; MulleHUlsbeck et al., 201@)r to stents imianted in
silicone tubegNikanorov et al., 2008)The fatigue behaviour of six commerciallyailable
lasercut femoral stents was analysed by applyingd@les of physiological bending (38

and axial compression (5 %) to stents implanted in silicone tiNikanorov et al., 2008)

Axial compression fatigue resulted in high fracture rates for Luminexx (80 %) and LifeStent
(50 %) stents, and lower fracture rates for Absolute Pro (3 %)FExe(0 %), and Smart
Control stents (0 %). However, contrasting behaviour was seen with a different loading mode
where, under bending fatigue, high fracture rates were observed in the EverFlex (100 %), Smart
Control (100 %), as well as Luminexx stentsqE®), with lower fracture rates observed in
Absolute Pro (3 %) and LifeStent (0 %). The varying stent fracture rates observed reflect the
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differences in stent geometry, where some stents are more susceptible to local strain which

ultimately causes strutdcture(Nikanorov et al., 2008)

(a)

L=104mm

T R y

Figure 2.23 Fatigue testing apparatus sap. (a) Measured vessel deformation in cadaveric
femoropopliteal arteries (b) Cyclic loading between 0 % and 5 % axial compnesmsib(c)
cyclic bending to a bend angle of 48°. Adapted fiikanorov et al. (2008)

More recently, multiaxial fatigue loading was carried out on two lasatrstents representative

of the commerciallyavailable Absolute Pro and Complete SE perighstents(Berti et al.,

2021) The stents were simultaneously subjected to axial compression, bending and torsion
deformations. Results demonstrated no stent fracture afterytles when cyclic loading
conditions had a fatigue ratio of 0.75 (min loadkmoad), i.e., axial compression cycles
between 1.26 mm and 0.93 mm, bending cycles between 30° and 23°, torsional cycles between
30° and 23°. However, with a more extreme fatigue ratio of 0.62, the Absolute Pro stent
fractured at 2x10 cycles and the Coptete SE stent fractured at 2¥1@ycles. This

demonstrates that extreme deformations considerably reduce stent fatigue life.

2.3.1.3Braided Stents

While the previous section outlined existing knowledge of FPA stent biomechanics, the vast
majority of this dataelated to lasecut stents with very few examples in the literature on the
biomechanics of braided configurations. This section outlines details of experimental testing

of braided stents from other more general applications, although this is still sontieviteat
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in the literature. In many cases, experimental benchtop testing has been used to provide input
and/or validation for computational analyses. Hence, there is typically a small range of
experimental tests conducted with few braided stent geometacaimeters analysed in any

one study.

Braided stents demonstrate several unique characteristics that can be attributed to the
geometrical structure of their weaved wires. Several analyfledwab and Clerc, 1993@hd
computationalKelly et al., 2019 Zaccaria et al., 202Gpodels have demonstrated that the
functional properties of braided stents are dictated by features that include the wire material,
number of wires, wire diameter, braid pattern and braid angle. While these approaches are
discussd in more detail in SectioR.3.2.2 it is perhaps surprising that no experimental study

to date has evaluated the effect of braid angle, wire density or wire diametgher radial or

axial response of Nitinol wire braided ster{sm et al. (2008)analysed the effect of braid

angle and number of wires under localised compression. Results demonstrated that as braid
angle became more circumferentiatlijgned andthe number of wires increased, the
compressive loading stiffness increases. Similar results were observed when polymer braided
stents were evaluated, whereby radial stiffness increased with braidfemegfies et al., 2010)

wire diameter and polymer gperties(Yuksekkaya and Adanur, 20093ayama et al. (2009)
radially compressed laseut and braided biliary stents and noted that the radial response of
the braided stents had a characteristic high radial force at small crimp diameters, followed by
a sharp drop in force. This was attributed to the wire braided structure, where large amounts of
friction are generated at wire crossover points with the initial expansion motion. Further studies
have demonstrated that the end configurations are ciiticktermining the overall response.
Braided stents with open ends, welded ends and looped ends were analysed under radial
compression and-klock compression to show that the force to compress a braided stent with

openends is considerably less (~10 tidgan that required to compress the stents with closed
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ends(Kelly et al., 2019)In the carotid system, laseut and braided stents were deployed into

a silicone vascular bifurcation to evaluate stent conformalfilignaka et al., 2004)The
braided stents (Wallstent, Expander) analysed in this study had a limited capability in
conforming to the vessel geometry compared to theirdasecounterparts, as the continuous

wires induced a straightening effect, showkigure?2.24.

Wallstent Expander Jostent SMART Zilver

Figure 2.24 Stent conformity in a silicone carotid bifurcation. The continuous wires in the
braided stents (Wallstent and Expander) have a stiffening €ffactika et al., 2004)

2.3.1.4Polymer-Covered Stents

Again, while Setion 2.3.1.2outlined the existing knowledge of FPA stent biomechanics, the
vast majority of this data related to laseit stents with very few examples in therktteire on

the biomechanics of polymeovered stented configurations. This section outlines details of
experimental testing of covered stents from other application areas. Few experimental studies
investigate the specific influence of stent covering on akerall stent biomechanical
performancelsayama et al. (2009 easured radial and axial bending forces in commereially
available selexpanding biliary stents, where several lagigganeter (10 mm) stent geometries
(lasercut, braided) and covering matds (silicone, polyurethane, expanded
polytetrafluoroethylene) were included. Although the effect of covering was not the specific

focus of this study, bare and covered versions of the braided Wallstent Endoprosthesis (Boston
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Scientific, MA) were analysk Results demonstrate that stent covering caused an increase in
the radial stiffnessHigure2.25) and higher axial bending forces, suggesting greater tendencies
to kinking (Isayama et al., 2009Ywo covering polymers were evaluated to show that the
polyurethanecovered Wallstent had a greater radial force throughout the crimpFstepg

2.25) compared to the silicormvered Wallstent, but a lower chronic outward force at 4 mm

and lower axial force at 8(end Table2.4). No covered laserut stents were evaluated in

this study, as the main focus was on the mechanical behaviour of existing biliary stents.

a b c
( ) Wallstent ( ) silicone-covered Wallstent ( ) Polyurethane-covered Wallstent
20 -
- - Resistence force 2 2 « == ‘Resistance force z Br - == -Resistance force
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Figure 2.25 Radial force profiles of a Wallstent Endoprosthesis with (a) no cover (b) a
silicone cover and (c) a polyurethane cover. Adapted fsayama et al. (2009)

Table2.4 Radial force (RF) and axial Ineling force (AF) in bare and polymeovered
Wallstent Endoprotheses. Adapted friziayama et al. (2009)

Stent Type RF at 4 mm (N) AF at 60° (N)
Bare Wallstent 2.08 0.66
Siliconecovered Wallstent 3.41 0.95
Polyurethanecovered Wallstent 2.19 0.73

The biomechanical effect of stent covering was evaluated in a combined experimental
computational study bicGrath et al. (2016)who carried out radial compression, flat plate
testing, and nowniform radial compression on bare apdlycarbonatairethane (PCU)
covered tracheobronchial stents. Again, this was a-ldiagaeeter application (15 mm) and
experimental results showed that the addition of a cover caused a 136 % increase in radial force
at full crimp and 27 % increase in theaction force at full crush in the flat plate tdsig(re

2.26). Whilst this represents the first study to directly compare bare and petywered

behaviour, only oa lasercut stent configuration has been evaluated and this stent is designed

56



Chapter2

for a large diameter application. The cover folding observed during radial compression, shown

inset inFigure2.26 (a), may become even more influential at smaller crimp diameters.

Bare Experimental A Bare Computational
= = (Covered Experimental B Covered Computational b

Q

60 A

40 A

Force (N)

20 A

Radial Force (N)

6 8 10 12 14 16 0 2 4 6 8 10 12 14
Diameter (mm) Distance (mm)

Figure 2.26 Response of bammetal and covered stents under (a) radial compression with
inset figure showing cover folding and (b) flat plate testing. AdaptedNto@rath et al.,
(2016)

Other studies have evaluated the mechanical characteristics of coversdusezhtfor the
treatment of abdominal aortic aneurysrB@manget et al. (2012®valuated the bending
behaviour of two commercially available largemeter (12L6 mm) stengrafts where a
Dacron polymer was stitched to the stent frame. A 3D image afdfeemed geometry was
obtained by Xray and used to validate a computational moigiure2.27). It was shown that
curvature was more constant across the Aorfix stent graft (where the Nitinol frame is composed
of a single spiral wire) compared to the Zenith stent graft (where the Nranme is composed

of separated -Rings). However, these deformation profiles were primarily used for validation
and no mechanical tests were carried out on theseggtHtg. More recently, steigfraft
damage was assessed in stpafts with zrings aml continuous ring geometries after
accelerated twistin@-in et al., 2016)Results showed stretching in the graft fabric around the
holes for sutures, which worsened with increasing height and angle cfitigszAlthough

this study thoroughly investates fatigue of the graft under torsion, no insight is provided on

the shortterm mechanical behaviour of the stgnafts.
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3
SG extremity #1: SG extremity #2:
| rigid body controlied rigid body controlled
2 ® by RP1 by RP2

Figure 2.27 Bending deformation apparatus used to deform the-gtexit to a bexding angle
U o f (D&ngafgat et al., 2012b)

Few studies exist on smallameter covered stents, with certain challenges associated with
crimping and deliverability limiting their implementation. The feasibility and durability of a
new smakldiametercoronary covered stent were analysed by assessing the stent/cover bond
strength, fatigue, recoil, bending and radial strer(§drhatnia et al., 2016)rhe authors
showed severe stent/cover dislodgement in untreated covered stents, which much improved
when the barenetal stent was chemically treated through silanisattgue2.28). Different
membrane thicknesses were analysedu@050um, 100um) to show as membrane thickness
increases, recoil increases and greater force is required to bend the stent. This provides detail
on the effect of cover thickness, although other fundamental mechanical characteristics like

axial loading and bending defoation profile were not provided.

Treated surface Untreated surface

Covered stent

Figure 2.28 Stent/cover integrity after three cycles of expangkarhatnia et al., 2016)
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2.3.2Stent Computational Modelling

Computational modelling through finite elemamtalysis (FEA) has proven a valuable tool for
predicting stent performance and essential for the continued development of stents. As with
any computational model, it is important to inform and validate the models with experimental
data(McHugh et al., 2016 Simulated mechanical testing of laset stents is now well
established and has been used to provide insight into various aspects of stent design including
strut geometrical parametefsim and Jeong, 2017)stent design and material properties
(Grogan et al., 2012)as well as providing robust validation for computational techniques
(McGrath et al., 2014)Computational models have also been utilised to predict deployment
behaviour and provide insight into clinical outcomes by simulating-lagestent deployment

in idealised arterial geometriésuricchio et al., 2010; Conway et al., 2012; Garcia et al., 2012)
and patienspecific arterial geometrig@uricchio et al., 2013, 2011; Chiastra et al., 2016;
Morlacchi et al., 2013; Mortier et aR010; Zahedmanesh et al., 2QIH)ese approaches have
been implemented for a range of lasat stents across diverse application areas, which include
coronary(Chiastra et al., 2016; Conway et al., 2012; Grogan et al., 26&2heobronchial
(McGrath et al., 2014and carotid/Auricchio et al., 2011; Garcia et al., 20K3stems, and
comprehensive reviews are available elsewt{@rair Paisal et al., 2017; Conway, 2013,
McGrath, 2017) Here, computational modelling approaches that have beed i
femoropopliteaktenting are reviewed in Secti@B.2.1 Since the majority of computational
modelling of femoropopliteal stents involves lasat stents, maelling approaches taken for
braided and covered stents are reviewed for all applications, in Se2tbAand2.3.2.3

respectively.

