SYDNEY

School of Mechanical and Manufacturing Engineering
Faculty of Engineering

UNSW Sydney

Multi-objective Design Optimisation of Coronary Stents

By

Vanessa Luvio

Thesis submitted as a requirement for the degree of Bachelor of Mechanical
Engineering

Submitted: 20 November 2020 Student zID: z5164214
Supervisor: Dr Susann Beier (UNSW)



Vanessa Luvio — Multi-objective Design Optimisation of Coronary Stents

ORIGINALITY STATEMENT

‘[ hereby declare that this submission is my own work and to the best of my knowledge it contains no
materials previously published or written by another person, or substantial proportions of material which
have been accepted for the award of any other degree or diploma at UNSW or any other educational
institution, except where due acknowledgement is made in the thesis. Any contribution made to the research
by others, with whom I have worked at UNSW or elsewhere, is explicitly acknowledged in the thesis. I also
declare that the intellectual content of this thesis is the product of my own work, except to the extent that
assistance from others in the project's design and conception or in style, presentation and linguistic
expression is acknowledged.’

Signed W'O

pwe 1 1/11/2020

ii



Vanessa Luvio — Multi-objective Design Optimisation of Coronary Stents

Abstract

In-stent restenosis remains a major problem in coronary stent design and is caused by
mechanical failure and stent-induced, adverse effects on the local haemodynamic
environment. A multi-objective optimisation of stent design was completed for eight major
stent design variables and three key stent performance objectives. Latin Hypercube
sampling generated an initial set of 30 novel stent designs, which were computationally
modelled for their haemodynamic and mechanical performance using CFD and FEA
respectively. The results were then used to inform an optimisation algorithm, NSGA-II
with EHVI, to predict non-dominated / ideal stent designs. Directly contributing to a
journal submission, 22 non-dominated stents were identified. Key findings included the
more favourable haemodynamic performance of circular-strutted stents, the trade-off
between cell height and strut thickness, and the effect of the number of connectors on radial
and compressive strength. Substantial progress was made towards future work by

expanding the number of variables and objectives.
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Chapter 1 - Introduction

1.1. Coronary Artery Disease
The development of coronary stents has provided a significant source of treatment for cardiovascular disease, the
greatest cause of death in the modern world. Cardiovascular disease encompasses multiple diseases including coronary
artery disease which involves atherosclerosis [1]. Atherosclerosis is described as the build-up of plaque, made of fats
such as cholesterol, that thickens and hardens in the artery and prevents blood flow [2]. This built-up plaque
consequently narrows the space inside the artery called the artery lumen, and this process is known as restenosis.
Coronary artery disease is caused by multiple factors including having a genetic predisposition to the disease, high
blood pressure, and lifestyle factors such as having a poor diet. This disease has killed 9.43 million people globally in

2016 alone making coronary stent treatment vitally important.

Percutaneous coronary intervention (PCI) is a highly effective technique for the treatment of coronary artery disease.
PCI involves the delivery of a stent to the point of occlusion via a catheter inserted into a patient’s artery and balloon
angioplasty. The stent is mounted to a balloon which inflates, stretching the vessel wall and expanding the stent. The
stent is a tubular scaffold which is designed to stay expanded, push back the plaque and thereby increase the lumen
diameter of the artery for increased blood-flow (Figure 1). It is a popular choice of treatment due to it being less
invasive than surgery, having faster in-hospital recovery and reduced costs [1]. The other treatments available for
stenosis are drug treatment and surgery. Drug treatment can be used for less severe cases and can develop a drug
dependency in patients. Alternatively, bypass graft surgery is predominantly used in severe cases due to its high
mortality rate, invasiveness and cost [3]. One adverse result of PCI is the development of in-stent restenosis where the
artery is narrowed again due to cell overgrowth in or around the stent. The development of drug-eluting stents has
successfully reduced in-stent restenosis to less than 10% [1] however some patients will need surgical interventions,

especially for repeat, recalcitrant in-stent restenosis cases [4].

Figure 1. Percutaneous Coronary Intervention with Stent Implantation (A to C) [5].
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To address the issue of in-stent restenosis for PCI, there have been multiple developments in stent design. In 1986,
the first coronary stent was implanted by Sigwart and Puel which successfully reduced the vessel recoil and restenosis
experienced by patients that underwent balloon angioplasty [6]. However, the bare metal stents at the time generated
other issues including in-stent restenosis, stent thrombosis, deployment failure and embolization. Drug-eluting stents
were developed to reduce in-stent restenosis and the first sirolimus-eluting stents were implanted in 1999. Known as
the first generation of drug-eluting stents, these stents successfully reduced in-stent restenosis however increased the
risk of stent thrombosis. Bare metal stents and second-generation everolimus-eluting drug-eluting stents continue to

be refined in material composition and stent design to address these issues.