2.3.2.1Femoropopliteal Stent Modelling
A number of computational studies have been developed with a focus on the dynamic

femoropopliteal artery environment, either by considering dbeaplex geometric and/or
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deformation characteristics of the femoropopliteal artery and others that consider stent fatigue
performance in this environment. In a computational analysis considering a-gpteiiic
geometryRebelo et al. (2009)etermine stent deformation in both supine and fetal positions.

It was shown that the stent 1 mplanted in the
vessel wall and the peak maximum principal strain in the stent was three times greater than that
obsered in the stent implanted in the supine geomekigure 2.29), highlighting the

importance of considering the bent arterial geometry.

Straight (Supine) Arery

Bent (Felal) Adery

Figure 2.29 Maximum principal strain of the deployed stent in straight and bent arterial
positions(Rebelo et al., 2009)

Ghriallais and Bruzzi (2014valuated the effect of stenting on the global arterial deformation
using an anatomally accurate model of the leg with bone and individual muscles modelled.
Here, it was shown that stent length and location alter the resulting curvature, shortening and
twisting deformation characteristics of the artery. However, the stent was nateiddiuthe

model, and instead represented by localised stiffening of the vesseCwali.et al. (2017)

also focused on arterial kinematics, by using Computed Tomography Angiography images to
establish extended and flexed arterial geometries. FEA waseguently used to simulate

patientspecific arterial deformations with an implanted ®{panding Precise Pro stent, to
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show that the stent experiences higher levels of stress in the stent portions located above the
knee. As is common in the literatusaterial deformations were considered over a relatively
conservative limb flexion, shown Figure2.30.

(a) (b)

Straight Bent Straight Intermediate Bent

P,(0)

P(0)

P.(0)

Figure 2.30 (a) 3D rendering of CTA scans in straight and bent configurations (b)
Reconstructed arterial geometry in straight and bent configura(iGosti et al., 2017)

The Laboratory of Biological Structure Mechanics (Politecnico di Milano, Italy) has performed

a large number of fatigue analyses of peripheral stents considering cyclic axial compression
and bendingdDordoni et al., 2015, 2014; Meoli et al., 2014, 2013; Petrini et al., 20h&)

results highlight the importance of including the stent/artery intera@ti@oli et al., 2013)

and considering plague geomefBordoni et al., 2014)The usefulness of FEA in predicting

the clinical outcome of femoropopliteal stenting was destrated byPetrini et al. (2016who
simulated cyclic axial compression and bending to an implanted femoropopliteal artery.
Results showed the highest strain amplitudes were found at the apex of stent struts, which
concurred with the stent fracture |ticas in a patienrspecific clinical case. Other studies have
implemented fatigue analyses to evaluate the effects of stersiairey(Gokgol et al., 2015)
Recently,Lei et al. (2019)were the first to consider both complex physiological deformation

and plaque geometry in an FEA model. Results showed that simulation of both plaque and
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physiological deformations simultaneously generates significantly larger strain values,
important for accurate stent fatigue conclusions. To date, computational fatiglysis has
only considered higleycle fatigue from walking arterial deformations {1fycles), while

neglecting lowcycle fatigue from more severe arterial deformationé-(Dd cycles).

Generally, computational fatigue studies compare fatigue ddta tditinol fatigue strain limit
curve for 10 cycles proposed belton (2011)as shown ifrigure2.31 (a). The fatigue strain
limit was determined from experimentallsatile loading of diamonghaped lasecut Nitinol
specimens until the sample fracture or until dfcles were exceeded. It was also shown that
the fatigue behaviour of Nitinol can be divided into loycle fatigue (1810 cycles) and

high-cycle fatgue ©10°), where the lowcycle data fits a powdaw slope 0£0.49, shown in

Figure2.31 (b).
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Figure 2.31 (a) Nitinol fatigue strain limit curve for @ycles (red line). (b) Straifife data
from experimental data can be split into low cycle fatigué (4@ cycles) and high cycle
fatigue (>1C cycles)(Pelton, 2011)

Although these studies have prded great insight into femoropopliteal stent behaviour,
research to date only concerns lasetr stents, with few computational studies comparing
different stent types. None of the mentioned studies have investigated a braided stent

configuration, nor condered a covered stent under femoropopliteal deformations.
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2.3.2.2Braided Stents

While there are limited examples in the literature of a braided stent computational model in a
femoropopliteal applicationZaccaria et al., 2020)this section reviews computational
techniques used to model braided stents in all applications, and Igemérgs surrounding

their geometrical parameters. As discussed in Se2ti®d.3 very few experimental studies

on braided stents are availaifieelly et al., 2A9; Kim et al., 2008)and much of our general
understanding of how geometrical features influence overall braided performance have been
provided by the analytical model developed Jedwab and Qedevab and Clerc, 1993)hey
described a mathematicalodel relating the geometrical features of a wire braided stent to
stent elongation and radial force. The analytical model provides a number of equations that
describe the deformation of a braided stent under an axial'@adtf initial braid anglef( ),

initial external diametefO ) and initial length § ) to a braided stent with a new elongated
length ), while reducing in diametef)) and rotating at wire crossover points to give a new
braid anglef() (Figure2.32). Then, assuming that the braided stent acts as a helical spring with
rotationally-constrainecends and that the wires undergo elastic deformations only, the axial

force (Q and radial pressur@) can be determined based on equations for helical springs:

0 "00 ci NE 0OHhEcondi
C e 0 o 21
. ¢'Ow
Y 00 o (2.2)

where0 h) and0 are constants relating to braid angle and stent dianfeteher details of

this analytical model are provided in SectiA.

Validation of this analytical model was performed by conducting a radial force test with Delrin

blocks on a Phynox braided Wallstéd¢dwab and Clerc, 1993)
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Initial stent geometry Deformed stent geometry
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In terms of computational modelling techniques, the geometrical structure of a braided stent
has previously been constructadthe literature using the opsource software Pyformex
(Verhegghe, 2019)hich generates a braided stent mesh using a sequence of tranglzions
Beule et al., 2009; Ochola et al., 2017; Peirlinck et al., 2a@k&)y using an analytical model

with a numerical programming softwaf@accaria et al., 2020; Zhao et al., 20IBypically,

the wire mesh is described with beam elements with a circular-secsisnal profile due to

the significantly lower computational cost compared to 3D elenfEantstal., 2017a; Kelly et

al., 2019; Kim et al., 2010, 2008; Ochola et al., 2017; Zaccaria et al., 2020; Zheng et al., 2019)
To describe contact between wires, there are several existing strategies. The most realistic
technique is to model weaved wires witlttion between crossing wires, and allowing slip
(Alherz et al., 2016; Kim et al., 2008; Zhao et al., 2012; Zheng et al., .28t&natively, for

a simpler computational solution, connector elements can be employed (dyaicchio et

al., 2011; @ Beule et al., 2009; Zhao et al., 20@Bhinge(Shanahan et al., 201fAe crossover

points. This means that the crossing nodes stay in contact and only allow rotational deformation
at crossover points. Abaqus/Standard can be used to model jonfiypegconnections, while
Abaqus/Explicit is required to solve the complex contact between beam crossover points in a
general contact modelling techniqqi€elly et al., 2019kvaluated these modelling techniques

by comparing the simulated behaviour adided stents with weavand join connections to

experimental data under radial forceblock and flat plate testing. The authors demonstrate
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that simulating the crossover point as a weaved structure produces more accurate results
compared to a joinedra@ssover point, in terms of both deformation and loading behaviour.
However, they also acknowledge that modelling a simplified join type connection requires
significantly fewer CPU hours compared to the weave method. Simiatgaria et al. (2020)
denonstrate large differences in deformation and stress distributions for braided stents
modelled with general contact, hinge connections and join connections. This is the only
computational simulation that includes the femoropopliteal Supera stent (Ablsmitil&ia

Santa Clara, CA), but the authors acknowledge that the results may not accurately capture the
mechanical behaviour of real devices and the main objective of the study is to compare contact

strategies under bending, crimping and confined rel@eeearia et al., 2020)

One of the first computational studies to investigate the effect of geometrical parameters in
braided stents was performed Kyn, Kang and Yu (2008)where localised compression and
bending was performed on a range of braid an(€°, 45°, 60°) and numbers of wires (16,

32). The authors observed that braided stents with circumferentially aligned wires showed
increased stability, increased compression resistance and a greater ability to maintain-the cross
sectional profile undebending. In a followup study, the deployment behaviour of shape
memory polyurethane braided stents was compared to Nitinol braided(Kiemts al., 2010)

Since then, other studies have also analysed geometrical parameters of wire braided stents. The
influence of wire pitch, diameter and number
was evaluated through radial and bending deformations using ANsys al., 2015) The

study establishes that wire pitch is the most influential structurahpeter and proposes a
braided stent with a variable pitch, to reduce the radial stiffness in the end portions of the stent
and hence avoid excessive stress in a healthy artery. More recémlyy et al. (2019
evaluated radial stiffness and flexibilibf wire braided stents with welded ends and varying

braid angles (30°,45°, 60°), wire diameters (25 um, 50 um, 100 um), wire number (24,36,48)
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and braid patterns (orfmverone, tweovertwo, oneovertwo), shown inFigure 2.33. The

results suggest that braid angle is the most important parameter for radial stiffness, while braid

diameter is the most important parameter for longitudinal flexibilfigyre 2.34). Braid

pattern did not have a noteworthy effect on the radial stiffness, but under bending, the most

flexible braided stent had a twavertwo braid pattern. Other research has simulated radial

compression to assess geometrical features like the enfdagped, openjShanahan et al.,

2017)and braid pattern (or@verone, tweovertwo) (Ochola et al., 2017However, few of

these studies have validated the computational model with experimental {(Esfigget al.,

2019; Kim et al., 2008and may braided stent models use the analytical model developed

Jedwab and Clerc as a means to validate their computational predib#oBsule et al., 2009;

Fu et al., 2017b; Ma et al., 2012)
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Figure 2.33 Braided stents with (a) oraverone (b) tweovertwo and (c) one@vertwo
braid patterngZheng et al., 2019)
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Figure 2.34 (a) Radial resistive force is most influendgdbraid angle. (b) The bending
moment increases 46ld when the strand diameter doubles (from 0.05 mm to 0.1 mm)
(Zheng et al., 2019)

The effect of deploying a braided stent into an artery was considedediachio et al. (2011)

who compared stiss and lumen gain in a patispecific carotid artery following the
deployment of lasecut stents and braided stents. Results found similar arterial stress generated
from a braided stent and a tapered laserstent.Zhao, Liu and Gu (2012%imulated
deployment into an idealised stenotic vessel to evaluate the effect of welding crossover sections
of wire braided stents. They found that the wire braided stent had a low radial force and was
less effective at restoring patency compared to the weldet] Istethe welded stent had large

wire deformation resulting in high strain. More recently, braided stents were deployed into
curved vessels to relate stent expansion to arterial curv@hbiezaki et al., 2020)indings

show incomplete expansion redlss of arterial curvature, where there is incomplete
expansion at stent ends when implanted in low curvature vessels, and stent flattening in high

curvature vessels.

Several studies have investigated braided stents as flow diversion devices for tientreét
intracranial aneurysm@\lherz et al., 2016; Fu et al., 2017a; Ma et al., 2013, 2012; Suzuki et
al., 2017) Fu et al. (2017pvaluated the mechanical characteristics of braided dieerter

devices with different braid angles, numbers of waed wire diameters. Results show that
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radial stiffness is neaniform along the length, and elongation decreases with increasing braid
angle, increasing wire density, and increasing wire diameter. Other studies have evaluated
braided stents for the treadmt of tumour stenosis in the urethra and esophagus to investigate

foreshortening and end type respecti @ Beule et al., 2009; Zhao et al., 2013)

2.3.2.3Covered Stents

With limited examples of computational models of covered stents for femoropopliteal
applications in the literature, this section reviews computational techniques used to model
covered stent systems across other applications. A large area of focus for covered stents is for
the treatment of aortic aneurysr{iBe Bock et al., 2013, 2012; Demamget al., 2012a;
Kleinstreuer et al., 2008; Perrin et al., 2010t more recently, computational analysis has
been carried out on covered stents for treatment of trachea obstrktoshsath et al., 2016)

and biliary stricturegLiu et al., 2017)

Covered stents are typically modelled with a separate metallic stent frame and an adhered
pol ymer cover. Cover attachment i's most com
(Demanget et al., 2012a) but 6éno sl i p6& c(DenBockeat &l., 2012)andal s o L
rigid connections have been used to replicate su{e®ock et al., 2013)The cover itself

has been represented with membréide Bock et al., 2012)shell (De Bock et al., 2013;

Demanget et al., 2012aihd solid elemeni&leinstreuer et al., 2008; Liu et al., 2017; McGrath

et al., 2016)

The first computational study on covered stent deployment was carried Kidibstreuer et

al. (2008) who deployed diamonrshaped stents into straight vessel silicone models and
analsed the fatigue life of stents with ePTFE and PET grafts under pulsatile loading. Results
show that while PE-Eovered stents have the most promising durability and fatigue life, they

result in stiffer wall compliance compared to ePT¢eivered stents.
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Constant life diagram
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Figure2.35 Constant life diagram showing improved safety in RiBVered stents
(Kleinstreuer et al., 2008)

Since thenDe Bock et al. (2012)alidated deployment of a bifurcated stgnaft in a realistic
silicone aneurysnRerrin et al. (2015 ssessed the deformation of five commercial sjeatts
in curved aneurysmal arteries, to show varying levels of malapposition on the inner eurvatur

(Figure2.36).

Figure 2.36 Deformed geometries of six sta@mafts deployed in curved abdominal artery
aneurysm vesss. Black circles highlight gaps between the stgaft and the arterial wall
(Perrin et al., 2015)

The mechanical performance of covered stents has also been assessed through simulated
bending(Demanget et al., 2013, 2012a}¥ well as flat platend radial force tes{®e Bock et
al., 2013; McGrath et al., 2016pimulated bending of aortic stegtafts showed that stent

design plays an important role in the bending deformation profile, with -$pal stents

69



Chapter2

demonstrating better flexibilityFigure 2.37). De Bock et al. (2013yompared experimental

and computational results from flat plate and radial force tests of fougstdts, and showed

that inclwsion of the cover was essential for accuracy. Of all the covered stent studies mentioned
in this section, only one explicitly investigates the influence of the cover by comparing the
covered stent radial response to that of its Jpaeeal counterpar(McGrath et al., 2016)
Results from this study showed that stent covering caused large increases in the maximum
radial force (shown previously Figure2.26) and reduced stent stability, making the covered

stent more susceptible to buckling.

Talent Endurant Zenith LP
90° A AN VA N
A = s

180° X /) f:i\/ v

Aorfix Excluder Zenith Spiral-Z Anaconda

& MR N - /;/ ‘\v\
2 ¥ ,/',//:.-'; AR f(é y

180° f : é\ﬂ = O
o <& E 4

Figure 2.37 Comparison of the bending behaviour in eight sggafts (Demanget et al.,
2013)

To date, just one sty has attempted a finite element analysis of a covered braided stent. The
bending behaviour of covered braided biliary stents was considetad élal. (2017)Three

point bending tests were simulated on polycaprolactone (PCL) covered polymer biltaagd
stents Figure2.38). Results indicated greater bending loading with increased wire number and

increased wire diameter. While this computational model was iexpetally-validated with
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bending load data, the relative effect of the polymer cover and its material/geometrical

properties are left unexplored.

The membrane of FCBPBS

Upper loading applicator

FCBPBS —>

Figure 2.38 Model setup to evaluate the bending behaviadia covered braided stent.
Stent/cover adhesion is implemented with a Tie constraint in Aljagust al., 2017)

2.4 Conclusion

In this chapter, several stent types (lasgtr braided, polymecovered) and their design
features were described. An-diepth overview was provided on existing experimental and
computational literature that adopts a range of methodologies to evaleateetthanical

performance of stents.

However, there are significant gaps in the literature relating to polgowvared stents and wire
braided stents. Overall, little is known on the biomechanical effect of incorporating a polymer
cover with a metallic ste¢ frame(McGrath et al., 2016)Also, there is limited experimental
testing of both barenetal and polymecovered braided stents, despite their clinical success
(Bishu and Armstrong, 20159yrom a computational modelling perspective, there is inadequ

knowledge on methodologies for stent covering and a lack of understanding of the complex
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mechanical behaviour of covered braided stents, with only one existing study that has

computationally modelled a covered braided stent et al., 2017)
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CHAPTER 3

Theory

This chapter provides a background on fundamental continuum mechanics theory and the finite
element method. The mechanical response of materials under complex loading can be modelled
by implementing continuurbased equations, which describe the responaemdterial to an
applied load using continuum mechanics and large deformation kineltéiicghrey, 2003)

This chapter starts with an overview of key continuum mechanics concepts in SeLtidme
constitutive laws used in this thesis are described in Segt®and SectiorB.3 presents the
governing equations used for finite element analysis. In Se8tinan analytical model

describing the gametrical and mechanical properties of a braided stent is detailed.

3.1 Continuum Mechanics

3.1.1Notation
A summary of the notation used in this chapter is presented for clarity. Capital letters are used
for tensors and matrices, while small letters are used friorse Bold font denotes vectors,

tensors, and matrices, and their component parts are shown in italics. Index notation is often
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employed to simplify the representation of vector equations, where summation is implied by

repeated index. For example, the paiduct of two 3D vectors)fr) may be written as:

0o 060 60 60 oO6uv o6v
(3.2
wherei=1,2,3. In the case of a 3x3 tensor, the location of each component is denoted by two

subscriptsi andj, which indicate its location in the tensor. For example, companeit the

value located in th#" row andj" column of the second order tense

3.1.2Deformation and Motion

A schematic of the deformation and motion of an arbitrary body in space is shéiguia
3.1, where a body in the reference configurafion) at timed Tmundergoes a motior§ to
the deformed configuratiomr ) at timed 0. The position of a particle that has moved from
a position in the reference configuratiel) to a new position in the current configuratian (

is given as:

o kD (3.2)
In Figure 3.1, the position vecto& defines the material (Lagrangian) coordinates and the
position vectore defines the spatial (Eulerian) coordinates. The displacefig¢rtetween a
point P in the refeence configuration and P in the current configuration therefore is

0 e = otherwise written as:

L L (33)
Consider another material point Q on the body, which is related to P svigmd! e on the
reference configuration and current configuration respectivEhe deformation gradient
tensorg defines the transformation b&=to? e as the body movesdm reference to current

configurations, such that:

85



Chapter3

[ J
3 rL (3.4)
The determinant of is the Jacobian of the deformation gradieit \Which denotes the ratio

of volume change from the reference to current configurations.

X
Reference Current
configuration configuration
to%y)

()

Y

%4

Figure 3.1 Schematic of a continuum body in space undergoing deformation from a reference
configuration to a current configuration.

3.1.3Strain Measures

The deformation gradient tensgris used to determine a variety of different strain measures.

The GreerlLagrange stin ris a commonly used strain measure defined as:

P L
r 17 (3.5
wheres is the transpose gf and kis the identity tensor, whergDk 3.
The GreerLagrange strain may also be stait@thdex notation to give:
o P16 16 10106
T Tw TOTO (3.6)
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Assuming that the product of the infinitesimal strain is negligisle— 1, the
infinitesimal strain aia given by:

6 160

O 1T (3.7)

all ko)
—a, —a

The right and left Cauch@reen tensors, denotgdand’Arespectively, are useful measures of

stretch, given by:

F 33 ad | 97 (38)

The seconabrder deformation gradieqtcan be decomposed into an orthogonal rotation tensor

4 and symmetric left and right stretch tensgfgnd=:

T 4F T4 (3.9)

These stretch tensors can be related to the right and left C&uebwy tensors with:
T ” and T F (3.10

The eigenvalues cf give the principle stretche$ ( ). The logarithmic straint can be

derived from

£ af (3.11)
It is useful to define straianergy density functions using strain invariants. Wheis the

stretch, three principle invariants can be derived from the CaBobgn deformation tensors

as follows:
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0 QQ¢ O _ _ _ (3.12)

The velocityo of a material point P is the rate of change of spatial posstias a function of

time:
(3.13

—a

o —
Thedifference in velocity between two neighbouring points can therefore be expressed as

(3.14)

° . is related to the defmation gradient

whered is the spatial velocity gradient tenser

3 as follows:
> 40 d50b (3.15)
® oo qol
Sy =| (3.16)
This can also be expressed as:
5 43 or 4 35 (3.17)

whereq is the derivative of the deformation gradient with respect to time.

The spatial velocity gradient can be decomposed into a symmetric rate of deformation tensor

r and an asymmetric spin tensmwith:

Y.

(3.18)

p
C
o ga 1 o ok

Consideringr represents the rate of true strajn - , the logarithmic strain, described in

the Abaqus Theory Manual (DS SIMULIA, RI, USA), can be expressed by the following:
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-0 rQo (3.19)

3.1.4Stress Measures
Traction «is the force per unit area that acts on an infinitesimal surface eléxightthe
vicinity of a material point P in the current configuration, as depictéture3.2. The surface

elementQ "% described by its unit normel The Cauchy (true) stre€kis given by:

< Q- (3.20)

Current
configuration
()

€

Figure 3.2 Schematic showing a tractidmcting on an infinitesimal surface dS with surface
normaln.

The symmetric Cauchy stress can be further decomposed into two parts; the deviatoﬂlc stress
which governs the shape change of a body and the hydrostatiessum, stresg which

controls the volumetric change in a body.

a 4 nk (3.21)
where

0 id

(3.22)
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The Kirchhoff stres§s a symmetric tensor defined as:

W id (323

wherevis the ratio of infinitesimal volumes in the current and reference configurations in the
vicinity of a point P. In the case of incompressible malg the Kirchhoff stress is equal to
the Cauchy stress. The first Piddachhoff stress||— is @ norsymmetric tensor that represents

the force per unit area in the undeformed configuration:

| oo o (3.24)

The nominal stresd can be related to the Cauchy str@tkrough:

, J
a i a |p (3.25)
The von Mises equivalent stre@s, useful for analysis adlasticplastic materials, is defined

as follows:

a =YY (3.26)

3.2 Material Constitutive Behaviours

3.2.1Elasto-Plasticity

The material behaviour of a polymer cover investigated in Chapters 6 arak3umed to be
homogeneous, isotropic, ratelependent and elasfptastic. The constitutive formulation

used is composed of a recoverable elastic deformation and a permanent plastic deformation.

This can be written as:

I3 7 (3.27)

whereg s the elastic recoverable part and is the plastic nomecoverable part.
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When elastic strains are small, the multiplicative decomposition of the deformation g#adient
can be approximated in terms of an additive decomposition of mechanical strain rates in the

system(Dunne and Petrinic, 2005)

E £t (3.28)

wheret s the elastic strain rate akd is the plastic strain rate.