1.2. Failures of Percutaneous Coronary Intervention
1.2.1.  In-Stent Restenosis and Adverse Effects on the Haemodynamic Flow

In-stent restenosis (ISR) remains a major problem for percutaneous coronary intervention (PCI) despite improvements
in stent design. Studies have shown that ISR has an incidence rate between 17% and 41% for bare-metal stents. While
drug-eluting stents improve upon this with 5% to 10% incidence of ISR, there is large concern for these stents and
their delayed endothelialisation causing late thrombosis [7] [8]. Stent thrombosis is the formation of blood clots inside
the stent, creating a point of occlusion for the blood flow, and it is a key determinant of stent failure causing death
with mortality ranging between 11% and 45% [9]. A principle cause of ISR is neointimal hyperplasia which is the
development of vascular muscle cells as a response to injury in the vessel wall. This occurs during stent implantation,
and an excessive amount will thicken the arterial wall causing ISR [3]. Target lesion revascularisation (TLR) is then
performed to restore the blood flow. There are multiple factors that influence the development of ISR including
patient-specific factors such as the lesion types, medical history and reaction to the drug, as well as stent design factors

such as mechanical failure and a stent’s adverse effects on the local haemodynamic environment [7].

Flow disturbances have been shown to influence neointimal growth resulting in restenosis and thrombus formation
[10]. Specifically, areas of low wall shear stress (WSS) and oscillatory WSS have been identified as areas where the
most intimal thickening occurs. WSS is the shear stress located at the wall of the vessel, induced by the tangential
drag force from the blood flow. The haemodynamic flow is altered by the stent-induced biological response. Studies
have highlighted the significance of stent design and haemodynamics for the development of ISR, however, the
majority have focussed on strut thickness and spacing. Hence, there is a need for further development in stent design
in relation to the haemodynamic environment [8]. Atherosclerosis is the adverse result of changes to haemodynamic
flow. Metrics to describe this change and its effects have been well-established and include wall shear stress (WSS),

and time-averaged WSS (TAWSS) [11];
Time-Averaged Wall Shear Stress (TAWSS)

Averaging the WSS over the cardiac cycle will determine TAWSS. It accounts for the change in haemodynamic flow
through time. Low TAWSS has been connected to endothelialisation, which is the formation of tissue made of cells

that line the vessel. Cellular proliferation, inflammation and intimal are linked to areas with TAWSS < 0.5 Pa [12].
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Wall Shear Stress (WSS)

Relatively low WSS has been shown to promote intimal thickening and exist in locations of atheromatous disease.
Specifically, intimal hyperplasia has developed at locations where WSS < 1.5 Pa due to the release of tissue growth
factors. The same study [13] commented that areas with WSS < 0.5 Pa are prone to atherosclerosis, yet the plaque in
these locations was stable and stiffer. This atheromatous narrowing was shown to decrease for areas of WSS > 1.2 Pa.
Given its significant association with the formation of neointimal hyperplasia, low wall shear stress has been of
specific interest in stent design studies and is defined to occur in areas where WSS < 1 Pa [14]. However, investigations
into high WSS have also indicated an adverse response with an increased risk in thrombosis and plaque rupture.
Specifically, a more vulnerable disease phenotype with plaque vulnerable to rupture is suggested to develop in areas
where WSS > 2.5 Pa [15]. Typically, high wall shear stress has been defined to occur in areas where the WSS > 3 Pa

[16]. Hence, there are adverse patient outcomes and risk associated with both high and low WSS.

1.2.2.  Mechanical Failure of Coronary Stents

Stent struct fracture can develop adverse clinical outcomes including neointimal hyperplasia, thrombus occlusion, the
proliferation of scar tissue, and ISR [17]. Therefore, it is crucial to design stents with strong, mechanical integrity to
avoid fracture. To determine what aspects need to be optimised, the factors that contribute to ISR were considered.
These are stent elastic recoil which narrows the lumen diameter, stent-induced damage to the arterial wall during

expansion, stent recoil or vessel movement, and stresses generated in the vessel wall causing arterial remodelling [18].