The integral of the strain ratewith respect to time gives the total strain terkssawhich again

contains elastic and plastic components:

E Bt (3.29)

The elastic component of the material deformation for an isotropic material can be related to
stress through the bulk modulusand the shear moduli® These can be calculated from
using the Yoamgdéd hMo Pwliissonds ratio

(]

(0 (3.31)

o |
cp U

The elastic strain is composed of volumetric and deviatoric parts, which can be related to the

hydrostatic pressungand deviatoric stresHs respectively:

. N
- 01t o (332
The deviatoric elastic stragg and deviatoric stresare defined as:
oL
m B (3.33
1 <¢Ga (3.3%)
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3.2.21sotropic Hyperelasticity

Hyperelastienaterials exhibit notinear behaviour, where the stresgain relationship derives
from a strain energy density functiap Hyperelastic constitutive laws are useful for materials
that experience large deformations and they are widely used to des$wilbehaviour of
biological tissugHolzapfel et al., 2000; Nolan et al., 201%e first PiolaKirchhoff stress|

can be expressed as a derivativeyafith respect to the deformation gradignt

I Twa
E (3.35
This can then be transformed into the current configuration to give the Cauchy stress, which

can also be expressed in terms of the right and left Ce@oégn tensorsgand || respectively:

: Tw 1 , Tw , Tw
a Uﬂ% CU=|T—|=I==| cu=|T—”” (3.36)

The strain energy density function can then be written as a function of the strain invariants,

shown in equatioi3.12). For an isotropic material, the strain energy function is a function of

the first three invariants:

The derivative ofy can be determined with the chain rule, such that:

Tw| Two Two Twro
T

TT o ol ol (339

The derivatives of the invariants with respect to the left CaGieen tensoﬂ are:

ST (O oL | 1°0

|| || T

Substituting these entities back into equati@38), the Cauchy stress can be expressed as a

—a ) —a
—a —a

o (3.39)

function of ||, to give:
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I N Y
10 10 10 10

(3.40)

Assumption of incompressibility givé®@ 0 p, so for an incompressible material, the strain

energy density function is a function of the first two strain invariants:

[ ‘aio (3.41)

The Cauchy stress for any incompressible isotropic hyperelastic material can be expressed as:

a nkcol col (3.42)

wherew —, —, andn is the hydrostatic pressure.

3.2.3Superelasticity

As discussed in Chapter 2, Nitinol exhibits superelastic and shape memory material behaviour
induced by a thermal or stress phadange. In this thesis, Nitinol material behaviour is
implemented in Abaqus/Explicit through thebnilt superelastic user material (VUMAT)
developed by Auricchio and Taylet al. (Auricchio et al., 1997; Auricchio and Taylor, 1997)

The theory of thenodel is based on generalised plasticity, where a change in=trhas a

linear elastic component® "and a transformation componert <>

3t 3tm" 3£* (3.43

The austenite to martensite transformation takes place between the start of transformation
loading, and the end of transformation loading. During phase transformation, the elastic
properties of Nitinol can be calculated from the elastic modtlthe austenité<O and

martensiteéO phases using the rule of mixtures:

6o -0 © (3.44)

where—is the martensite fraction.
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The transformation strain incremext “*s calculated amrding to the flow rule:

!

-
34> | 5 (3.45)

forr O O O

where'Ois the transformation potential apds a scalar parameter that represents the maximum
deformation obtainable from detwinning of the martensite. This is also true for the reverse

transformation, but between stress leyelsand,,

The intensity of the transformation follows a strpegential law:

3— Q01 30 (3.46)

A linear DruckefPrager approach is used to model volume change associated with these stres

induced transformations:

O A NOWETO"Y (3.47)

whereA is von Mises equivalent stress defined in equai®26), N is the pressure stress,
is a material constant, artfis temperature. The andleis calculated from the tensile and

compressive transformation stress levels.

In Abaqus/Explicit, foureen input parameters are used to define the superelastic VUMAT for
Nitinol behaviour, shown ifable3.1. These parameters can be derived from the sttesis

and tlermal hysteresis properties of Nitinol, as indicated previoudiygare2.14 andFigure

2.15. While other approaches could be used to capture thénearity of Nitinol, a key aspect

of the current model is the distinctive unloading behaviour of supereafastiol. The in-built
Abaqus VUMAT for superelastic materials uses additive strain composition andisthessd
transformation, allowing 3D characterisation of Nitinol. Since Nitinol properties are highly

variable, it is beneficial to carry out experimal testing. A more ktlepth discussion of the
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shape memory constitutive model, and its implementation into a-dimesnsional user
subroutine in Abaqus can be found in the studies by Aurrichio and Tetyédr(Auricchio et

al., 1997; Auricchio and Tégr, 1997)

Table3.1 List of input parameters required to implement the superelasticity VUMAT in the
Abaqus/Explicit solver.

Parameter Symbol
Austenite elasticity O
Austenite Poisson's ratio 0
Martensite elasticity O
Martensite Poisson's ratio 0

Transformation strain -

da/ 4T | oadin —
g <'| "Y
Start of transformation loading »
End of transformation loading »
Reference temperature Y
(o] ~ - (.| ”
du/ 0T unl oadin —
g Ty

Start of transformation unloading ,
End of transformation unloading ,
Start of transformation stress during loading in
compression

Volumetric transformation strain -

3.3 Finite Element Method

The finite element methodhvolves the discretisation of a body into a finite number of
subdivisions (elements) which are connected at the joints (nodes). The total collection of
elements and nodes representing a body is the finite element mesh. To describe the overall
behaviour ofa body, the governing constitutive equations are calculated for each element of
the mesh and then assembled to form a system equation. Mechanical behaviour of the body
(e.g. stress, strain, displacement) is incrementally calculated by applying bountditypns

to the system equation.
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The computational analyses presented in this thesis utilise finite element methods to
numerically solve continuum mechanics problems. Abaqus/Explicit (Dassault Systemes, R,
USA), a commercially available finite element\ayi, is employed to solve the dynamic and
complex problems tackled within this thesis. This section presents an overview of the
fundamental theory of implicit and explicit finite element solutions. A medeth discussion

is available in the Abaqus ThgoManual(Dassault Systemes, 2016)

3.3.1Implicit Finite Element Method

An implicit finite element solution updates the state of the model fromditngimeo 30.
Displacements are applied incrementally over each timesstapd an implicit solutiontad

30 is determined based on the informationoat 30. The Abaqus/Standard implicit solver
implements the NewteRaphson method, where successive approximations of a tangent
function™Qw are calculated iteratively until the solution converges to an accurate solution

within a specified tolerance. It has the generic formulation of:

(b (b “_?\z‘ (348)
wherew represents a value at tiffandw  represents the value at the next time step.

The finite element method determines governing equations for each element in a mesh and then
assembles the equations to form a global system that represents the betidh@®body as a

whole. The principle of virtual work, the principle that the total work done by all forces in a
system in static equilibrium is zero, provides the fundamental equation for the finite element

method:

1£EdQw 10 7Y (3.49)

wherewis the reference volume on which equilibrium is enforced and S is the surface bounding

the reference volumél and <are the stress and surface traction vectors respectively tand
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and | ¢ are the virtual strain and virtual displacement vectors. This finite element
approximation can be calculated over every eleri@eoit volume @ and surfacey, so that

displacenent and strain can be written as:

10 A0, (3.50)

T g0, (351)

whered = IS the element shape function matrﬁ& is the element shape function gradient
matrix, and ¢ is a vector of nodal displacements for the elent@abstituting these equations

back into the principle of virtual work gives:

P ’ i] P e
10 | ao Qo 104 QY (352

A global expression can then be obtained by assembling the element values into global values

and removing the arbitrary virtual displacemefit . The global exmssion can be written as:

| a0 Qo 4 «@vYn (3593

where || is the global shape function gradient mattix, is the global shape function matrix
and¢ is the global nodal displacement. Given that this expression signifies the balance of

forces in a simulation, the difference of these is equal to the out of balance residugl force

70 | a0 Qe 4 <7y (3.54)

The implicit finite element method iteratively solves this#iaear set of equations to achieve

an equilibrium stress state such thad 1. For nonlinear problems involving nehnear
geometries, materials, boundary conditions and/oflim@ar constutive laws, equatio(B.54)

is nonlinear and should be updated to reflect this. As mentioned previously, the

Abaqus/Standard implicit solver uses the NewRaphson methodology whereby loads are
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applied intimestepsYo), startingat an initial time incremend( ), to a final time increment
(6 ). Following an initial guess for all nodal displaceméhts\7 in a particular increment,

the NewtonRaphson scheme iterates until a stable equilibiis reached between the internal
forces and externally applied loads for that increment. An estimation of the roots of equation

(3.52) is made using the NewteRaphsormethodology, such that for tlife iteration:

y y RIS y
10 o Y o 7 > 70 7 (355)
This may be expressed in terms of the tangent stiffness nftatrix
y T 9 Y
L y
Lo —to (3.56)
L y y
Lo 710 g0 (357)

These finite element equations are solved for each iteration until the magnitude of is
below the specified convergence tolerance. The tangent stiffness fhatam be written in

terms of displacement:

Lo H%L ;5 | a0 Qo 5
f% | ao Qo ||¥%L9w
I S Sy
Lo I e ti™ (359)

T T T (3.59)
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For each NewtoiiRaphson iteration, it is necessary to calculate and invert the tangkeetsstif
matrix . This requires significant computational expense, but it ensures an accurate solution
with relatively large time steps. Complications can arise with the implicit solution if simulating
large deformation problems or high contact/sliding s$ations. An alternative within Abaqus

is the explicit finite element solution, described in the following section.

3.3.2Explicit Finite Element Method

The explicit finite element method was developed to allow the modelling of dynamic situations
with large contact or large deformation problems. The explicit finite element solution assumes
constant acceleration and velocity at a particular time ppantd uses this to solve for the next

time pointd  ¥o. The central difference integration scheme is used:

0 o Yo o ~ (3.60)
Yo Yo (3.61)
where$, ¢ and¢ represent displacement, velocity, and acceleration vectors respectively. In
this caseQefers to the increment number (as opposed to the implicit solving method@here

referred to the number of iterations). Accelerations are calculated at the start of each increment

according to:

o 4 5 E (3.62

where! is the lumped mass matrix, is the vector of externally applied forces akis the

vector of internal element forces, given by:
J.| »” , f
1Q 0 (363

L | aQe (3.64)
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. 4 @y Jfaoe (369

where |} is the vector of nodal forces ahds the material densityAll other quantities have
previously been defined in the global expression in equ#B&3). Rearranging equation
(3.63) for the lumped mass matrix givds0 3  ka comparable expression to the linear
equation (3.57) used n the implicit solving method. Each time increment is relatively
computationally efficient to solve since the lumped mass médtriis diagonalised, and

therefore easily inverted, unlike the global stiffness makrir the implicit method.

To ensure accacy with the explicit finite element solver, small time increments should be
used, as there is no iterative process to impose equilibrium. The size of the time increment is

determined by the stability limit:

s C
Yo — (3.66)
where] is the maximum element eigenvalue. The above inequality can be implemented
practically by using:
o, . .-0
Yo | EI Y (3.67)

whered is the characteristic element length ands thedilatationalwave speedConsidering
the stability limit is dependent on element length, a mesh with regular element sizes throughout
is important to prevent excessively small time incrementsdilatationalwave speed can

be derived from material densityand the Laré constants, and* :

R (3.69)

The run time of an Abaqus/Explicit simulation can be artificially reduced by deocgets

time which the deformation is applied over, or by increasing the mass of the model (mass
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scaling). Mass scaling is the preferred method, particularly if the problem is rate dependent. In
order to prevent dynamic effects in an explicit model andrenswguasstatic analysis, the

ratio of kinetic energy to internal energy should be maintained below 5 % for the duration of
the simulation(Choi et al., 2002)For further details on finite element methods, the reader is

referred taFagan (1992andBathe (2006)

3.4 Analytical Solution for Braided Stents

An analytical model to describe the geometrical and mechanical properties-@tsaatiding
braided stents was proposed bgdwab and Clerc (1993Yhe model is based on the
assumption that thieraided stent acts as a number of independentogtad helical springs

with rotationally fixed ends. First, equations describing geometrical features of the braided
stent are given. The initial average stent diam@tgthe stent diameter at the witeossover

points) can be related to the initial stent external diang@ter
o 0 <@ (3.69)

where Q is wire diameter. Here the wire diameter is multiplied by two to account for

overlapping wiresri a wire braided stent structure.

Initial stent geometry Deformed stent geometry

‘o'

XX
0.0’0.0

R

Figure 3.3 Schematic showing initial geometrical features of a wire braided stent, and
deformed geometrical features after the action of an axial loake&wab and Clerc, 1993)

The initial pitchny is then calculated from the initial average stent dianf®temd the initial
pitch anglé
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n “Oodwe (3.70)

Here, the pitch angfe is defined as the angle between the normal eseston and the wire
tangent. However, sometimes in the literature pitch angle is defined as the angle between
axially-direded wires(Xue et al., 2018)The number of helical coisin a given wire braided

stent can be given as:

€
|

(3.72)
where0 is the initial stent length.
Upon loading with an axial forc&) the stent elongates by a distangeo give a deformed

stent with a new length, a new average diamei®rand a new pitch angdle This new average

diameterOis defined as:

Oweé i
0 i (3.72)

The new external diamet& can be written as:

O 0 cQ (3.73
The new stent length is given as:

v U (:)—Sfl I Qe Ti Ne (3.74)

Based on these geometrical features of a braided, mechanical properties can then be determined

using Wahl 6s (Wahg P83yTheoakkial ®rpeOactmg e a braided stent with

rotationally-fixed ends is given by:

o 00 ¢i & OOMECcwE i
v e 0 o (3.75)
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where Ois the shear modulus of the wii@js the elastic modulus of the wir@s the moment

of inertia, Ois the polar moment of inertia and constants ( andv ) are described by:

, (0]]=4j , AT O , 0
" To b o V' TET (376)

Similar to the response of braided stent under axial loading, radial loading causes stent
elongation to give a deformed stent watinew lengti, a new average diametér and a new
pitch anglé . Based on the thepof virtual work, it can be shown that the radial pressuise

given by:

- COw
' 0o wer (3.77)

The analytical solution presented here was compared to experimental axial force testing and
radial pressure testing with Delrin blocks, shownFigure 3.4. The resultsshowed close
agreement between the analytical solution and experimental data for axial loading, but under
radial loading, the analytical solution overpredicted the radial pressure. This difference is
thought to be a result of the experimentaligeincluling frictional effects between crossing

wires and the frictional coefficient of the Delrin blocks.

(a) (b)
6 i i 1 I 1 i i 10000
Mathematical Mathematical
5 +* Experimental | + Experimental
* 8000 .
P E .
R r =
; % 6000 -
[}
c 31 t @
s ¢
= = 4000
D &
c 2 L =
= @
- o
1 2000 -
0 T T 0 T T T T r *
80 90 100 110 120 130 140 150 160 110 120 130 140 150 160 170 180
Stent Length, mm Stent External Diameter, mm

Figure 3.4 Comparison between the analytical solution and experimental data for (a) axial
loading and (byadial loading(Jedwab and Clerc, 1993)
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It should be noted that several limitations are associated with this model, namely the
assumption of elastic material properties for the metallic wires and neglecting frictional effects

between wires.
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CHAPTER 4

An Experimental Evaluation of the
Mechanics of Bare and Polymer
Covered Selexpanding Wire Braided
Stents

4.1 Introduction

Selfexpanding wire braided stents have been used in a wide range of medical implant
applications due to the distinct flexibility offered by the widage of tunable design features,
which includes braid angle, wire diameter and braid pattern. Recehdye has been
increasing attention on developing covered stent systems in endovascular repair, whereby the
stent frame is wrapped with a graft or textile material. However, it is currently unknown how
the addition of a polymer cover affects the deformatioaracteristics of a wire braided stent

and there is a distinct lack of understanding of how the functional performance of these systems
compares to their baimetal counterparts. This chapter aims to address this deficiency by
presenting the first systetic evaluation of the effect of a polymer cover on braided stent
mechanics using radial compression, axial compression and tension, kink deformation and

stent elongation testing.
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As discussed previously in Sectigrl.3 Peripheral artery disease (PAD) is characterised by a
build-up of plaque in the peripheral arteries, which limits blood flow and can cause
claudication, mobility problems, and critical limb ischenAD is commonly treated with an
endovascular stenting procedure, where a tubular metallic scaffold is deployed into the diseased
artery to restore vessel patency. The evolution of endovascular stenting has revolutionised the
treatment of occluded vesselut, unfortunately, current clinical success rates in the
femoropopliteal artery reflect the need for further innovation in device design to reduce current
reintervention rates, which can be up to 3{Malas et al., 2014 Compared to other vessels,
thefemoropopliteal artery undergoes extreme deformations, experiencing bending, torsion and
compression during leg flexion, which induces repetitive trauma to the artery and implanted
stent (MacTaggart et al., 2014(see Sectior2.1.5 for further detail). This leads to high
incidences (up to 65 %) of stent fract(ieil, 2013)and presents significant challenges in the
development of devices as they must accomneottee dynamic loading conditions of the
femoropopliteal arter{Soga et al., 2015)vhile also maintaining sufficient radial force to keep

the vessel open. For femoropopliteal applications, a wide variety of stent platforms are
currently available commeially (Maleckis et al., 2017)with more recent devices moving
towards combinations of sedfxpandable Nitinol wire braided fram@¥erner et al., 2014nd

polymer covered systenfsladassery et al., 2016)

Wire braided stents are composed of sdtsnterlacing wires that are circumferentially
wrapped in clockwise and anticlockwise directions. Compared to theirdaseounterparts,

wire braided stents can accommodate substantially larger deformations as the individual wires
have the capacity tdide and/or rotate relative to one other. Wire braided stents offer a large
range of tunable design parameters, including braid angle, wire diameter and braid pattern,
which have previously been evaluated through a combination of ana{yedavab and Cie,

1993) computationa(Fu et al., 2017; Liu et al., 2017; Zhao et al., 20H)d experimental
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methodgqFreitas et al., 2010; Kim et al., 2008; Nuutinen et al., 2003; Yuksekkaya and Adanur,
2009) These studies have demonstrated that the funtpoogerties of a braided stent can be
tailored for a wide range of applicatiof(Buzuki et al., 2017which has seen them deployed

in the digestive(Hindy et al., 2012)biliary (Yokota et al., 2017and respiratory systems
(Freitag et al., 2017while also being used as flow diverter systéBiszuki et al., 2017)At
present, the Supera stent (Abbott Vascular, Santa Clara, CA) is the only commercially available
wire braided stent for treatment in the lower peripheral vessels and initiahthestlts show
promise, with shoftand mediurterm follow-up data suggesting improved patency and
reduced stent fracture rates compared to other commercially available femoropopliteal laser
cut and wire stent@Bishu and Armstrong, 2015From a mechaaoal perspective, the braided
Supera stent exhibits excellent radial resistance with low axial stiffness and high torsional
stability (Le6n et al., 2013; Maleckis et al., 201Recently, there has been increasing attention

on covered stent designs fardiovascular lesion@-arhatnia et al., 2013vhereby the stent
frame is wrapped with a graft or textile material, typically made from expanded
polytetrafluoroethylene (ePTFE) or polyester (PET, Daci@gntos et al., 2012)These
covered stents haween used for endovascular repair of arteries with abnormal lumen surfaces
due to aneurysm@riguori et al., 2002) perforationgKandzari and Birkemeyer, 2019r
fistulas(Morgan et al., 1997While the initial purpose of covering these stent systems was to
provide a new lumen in floweased applications, more recently, covered stents are being
exploited in traditional angioplastyased applications, where the function of the polymer cover

is to act as a mechanical barrier to tissue ingrowth, thereby limiting restéhbvgisatayi et

al., 2011) Few studies have evaluated the mechanical behaviour of either covered braided
stentg(lsayama et al., 2009y composite polymemetal stent$¢Zou d al., 2016)and there is

a distinct lack of understanding of how the functional performance of these systems compares

to their baremetal counterparts. To advance the development of covered braided stents, further
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knowledge is required on the mechanibahaviour of these devices with consideration for

crimp, deployment and the implanted configuration.

The objective of this study is to compare the mechanics eégpHnding bare and polymer
covered wire braided stents through experimental testing.t@msgsic evaluation of the effect

of braid angle and polymer cover thickness on the response @xgalhding wire braided

stents is presented, whereby radial compression, axial compression and axial tension testing
were used to assess functional perforoearKink behaviour and stent elongation are also

investigated to provide insight into crimp and deployment behaviour during implantation.

4.2 Material and Methods

4.2.1Stent Manufacture

To evaluate the functional performance of covered braided stents, a rangdigfirations

were considered (sdable4.l) . Wi re stents with braid angl es
manufactured by Aran Biomedical (Spiddal, Ireland) with adimg machine that generates a

3D braided stent by translating carriers in circumferential and radial directions to interlace the
Nitinol wires. Braid angle, defined as the angle between the radial axis and the direction of the
wires (sedrigure4.l), is controlled by changing the translation speed of the mandrel that the
braided stent is mounted on. All stents were manufactured from the same spool of Nitinol wire
(diameer = 100 um) in a oreverone pattern to an inner diameter of 5 mm and length of 60
mm. Each braided stent comprised of 24 wires in total and wasséieat 500 °C for five
minutes subsequent to the braiding process. The Nitinol wire used to manufaeserbraided
stents was experimentally tested and used to determine the material properties for Nitinol,
provided inTable 4.2. Further details of this experimentaktiag can be found in Section
5.2.2.1 where they are implemented in the computational model of wire braided stents. In the

case of the covered systems, the wiredmdistents were dipoated with a polycarbonate
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based silicone elastomer with an initial elastic modulus of 11.4 MPa. During titeatipg

process, the stent was loaded on a mandrel and immersed in a polymer solution, as shown in

Figure4.2. Then the stent was withdrawn and the solvent evaporated to create a braided stent

with a thin polymer coating. Cover thicknesses of t=25 um and t=100 pum were produced by

varying theviscosity of the solution and the withdrawal time.

stents

Table4.1 Summary of all tested stent and cover configurations.

Sample Braid Angle (°) Bare or Covered  Cover Thickness
1 30 Bare N/A

2 45 Bare N/A

3 60 Bare N/A

4 30 Covered 25 um

5 45 Covered 25 um

6 60 Covered 25 pm

7 30 Covered 100 pm

8 45 Covered 100 pm

9 60 Covered 100 pm

Table4.2 Measured properties of Nitinol wire (diameter = 100 um).

Symbol Parameter Value
Ea Austenite elasticity (MPa) 56,700
Ewm Martensite elasticity (MPa) 25,600
0 Transformation strain 0.046
acs Start oftransformation loading (MPa) 590
Vs End of transformation loading (MPa) 600
Gy’ Start of transformation unloading (MPa) 420
Gy End of transformation unloading (MPa) 380
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Step 1 - Immersion Step 2 - Withdrawal Step 3 - Solvent evaporation

Figure 4.2 The dipcoating process showing immersion, withdrawal, and solvent evaporation
steps.

4.2.2Stent Testing

The functional performance of each bare and covered braided stent configuration was evaluated
by conducting radial compssion, axial compression and axial tension tests, as well as
observing kink and elongation deformations, illustratedrigure 4.3. Radial compression

testing was condued at 37 °C, and all other testing was performed at room temperature.

111



Chapterd

(a) | Radial compression (b) | Axial compression and tension

I (i) Steel rod inserted 5mm
Spring

oo | —

Cylindrical (ii) Wrapped in parafilm
support

(¢) | Kink profile (d) | Elongation

Radius of
curvature

Glass tube
4

@2.4mm

Figure 4.3 Experimental setup of (a) radial compression, (b) axial compression and tension,
(c) kink deformation and (d) elongation deformation setups in this study.