There are multiple mechanical forces acting on a stent including compression, torsion, flexion and elongation [19].
Stent failure and fracture can occur from a combination of these forces, either during delivery in the arteries or at the
diseased arterial location. Based on these forces, the optimal stent design should minimise elastic recoil, fracture and
injury to the vessel wall by guaranteeing sufficient longitudinal and radial strength. Moreover, the design should
ensure flexibility for efficient deliverability during surgery, and reduce tissue prolapse with a strong dense mesh [18].
Stent design has a crucial role in minimising stent fracture, however, some variables benefit the stent in one way but
are detrimental to another objective. There is a need for balance between radial strength, longitudinal strength and

flexibility which are required to achieve the optimal stent design [17].

1.3.Design of Coronary Stents

Stent design has significantly developed since its inception in the 1980s. There is currently a large variety of
commercial stents available however there are opportunities for design improvement. Reducing the rate of ISR in
patients has been heavily investigated by addressing key areas of mechanical failure and stent-induced, adverse effects
on the haemodynamic environment [20]. There are multiple factors that influence stent design, however, the most
significant developments have been in stent material choice, strut size and connector geometry. Multiple studies have
used computational simulations to evaluate stent design variables and their effect on mechanical and haemodynamic
outcomes. Yet, there is no clear optimal stent design due to the complex relationship between stent variables and

design objectives.
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Chapter 2 - Literature Review

This chapter provides a review, discussion and analysis of key literature with relevance to stent design variables, key

areas of optimisation, and computational modelling with finite element analysis and computational fluid dynamics.

2.1. Significant Stent Design Variables

Stent design has a significant effect on minimising adverse haemodynamic outcomes and mechanical failure which
can cause ISR. Different current commercial stent designs are pictured in Figure 2, and the following section discusses
literature that investigates key stent design features.
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Figure 2. Current Commercial Stents [21].

2.1.1.  Connector Geometry and Hoop Alignment

The connectors are the struts that connect the stent cells together and provide the stent’s longitudinal strength and
flexibility. Pant et al. [8] compared five commercial stent designs and found that the length of connectors in the cross-
flow direction is proportional to the areas of adverse low WSS and recirculation zones which can lead to restenosis.
Upon analysis, this study highlighted the relatively high WSS found at the proximal end of all the stents and the areas
of low WSS found localised around the struts. Both Pant et al. and He et al. [22] concluded that curve-shaped
connectors disturb the haemodynamic flow more than straight connectors, and that connectors should be aligned
longitudinal to the flow to be haemodynamically beneficial. This study by He et al. provided a parametric optimisation
of four commercial stents and highlighted that thrombosis and neointimal hyperplasia could be reduced by reducing
the number of strut connectors to the minimum required for sufficient mechanical integrity. In contrast, a meta-analysis
of 53 studies [10] found that stents with a higher average number of connectors, greater than 2.5, were linked to a
lower incidence of stent thrombosis and TLR. Moreover, the study found that there was a need for connectors at the

proximal and distal edges for longitudinal integrity.



Vanessa Luvio — Multi-objective Design Optimisation of Coronary Stents

NN NV RNV
!‘i\ ] V
v i/

!
»v\, \!z’

f’V\/\ ORI “

M
 BioMatrix Flex ~ Vision MULTI-LINK8  Element Promus PREMIER Integrity

soressta Cfgignin COSfgmn e Do B

120pm 81 ym 81 ym 81 pm 81 pm 91 ym |
2 (4 between :

2 connectors 3 3 2 pramal hoops) 23 1

Figure 3. Commercial Stent Designs (Some Connectors are Indicated by Red Arrows) [17].

With a focus on deliverability, radial strength and conformability, many commercial designs have reduced their
longitudinal strength. Providing a comparison of the commercial stents pictured in Figure 3, one study [20] found that
the longitudinal integrity of stents was closely linked to the hoop strength, and the geometry, number and alignment
of the connectors. Longitudinal deformation can prompt stent thrombosis and this deformation at the proximal end of
stents is likely to occur from equipment catching [20]. Moreover, the study highlighted that the connector alignment
between rings will impact the stent’s longitudinal integrity. The two most common alignment types are ‘peak to peak’
or ‘peak to valley,” such as the Vision (Abbot Vascular) stent and Biomatrix Flex (Biosensors) stent respectively,

pictured in Figure 3.

The commercial stent designs illustrated in Figure 3 were originally investigated with a repetitive bend test in the
study by Ormiston et al [17]. Both studies concluded that the CYPHER (Cordis Corporation) stent experiences the
most fracture because of its six thick connectors making it less flexible and deliverable despite its strength. Of the six
designs tested, there was a range of connector geometries including S-shaped (BioMatrix Flex), off-set peaks linked
by a straight connector (Element and Promus PREMIER), and connectors with a U-shaped loop (Vision and MULTI-
LINK 8). Ormiston et al. showed that curved sections of connectors are where most fractures occurred due to stress
concentrations, however, the flexibility of the stent is increased by these bends in the connectors. Similarly, a later
study [23] confirmed that straight connectors had higher longitudinal strength than curved connectors (S-shaped). The
authors highlighted that increasing the number of connectors will improve and increase the stent’s longitudinal
strength. Specifically, the FEA models showed that the stent with four connectors provided nearly three times as much
longitudinal strength as a stent with two connectors. In contrast, Ormiston et al. provides the view that two connectors
create flexible stents that are less likely to fracture than those with more connectors. Commercially, current stents
have between two to three connectors between hoops, except for Promus Premier with has four connectors in its

proximal hoops to improve longitudinal integrity.
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2.1.2.  Cross-Sectional Shape

The cross-sectional shape of stent struts can have a direct impact on flow patterns in the haemodynamic environment
and on the stent’s mechanical strength and susceptibility to fracture. One study [24] reported that the cross-sectional
shape must be chosen to create a stent design with sufficient strength and considers the struts interaction with the
vessel wall. In literature, suitable strut cross-sectional shapes identified include triangular, rectangular and circular
[24] [25]. Of particular concern to multiple studies is the effect that strut cross-sectional shape has on the
haemodynamic environment, creating flow separation and recirculation zones, producing low WSS. A 3D multi-
objective study by Putra et al. [26] concluded that triangular struts were superior to rectangular struts due to their
streamlined shape resulting in reduced flow disturbance. A streamlined cross-sectional shape has been shown to reduce
recirculation zones and low flow shear rates [25]. Another study [27] showed that circular cross-sections reduce the
level of flow fluctuations when compared to square struts. However, from a strength perspective, square cross-sections
can tolerate a larger buckling force before failure [28]. Hence the balance between haemodynamic and mechanical

objectives on strut cross-sectional shape needs to be carefully considered.

2.1.3.  Stent Diameter

In vivo, patient-based studies have largely reported that increasing the stent diameter decreases the risk of ISR. One
study [29] analysed the effect of stent diameter on adverse patient outcomes by analysing patient data collected from
January 2010 to December 2016. The authors found that the TLR rates decreased from 7.2% to 3.3% as the diameter
increased based on their analysis of four stent diameter sizes including diameters < 2.50mm, 2.75 < 3.00mm, 3.25
< 3.50mm, and > 3.50mm. The < 2.50mm group produced the highest rates of major adverse cardiac events including
death. Grouping patient results based on diameter was also completed by a separate study [30] that focussed on a
diameter of 2.5mm or greater than 2.5mm. Similarly, the authors highlighted the higher rate of TLR and myocardial
infarction, known as heart attacks, for the 2.5mm stents however commented that the rates of stent thrombosis were
largely unaffected by the stent diameter. Moreover, one study [31] concluded that high rates of ISR, stent thrombosis
and TLR occur in small vessels and suggested that there was a benefit in oversizing drug-eluting stents in smaller

vessels.

The effect of larger stent diameters for bare-metal stents and drug-eluting stents has been largely debated. One study
[32] investigated this by comparing data from 466 patients using drug-eluting stents or bare-metal stents with arteries
> 3.50mm. For large coronary arteries, the authors concluded that there was no added benefit in using drug-eluting
instead of bare-metal stents, noting that stent thrombosis did not occur for either stent type and that larger vessels
could manage larger neointimal growth before needing TLR. However, a later study [33] disagrees with this finding
by highlighting that the strongest predictor of ISR is from using bare-metal stents even in patients with a stent diameter
= 3mm. Specifically, for every Imm increase in diameter, the study showed a 76% lower risk of ISR. There are few

studies that investigate stent diameter through parametric optimisation, and instead, most analyse patient results.
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2.1.4.  Number of Peaks and Intra-strut Angle