4.2.3Radial Compression

To evaluate the radial response of each configuration, stents were radiallyessaapusing

an 8plate crimping head (RCMW60, MPT Europe), shown iRigure4.3 (a), connected to a

Zwick uniaxial test machine with a 1 kN load cell (Zwick Roell, Gn®&Bo., Germany). The

plates were heated to 37 °C and the stent was placed in the crimping head for 5 minutes prior
to testing. The stents were crimped from their fully expanded diameter to 2 mm followed by
uncrimping, all at a displacement rate of 0.1 smi(McGrath et al., 2016)Friction between

crimper plates was measured by-psting without a stent present, and the recorded load
profile was subtracted from subsequent radial force curves. The initial stent length and crimper
plates both measured &@m, so as the stent elongated, it partially moved out of the crimper
head. To account for this, the radial response was normalised to length. Three samples of each
stent/cover combination were tested to ensure repeatability and mean results were presented.

The resulting loading curve indicates the radial resistance force (RRF) or the force to resist
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compression, and the unloading curve indicates the chronic outward force (COF) or the force

acting on the artery as the stent expgiiuigerig et al., 2000)

4.2.4Axial Compression and Tension

Axial compression and tension tests were performed on each stent using a Zwick uniaxial test
machine at a displacement rate of 0.5 m(Maleckis et al., 2017)using 10 N and 100 N
XForce HP load cells respectively. The steamples were loaded on cylindrical supports at
each end, which consist of a steel rod placed inside the stent and parafilm wrapped on the
outside of the stent (sdegure4.3 (b)), resulting in complete restriction in radial, axial and
torsional deformations in the supported portion of the stent. The cylindrical supports hold 5
mm of the stent at each end and they are secured with spring clamps. For each testpthe botto
support is fixed, and the top support is displaced downwards to compress the stent to 50 %
strain in the case of axial compression, or displaced upwards to strain the stent to 24 % strain
in the case of axial tension, where strain is defined by the ambdisplacement divided by

the original gauge length. The values for axial displacement were selected based on typical
femoropopliteal motiorfCheng et al., 2006)nd for comparison to existing experimental data

(Maleckis et al., 2017)

4.2.5Kink Test

Toeval uate each stentds resistance to kink
curvature of 11 mm, as shownkigure4.3 (c). This radius of curvature is fe€tive of severe
bending observed in the femoropopliteal arte(MacTaggart et al., 2014Yhe stents were
secured with cylindrical clamps similar to the clamps used for axial tension/compression, but
in this setup, the end of the rod was bent at@® @ngle. The end of the support was then
inserted into tight fit holes parallel to each other and 22 mm apart, thus the stent was forced to

deform by bending or kinking and the resulting deformation observed.
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4.2.6Elongation

Stent elongation was evaluated toyde the deformation profile of each stent in its crimped
configuration, an important consideration in terms of deliverability. Elongation of the stent was
measured by crimping and deploying into a glass tube with an inner diameter of 2.4 mm. To
crimp the stent, first two pieces of kevlar thread were inserted at each end of the stent
perpendicular to each other and across the stent diameter. Using the string, both ends of the
stent were pulled to reduce the stent diameter, inserted in the glass tudleasetito simulate

deployment.

4.3 Results

4.3.1Radial Compression

The radial force response of all tested stent configurations was normalised to their original
length, as shown iRigure4.4. In the case of bammetal stents, shown Figure4.4 (b), it was

found that stents with more circumferentially aligned wires have a stiffer response to radial
compression. Here, the wire brai defgstradiaent wi
response, while a braid angle of U=60A exhi
preserved throughout both covered and uncovered configurations, as shégura#.4 (b)-

(d). It i's also notable that al | stents wit
loading. Comparing radial response for bare and covered braided stEigared.4 (e)(g),

the addition of a polymer cover results in a substantial increase in RRF for each braid angle
considered. At full crimp, braided stents wi
3-, 2.7- and 5.8fold increases in radial force respectively with the addition of a thin 25 um

cover, and 10-3 19.4 and 102.9old increases respectively with the addition of a thick 100

pm cover. Small levels of deviation are seen between samples, an example of whiddéglpro

in A.1 Appendix 1
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Figure 4.4 Stent behaviour under radial compression. (a) Shows radial fencess for all
stent/cover combinations, while {@) show changing braid angle with respect to the cover,
and (e}(g) show the influence of the cover with respect to braid angle.

4.3.2Axial Compression and Tension

Axial compressive behaviour is showrHigure4.5. Forcestrain results show increasing axial

stiffness with increasing braid angle under axial compression, whereby a braided stent with a
braid angle of U=30A exhibits the most comp

angl e of U hettffdst resgohse.Thetadditian of a cover to a braided stent causes
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an increase in axial force response across all stent configurations. Evaluating a braided stent
with braid angle of U=45A at 19 % axikeakl comg
compressive strain in the femoropopliteal artrlacTaggart et al., 2014 shows that the

addition of a cover with t=25 um causes a 2.7 fold increase in axial compressive force, while

the addition of a cover with t=100 um causes a 5.4 fold incrieaaeial compressive force.

Figure 4.5 (e)}(g) show the deformation profiles of several stent configurations at 50 %
compressive strain, where bare amared stents were found to exhibit entirely different
deformation mechanisms. A baree t a | braided stent with a bra
thickens to accommodate loading, while those with a 25 um cover undergo bending, and those
with a 100 um cowveexperience kink behaviour. Figure4.5, bending is reflected in the axial

force curves with a decrease in stiffness, while kinking causes a sheepstem force. Wire
braided stents with a braid angle of U=60A a
force after kinking, as the kinked configuration of the stent does not resist compression, but

instead pulls downwards on the load cElp(re4.5 (d)).
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Figure 4.5 Forcei strain behaviour under axial compression for (a) all stent/cover
combnations, and for wire braided stents with (b) no cover, (c) a 25 um cover, and (d) a 100
um cover. In all cases, increasing braid angle results in an increase in the maximum axial
compressive force. Figures {@)) show deformation profiles at 50 % axt@mpression for
wire braided stents with a braid angle of
cover, and (g) has a 100 um cover. Note that negative compressive forces are not shown.

The response of each stent configuration to axial tensionmsatised inFigure 4.6. With
increasing braid angle, there is a general increase in the magnitude of the tensile response,
shown inFigure 4.6 (b)-(d), where a barene t a | braided stent with
generates a peak tensile force of 7.81 N, compared to 0.175 N in tilbselwaid angle of

U=30A. This behaviour is further ¢&igpd4bi ned
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(e}(g), where the crossectional a ea of a braided stent wi t h
dramatically reduced at 25 % tension, while at lower braid angles thesectssnal area is
preserved. The effect of a cover on axial tension of braided stents is shbigar@4.6 (b)-

(d), where the addition of a 25 um cover causes approximately -fotdvancrease in axial

force, and the addition of a 100 pum cover causes almost fourteen timess goaal force in

stents with braid angles of U=30A and U=45A.
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Figure 4.6 Stent behaviour under axial tension for (a) all stent/cover combinations, and for
stents with braid amgnlde (adf) (U=)6 0= 3 0TA,e (gce)n el

increasing force with increasing braid angle and with increasing cover thickness. Figures

(e}(g) show the influence of braid angle on deformation profiles at 24 % axial tension for
stents with a 25 pymcoverandabrd angl e of (e) U=30A, (f) |
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4.3.3Kink Deformation

Kink deformation profilesKigure 4.7) show that wire braided stents with low braid angles are
superior under kink deformati ons-sectormalatea ai d a
(CSA) profile throughout the deformation process, even with the addition of a cover. Bare

met al braided stents with a br diledndeakngl e of
deformation. With the addition of a polymer cover, the CSA profile is mostly retained.
However, braided stents with a braid -angl e

sectional area, and those with a thick cover kink.

a=30° a =45° a =60°

Bare

t=25um

t=100um

Figure 4.7 Stent deformation profiles when bent to a radius of curvature of 11 mm. Kink
resistance decreases with increasing braid angle and increasing cover thickness.

4.3.4Elongation
Figure4.8 shows that the elongation of braided stents is greatest in stents with low braid angles.

Braided stents with a braid angl e 6fthose=30A e
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with a braid angle of U=45A elongate up to 1.
up to 118 %. Elongation is predominantly controlled by braid angle, and the addition of a cover

did not have a noteworthy effect.
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Braid Angle

Figure 4.8 Stent elongation after deployment in a 2.4 mm diameter glass tube. Elongation
increases with decreasing braid angle.
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4.4 Discussion

In this chapter, thenechanics of seléxpanding bare and polymeovered wire braided stents

were evaluated through experimental testing. This study represents the first systematic
evaluation of the effects of braid angle and polyemrering on the functional performance of
seltexpanding wire braided stents. It was demonstrated that braid angle is a key controlling
parameter that largely dictates the response of bothnbetia and covered wire braided stents
across all loading regimes. In particular, it was shown that @henhetal stents exhibited
higher stiffness under radial and axial loading when the direction of loading was closer aligned
to the orientation of the wires. Similar trends were found for covered braided stents under radial
and axial loading; however, thddition of a polymer cover led to a stiffer response across all
braid angles and, in some cases, this could be up to two orders of magnitude greater when
thicker covering systems were considered (=100 um). It was also demonstrated that bare and
covered baided stents can exhibit drastically different modes of deformation during kink
testing. Importantly, it was demonstrated that increased radial force and good flexibility could

be achieved by using | ower braid =25un).es (U=3

Braided stent design parameters have previously been evaluated through arfiAltaradi

and Carey, 2010; Jedwab and Clerc, 19@8nputationa(Fu et al., 2017; Liu et al., 2017;

Zhao et al., 2019)xand experimental metho@sreitas et i, 2010; Kim et al., 2008; Nuutinen

et al., 2003; Yuksekkaya and Adanur, 200&ile it is already known that braid angle is a

key controlling parameter of stent behaviour, a surprisingly limited number of experimental
studies have systematically demonstrated this over several different loading regimes. Results

in thischapter showt at f or a braid angle of U=30A, the
tension and axial compression, but much better resistance to radial compression. These results
are, in part, explained by the fact that a higher stiffness response is experieanddadmg

is more aligned to the orientation of the wires. However, in the case of radial compression, it
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is also important to consider that a lower braid angle leads to a higher wire density, which also
contributes to greater resistance under radial cesgpon. Additionally, it was found that for

the | ower braid angle of U=30A, the stent
effective crosssectional area under bending due to the ease at which individual wires can rotate
relativetooneanothe during deformation. I n contrast,k f
are less likely to slide/rotate past one another and instead buckling takes place, leading to poor
kink resistance. Interestingly, the only commercially available wire braidet fsteRAD

treatment, the Supera stent (Abbott Vascular, Santa Clara, CA), has a braid angle in the region

of U=30A. This further r edapterowhichdrslicatethatthise s ul t
configuration should contribute to favourable fuantl properties in terms of radial resistance

and flexibility in the axial direction.

Despite the widespread use of covered wire stents in endovascularn@pgaiet al., 2017,

Parodi et al., 1999; Wiesinger et al., 2Qd8)v studies have directly cqrared their behaviour

to baremetal wire braided stents. It was demonstrated that the introduction of a cover to a
braided stent causes a stiffer response for all loading modes considered, with further increases

in stiffness observed with larger cover #nesses. Here, it was clearly observed that the
introduction of the polymer cover fundamentally changes the deformation mechanism, from
sliding and rotating of individual wires in a baree t a | braided 4dt&rto to
deformations in the coveredufiguration, whereby movement of wires at crossover points is
partially constrained by the polymer which it is embedded in. This difference in behaviour is

best observed during axial compression and kink tests, where thméiidraided stent can

easiy accommodate the load by adjusting individual wires Bgare 4.7), while several of

the covered braided stents undergo kink deformations more easily (e.g. thel doagded

stent with cover thickness of 100 Om and bra

the addition of a cover does not always have a negative impact on bending behaviour, as
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demonstrated for the covef Hae,thetcmssdctonalaieda h a b
profile of the systems is maintained during bending, where the wire braided component of the
covered stent has more influence for stents with low braid angles. This is likely a result of the
greater radial resistance prded by the low braid angle configuration, in addition to the greater

wire density and greater wire/cover ratio that is present at the low braid angles.

Interestingly, these results also demonstrate that the addition of a cover can stabilise the
structureof a braided stent and increase its radial resistive force, whilst maintaining preferable
properties of a wire braided stent, such as flexibility. Covered wire braided stents with braid
angles of U=30A and U=45A per fealthatthdadditor y we |
of 25 um cover increased RRF and had minimal negative effects in terms of flexibility or
elongation during crimp. Therefore, these results demonstrate that incorporating a polymer
cover with a braided wire stent is another parametar ¢hn be exploited to tailor stent
mechanics for particular applications. Importantly, we demonstrate that a covered wire braided
stent has good potential in femoropopliteal stenting, whereby the device can be tailored to

provide high radial resistancehilst maintaining good axial flexibility.

Certain limitations of this study should be noted. Firstly, benchtop tests are only a
representation of what happens in the femoropopliteal artery, while stem® are usually
subjected to several deformatiomscurring simultaneously, as well as interactions with the
artery wall. Perhaps further development is required for benchtop tests that more accurately
replicate then vivo deformations of the femoropopliteal artery. It is also worth noting that,
while we evaluated five mechanical responses, there are other relevant parameters in
femoropopliteal stenting, including torsion and stent fatigue life, that could be investigated in
the future to provide a more comprehensive description of the functional penfoem
Furthermore, computational modelling could provide a more effective tool to provide detailed

evaluations of stent performance, particularly for evaluating -sts#el interactions and
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accounting for stress distributions in the stent and artersaldidt is also worth noting that

radial force testing was carried out at@7and all other benchtop tests were carried out at room
temperature. However, since the behaviour of braided stents is largely controlled by the
geometrical structure, it is unbky that temperature effects would change the findings of this
study. The second limitation concerns the range of design variable parameters that were not
considered in this study, where geometric parameters including wire density, wire diameter,
and the oe-overone braid pattern were held constant. While these design parameters would
further affect functional performance, it was decided that they were outside the scope of this
chapter and the chosen parameters were adequate for an initial evaluatienetieth of
covering braided stents. Again, this study represents the first systematic evaluation of the effect
of braid angle and polymer cover thickness on the mechanics @ xgelhding wire braided

stents and provides an excellent basis for furthezldpment of covered braided stent systems.

4.5 Conclusions

This study represents the first systematic evaluation of the effects of braid angle and-polymer
covering on the functional performance of setpanding wire braided stents. Benchtop testing
presentedh the study shows that braid angle is a key controlling parameter that largely dictates
the response of baraetal and covered wire braided stents. Generally, it was found that higher
braid angles resulted in increased axial compressive and tensile &odedecreased radial
forces, as well as a decrease in stent elongation and increased likelihood of kinking. It was
demonstrated that the addition of a cover to a braided wire stent causes an increase in stiffness
under all deformation modes. Specificallye introduction of a 25 um polymer cover can cause

up to a sixfold increase in force under radial compression, aftla increase in force under

axial compression, and almost a thfele increase in force under axial tension. In addition to
this, thedeformation mechanism changes from sliding and rotating of individual wires in bare
metal braided stents to tulike behaviour in the composite structure of a covered braided
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stent. Importantly, it was demonstrated that optimum performance of coverednaided
stents for peripheral applications could be

covering systems (t =25 um).
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CHAPTER 5

A Finite Element Investigation on
Design Parameters of Bare and
PolymerCovered Selexpanding Wire
Braided Stents

5.1 Introduction

Seltexpanding coveretiraided stents are routinely used across a diverse range of clinical
applications, but few computational studies have successfully predicted their complex
mechanical behaviour. In this chapter, a computational framework is developed to predict the
functioral performance of bare and covered ®sipanding wire braided stents, with a

systematic evaluation of the effect of various braid and cover parameters presented.

Selfexpanding wire braided stents comprise of interlacing wires that slide and rotate in
reponse to deformation, giving rise to an extremely flexible and conforming endovascular
device. The functional performance of wire braided stents is largely controlled by geometrical

features, including braid angle, wire density, wire diameter and braidripatvith wire
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material properties also an important contributor to performance. Considering the vast array of
possible geometrical configurations, seXpanding wire braided stents have diverse potential
across a range of clinical applications, inclgdiiliary (Mangiavillano et al., 2016xerebral
(Szikora et al., 2010peripheralGeraghty et al., 2013; Lammer et al., 2QX8)d respiratory
(Thomas et al., 201 Mterventions. Geometrical features of the wire braided stent are generally
tailored for applicatiorspecific treatment. For example, wire braided stents for aneurysm
treatment are designed with a high wire density, so that the small and numerous pores create a
moderate flow diversion effect by allowing blood to flow into the aneurgamwhile also
allowing the formation of intr@aneurysm thrombosiSzikora et al., 2010Meanwhile, for
occlusion treatment, radial force is a more important fa@tweckel et al., 20049nd the

braided stent design will tend towards a structuth @& circumferentially aligned braid angle

and larger wire diameters. Recently, covered wire braided stent designs have emerged, whereby
the wire frame is combined with a graft or textile material, typically made from silicone
(Shanahan et al., 201 &xpanded polytetrafluoroethylene (ePTFE) or polyester (PET, Dacron)
(Santos et al., 2012Yhese devices are highly versatile and have many applications beyond
endovascular repair, with several wire braided stent platforms being adapted with polymer
covelings and used in the treatment of biliary sten¢§michiya et al., 20119esophageal
strictureg(Repici et al., 2014and even offabel applications like oesophageal fistul@sven

et al., 2013) Although the polymer cover generally enhancesatgaerformancgZou et al.,

2016) its primary function in most applications is to prevent unwanted narrowing of the lumen
by providing a mechanical barrier that inhibits processes such as res{®éhegiatayi et al.,

2011)or tumour ingrowtl{Kitanoet al., 2013)While this has further expanded the application
areas of wire braided stents, there are distinct challenges in understanding device behaviour, in
particular the relative contribution of braid and cover parameters on the functional paderma

of these composite systems.
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Computational modelling can be used to accelerate the development of wire braided stents by
simulating a wide range of stent configuratiofiee influence of the geometric features of bare
metal braided stents, including lwtangle, wire diameter and wire density, have been predicted
under radial compressidiu et al., 2017; Suzuki et al., 2017; Zaccaria et al., 2020; Zheng et
al., 2019) localised radial compressigKim et al., 2008) bending(Alherz et al., 2016; Fet

al., 2017; Kim et al., 2008; Ni et al., 2015; Zaccaria et al., 2020; Zheng et al., &019)
elongation(De Beule et al., 2009; Zhao et al., 2Q18pwever, relatively few studies have
presented an experimentalilidated computational model for igibraided stent behaviour
(Kelly et al., 2019; Kim et al., 2008\More commonly, model predictions are compared to an
analytical model developed edwab and Cler(Alherz et al., 2016; De Beule et al., 2009;

Fu et al., 2017; Ma et al., 2012)/hile this analytical approach can estimate parameters such
as radial stiffness and axial elongation, it neglects importanlimear aspects of braided stent
behaviour (e.g. friction effects, Nitinol supelasticity) and fails to capture more intricate
performance, such as hysteresis or kinking, seen in experirfiezitg et al., 2019; Rebelo et

al., 2015) Chapter 4howed that polymer encapsulation of wire braided stents fundamentally
changes their biomechanics by limiting the sliding and rotation capability between individual
wires (McKenna and Vaughan, 2020, particular, it was demonstrated that the cover
enhanced the radial stiffness across all braid angles, but impaired the kink performance in more
axially-aligned braids under bending. Incorporating the polymer cover onto the wire frame
adds further to the possible design variables of these braided systenitsyg in a plethora of
potential device configurations that are not feasible to explore through experimentation,
highlighting the need for robust computational models of covered wire braid stents. Already,
several computational studies have been deeeldo predict the performance of covered laser
cut stentgDe Bock et al., 2013; Gu et al., 2005; McGrath et al., 2a¥pjcally using a layer

of shell elements bonded to the metallic frame that consists ofdhmmsmsional elements.
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However, there re limited examples of models covered braided st@ntset al., 2017) as
predictions become highly challenging due to the complex geometries involved and increased

interactions between device components.

The objective of this study is to develop anputational framework to predict the functional
performance of bare and covered s{panding wire braided stents and explore the role of
geometric and material properties on device biomechanics. The computational model uses
pyFormex to create wire braidstents and generates covered configurations by simulating the
wrapping process in Abaqus/Explicit. The computational framework is validated against
experimental radial testing and existing data on kink performar€kapter 4dMcKenna and
Vaughan, 2020)and the radial loading response for baxetal braided stents is compared to

an analytical solutioidedwab and Clerc, 1993) systematic evaluation of thefeft of wire

braid parameters (e.g. braid angle, wire density, wire diameter and Nitinol material properties)
and cover parameters (e.g. thickness and cover material properties) on both radial response and

kink behaviour of these devices is presented.

5.2 Material and Methods

5.2.1Stent Geometry

All wire braided stent geometries considered in this study were created using thsoopEn

pyFormex modelling too{Verhegghe, 2019)and imported into Abaqus/Explicit (v6.14).
Preliminary simulations used for modellidation considered sekxpanding wire braided
stents with an inner diameter of 5 mm and br
experimental work presented@hapter 4McKenna and Vaughan, 202@&s shown ifrigure

5.1. Each stent had a omm&erone braid pattern with 24 crossing wires and a wire diameter of

100 pum. The braided stents were meshed with linear Timoshenko beam elements (B31), and
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the number of elements for each configuration is providd@abie5.1. General contaastith a

friction coefficient of 0.2 is assumed at wire crossover pgiedly et al., 2019)

Covered braided stent geometries were created by pressurising the cover onto the stent frame
to create a morphed cover geometry that follows the profile obtheled stent, and is
representative of the cover geometry following aa@bpting process. An image of the real
baremetal and polymecovered stents can be seen in the Apperfeigufe A2.1) A three
dimensional cover was treated as a hollow cylindeth winer diameter equal to the outer
diameter of the wire braided stent, and slightly longer in length (0.2 mm). To simulate the
covering process, pressure was applied to the outer surface of the cover while the wire braided
stent was held fully constraideThe applied pressure magnitude was proportional to the cover
thickness; for example, a pressure of 2.5 kPa is applied where the cover thickness is t=25 um,
while a pressure of 10 kPa is applied where the cover thickness is t=100 um. The cover was
meshedwith 8-node linear brick elements with reduced integration and enhanced hourglass
control (C3D8R). Brick elements were chosen to define the cover instead of more commonly
used shell el ement s, as a sufficiesuitablg r ef i
element thickness to length ratio that is recommended for shell elements. Each cover had three
elements through the thickness and an element size of 0.05 on all other surfaces. The resulting
deformed cover, shown iFigure5.1, was imported into a new model in a stréeg state, to
appropriately reflect the strefge state of the experimental eipated polymer cover
following solvent evaporation. Bonding between the wire braided stent and cover was imposed
with a tie congtint with a position tolerance of 0.05. To account for subsequent contact not
included in the tie constraint, general contact with a friction coefficieat0f2 was defined

between the wire braided stent and cover, anecseifact in the covgKelly et al., 2019)
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Figure 5.1 Bare and covered stent geometries used for model validation. Wire braided stents

with braid angles of (a) U=30A, (b) U=45A,

covered braided stents with a braid adgle of
(e) t=100 pm.

Table5.1 Braided stent mesh size for wire braided stents with a length of 60 mm.

Braided stent braid angle Number of elements
U=30A 15168

U=45A 8832

U=60A 4992

5.2.2Experimental Testing

5.2.2.1Nitinol Material Properties

Nitinol material properties were determined by performing tensile tests on lengths of wire
(n=b), taken from the same spool of Nitinol from which the braided stents were manufactured.
Samples of length 80 mm were tensile tested to 6 % uniaxial strainpadlimg and unloading
carried out at a rate of 0.8 mm/min in a water bath at 37 °C. An average of the resulting tensile
data, shown irFigure5.2 (a), was used to calibrate the inbuilt uskafined material model

(UMAT) for Nitinol in Abaqus(Auricchio and Taylor, 1997)'he calibrated parameters shown
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in Table5.2 were taken from key points in the Nitinol strestgain curve. A detailed description

of each input parameter for the Nitinol UMAT was discussed previously in S@cfidh

Table5.2 Experimentally determined Nitinol material properties used to calibrate the Abaqus

UMAT for superelasticity.

Symbol Parameter Value
Ea Austenite elasticity (MPa) 56,700
VA Austenite Poisson's ratio 0.3

Em Martensite elasticity (MPa) 25,600
VM Martensite Poisson's ratio 0.3

v Transformation strain 0.046
S Start of transformation loading (MPa) 590
Ok End oftransformation loading (MPa) 600
QuS Start of transformation unloading (MPa) 420
Out End of transformation unloading (MPa) 380
et ® Start of transformation stress during loading in compression (M 590
ot Volumetric transformation strain 0.046

5.2.2.2Polymer Material Properties

Material properties of the polycarbonatiéicone composite polymer were obtained by tensile
testing thin strip samples at room temperature. Five samples with dimensions of 100 x 25 mm
and thickness of 200 um were tested under uniaxial loading at 25 mmsgnigp a Zwick
uniaxial tester. The resulting average tensile data shows linear elastic behaviour with an elastic
modulus of 11.4 MPa for strains up to 10 %, showrFigure 5.2 (b). In this study, the
polycarbonatesilicone composite polymer material model is assumed to be isotropic and

linearelastic (E = 11.4 MPa).
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Figure 5.2 Stressstrain plots show the computatiormahterial fit compared to average
experimental tensile testing results for (a) Nitinol wire and (b) polycarbepaded polymer
strips.

5.2.2.3Radial Force Testing

Previous experimental testing carried outGhapter 4(McKenna and Vaughan, 2020)
performed radial force tests on wire braided stents of length 60 mm in a 60 mm crimper head,
resulting in the wire braided stent elongating and displacing out of the crimperHwogad.
validation purposes in this study, further radial force testing was carried out on shorter bare
and covered braided stents with a length of 30 mm. This is a more appropriate test setup for
replicating with computational modelling, as the braided steabmpletely contained in the
crimper plates. Stents were radially compressed to a diameter of 2 mm and unloaded at a
displacement rate of 0.1 mm/s using gpi&e crimping head (RCM60, MPT Europe) at 37

°C (McKenna and Vaughan, 2020)

5.2.3Computational Benchtop Testing

Each test configuration was simulated using Abaqus/Explicit v6.14 (SIMULIA, Dassault
Systémes) to capture the complex contact interactions anrliheanities caused by folding of
the cover. Computational cost was reduced by using a stadimg factor of 1& while

ensuring a quastatic regime throughout the simulation, verified with a ratio of kinetic to
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internal energy of less than 5 %. General contact was applied to all contacting surfaces (wire

braided stent, covecrimper) using a penalty contact method with a friction coefficient of 0.2.

5.2.3.1Radial Force

Radial force testing was simulated by placing the wire braided stent in the centre of eight
radially patterned rigid plates which were radially displaced with a snsbephamplitude to

crimp the stent from its original diameter to a crimped diameter of 2 mm, followed by
unloading to allow the stent to expand back to its original diameter. For comparison of radial
characteristics across many braided stent systems ottkgnesents the initial radial stiffness

of the braided stent, as well as the radial resistive force (RRF) at 4.5 mm or the force to resist
compression, and the chronic outward force (COF) at 4.5 mm or the force acting on the artery,
as indicated irfrigure5.3 (a). Radial compression of covered braided stents at small diameters
was an extremely challenging computational problem due to the large amountcufigadt

in the cover. To reduce the computational complexity, but still capture the important features
of the radial profile, the radial deformation of covered braided stents was considered up to

diameters of 3.95 mm.

5.2.3.2Kink Test

Kink deformation was simulated on wibraided stents with length 60 mm by applying equal

and opposite 90° rotations to each end of the stent, as well as displacing the ends downwards
and towards the centre of the stent, to achieve a deformation with a radius of curvature of 11
mm. Loads werapplied to a reference point coupled to 5 mm sections at each end of the stent

(seeFigure5.3 (b)).
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Figure 5.3 (a) Radial force testing was simulated waightrigid crimper plates. Results
focus on key features indicated on the radial force profile; radial stiffness, radial resistive
force (RRF) and chronic outward force (COF). (b) Kink deformations were simulated wi

displacements applied through reference points at each end of the stent.

5.2.3.3Covered Braided Stent Parameter Study

A systematic evaluation of the effect of geometric and material properties on the functional
performance of barmetal and covered wire brad stent configurations was carried out. From

a baseline wire braided stent geometpny with
diameter, wire braided stent and cover parameters were varied independently. The influence of
Nitinol austenite modulusyire density, wire diameter and braid angle were evaluated in bare

metal wire braided stents, according to the values preserfadlieb.3. Meanwhile, the elastic

modulus and thickness of the polymer cover were evaluated in covered wire braided stent

systems.

Table5.3 Table presenting the baseline parameter properties for a covered braided stent
system and parameter vations investigated.

Wire Parameter Baseline Variations Unit
Nitinol austenite modulus @} 56700 30,000, 40,000, 50,000, 60,000, 70,00 MPa
Wire density (n) 24 12, 24, 36, 48, 72, 96 wires
Wire diameter (d) 100 60, 80, 100, 120, 140 pum
Braidangl e ( U) 45 15, 20, 25, 30, 45, 60, 75 °
Cover Parameter

Cover elastic modulus @t 10 1, 10, 50, 100, 500 MPa
Cover thickness (t) 25 10, 25, 50, 100 um
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5.2.4Analytical Modelling

An analytical solution for each bametal braided stent design was determined following the
method proposed byedwab and Clerc (1993\vho predicted geometrical and mechanical
properties of an opeended selexpanding wire braided stent. When an akad (Q is
applied to a braided stent with an initial external diamé®er)(initial braid angle|( ) and
initial length @ ), the stent elongates to a new lengh While reducing in diametedj, and

the wires rotate to give a larger braitgée ( ). These geometrical changes can be described

with the equations given ifable5.4.

Table5.4 Formulae for predicting the geometrical behaviour of a baretal braided stent.

Braid geometrical characteristic Symbol Formula

Initial average stent diameter 0] o O c¢Q (5.1)
Initial pitch n N “O0 e (5.2)
. . . 0
Number of coils W w n— (5.3)
di ) o Oweé i |
New average stent diameter @) R (5.4)
New external stent diameter O O ©O cQ (5.5)
New stent length 0 O 0 o i Qe i Q¢ (5.6)
Length of a single wire of one pitch 0 0 ' ©
J ? P U BE (67)
Total wire length 0 0 & (5.8)
Axial distance between intersection 0 0 S T @ (5.9)
. . . . €0
Number of intersections 0 0 _ (5.10)
5 .
Total area of intersections 0 0 00
0 [ Qe (5.12)
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The mechanical response of a wire braided stent was evaluated based on equations for helical
springs(Wahl, 1963) assuming that a braided stent is composed of independent coiled springs
with rotationallyfixed ends, apud the springs undergo elastic dehation only. As already

shown inChapter 3it can be shown that the axial |104Q @cting on the stent is:

00 ¢i Qe | 00 dheéqnd

O (¢ 5 5 ) 0 0 V) (512)

where Ois the shear modulus of the wii@js the elastic modulus of the wir@ls the moment

of inertia,"O's the polar moment of inertia and constarits, 0 andv ) are described by:

. Okl . AID , 0
7o b g Y TE (5.13)

Under a radial pressur@); the wire braided stent structure responds in a similar way to that
described with axial loading, where the stent elongates and wires realign. Based on the theory

of virtual work, it is shown:

- _GOw
" ow o (519

From this analytical pressure solution, the initial radial stiffness response was assessed for each

braided stent by calculating the secant modulus for radial compression to a diameter of 4.5 mm.
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5.3 Results

5.3.1Model Validation

Results show that the computational model correctly predicts radial force trends for braided
stents across a range of braid anglgure 5.4) and cover tliknessesHigure 5.5). The
predicted radial response of banetal braided stents is shownFigure5.4 (a), with this data
compared to the experimental radial force response (both of which are normalised to the length
of the stent). The computational framework captures increasing radial response as braid angle
decreases, although tteadial force at full crimp is undgaredicted, which is a common feature

in such modelgKelly et al., 2019) In terms of crimped deformation, the predicted stent
elongation at a crimped profile of 2.4 mm shows excellent agreement to the experimentally

determined crimped profile i@hapter 4Figure5.4(b)).
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Figure 5.4 Comparisorof experimental and computational data for banetal braided
stents with varying braid angle under (a) radial force and (b) elongation at 2.4 mm.

The predicted radial response of covered wire braided stents is shBwgurne5.5. For cover
thicknesses of t=25 um and t=100 um, the model captures the loading and unloading radial
force profile up to a crimped diameter of 3.95 mm and the relative effect of cover thickness

compared to experimental data. Howewveshould be acknowledgetat there are deviations
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between experimental and computational data, with the RRF at 4.5 mipredated (64 %)

for braided stents with a cover thickness of t=25 yum and ymaelicted {19 %) for braided

stents with a cover thickness of t=100 um. k\ehile, the COF at 4.5 mm is undaredicted

for braided stents with cover thicknesses of both t=25-16%) and t=100 um§ %). These

errors can be partially explained by the complicated cover deformations of the crimped braided
stents shown ifrigure 5.6, where there is substantial folding and selftact in the cover.
Interestingly, cover deformation is dependent on cover thickness, with thin covers showing
creass in the windows between the wire frame, and thick covers folding along the entire length
of the stent, which results in localised braid bucklifggre 5.7). Small levels of strain
develop in the Nitinol wire as the stent is crimped, generated by torsional effects from the

unconstrained ends as they taper.

Bare - Exp t=25um - Exp t=100um - Exp
----- Bare - Comp t=25um - Comp t=100um - Comp
6 06

a
1

i
L
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N w

—
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Figure 5.5 Experimental and computational radial force response for bare and covered
(t=25 Om, t=100 Om) wire braided stents wit
radial response for the bammetal braided stent and the braided stent with cover thickness

t=25 pm.
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(b)

Figure 5.6 Comparison of the stent cresectional profiles under radial force testing
showing cover folding in (a) the experimental setup and (b) the computational model.

Figure57Radi al c¢cri mp deformations for braided
specifically (a) shows strain in a bameetal stent and (lghows cover stress in polymer
covered stents with thin and thick covers.

Figure5.8 shows the predicted kink performance of baxetal and covered wire braided stents
compared to deformations observed experimentallZhapter 4(McKenna and Vaughan,

2020) Generally, it was observed that the kink resistance of the braided stent configurations
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