The number of peaks and the intra-strut angle are inter-related in their effect on the haemodynamic environment. The
number of peaks is the number of high points in the sinusoidal curve per stent cell (Figure 5), and the intra-strut angle
is illustrated in Figure 4. A study by Gundert et al. [34] used parametric computational optimisation and found that
the intra-strut angle determined the optimal number of peaks in terms of reducing low TAWSS. Specifically, an intra-
strut angle between 38.5 degrees and 46 degrees was shown to minimise the area of low TAWSS and to be independent
of vessel diameter. However, the same author revised the optimal intra-strut angle, specifying that it should be within
50 degrees and 60 degrees in later work [35]. Moreover, different ranges of optimal intra-strut angles were found for
different stent diameters with a different number of peaks, suggesting these three design variables are linked and

require further investigation.

| fa
Figure 4. Cell design used by Gundert et al. where 0 is the intra-strut angle [34].

In the later study by Gundert et al. [35], it was found that while stents need an increased number of peaks as diameter
increases (due to expansion), reducing the number of peaks in current commercial designs would be
haemodynamically beneficial. Nonetheless, the same study found that fewer peaks causes flow misalignment and
adversely affects TAWSS. This phenomenon was also observed by a separate study [11] when comparing TAWSS
results from the 9-peak Biomatrix (Biosensors) and 8-peak Omega (Boston Scientific) stent design. In contrast, a
meta-analysis [10] was conducted that determined that the number of peaks had a minimal impact on stent thrombosis
and TLR. Though minimal, an average number of peaks < 7.5 did not perform as well in terms of stent thrombosis

and current commercial stents have been shown to have a number of peaks ranging from six to nine.

N

Figure 5. Diagram of Stent Connectors (Red), the Strut Thickness (green), and Peaks (blue) [10].
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2.1.5. Strut Dimensions

Strut thickness has a significant effect on wall shear stress and must be considered when determining a stent’s
mechanical strength. One study [20] discussed the development of strut thickness through history. Originally, thick
stainless-steel struts, as seen in the CYPHER, determined its strength, and recently, the development of alloys
including cobalt-chromium, have enabled thinner struts with adequate radio-opacity and radial strength. Commercial
designs offer a range of thicknesses, the smallest being 60 um (Supraflex) and the largest being 140 um (CYPHER)
[25]. Thickness and width define the strut’s dimensions as illustrated in Figure 6. One study [2] highlighted that stent
radial strength is majorly dictated by strut width, while thickness is connected to ISR. Similarly, a separate study [36]
observed a significant reduction in restenosis for thinner struts when comparing thick 140 um struts to 50 um struts
in an analysis of 651 patients. Reducing strut thickness is largely agreed upon as beneficial for deliverability and
reducing disturbances on the haemodynamic environment. Specific to WSS, Beier et al. [11] found that thinner struts
resulted in higher WSS between cells and a reduction in low, adverse TAWSS. It is evident that thinner struts are

beneficial to the haemodynamic environment but must take into account mechanical strength as well.

Crown Radius

Strut Thickness

Strut Width

Figure 6. Strut Thickness and Width [2].
2.1.6. Cell Height

The vertical distance between stent cells is the cell height and this variable has been shown to affect the haemodynamic
environment. Beier et al. [11] has suggested that there is a relationship between cell height and strut size. The study
reported areas of low WSS and high WSS gradient for stents with a narrow cell height. Importantly, the authors found
that decreasing the strut size would reduce these areas of adverse flow for stent designs with narrow cell height. Larger
spacing (cell height) has shown to be beneficial to haemodynamic flow due to the increase in intra-strut area, reducing
the stress experienced across the stent [37]. A later study [26] highlighted that cross-sectional shape and cell height
are linked and both have an effect on the haemodynamic environment. Hence, analysis of the haemodynamic effects

from cell height must also consider the effect of strut cross-sectional shape and strut size.
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2.2. Optimisation of Coronary Stent Design
2.2.1. Mechanical Optimisation Objectives

Multiple studies have investigated the mechanical properties of coronary stents for the purpose of minimising adverse
clinical outcomes. A study by Hsaio et al. [2] developed computational models representing variants of commercial
stents with the purpose of measuring radial strength, expansion recoil, plastic strain, and the pulsatile fatigue safety
factor. Measuring the strain experienced by commercial stents was similarly completed by an earlier study [19] but
the torsion in addition to bending and compression was examined. This study focussed on the connection between
strain zones and stent fracture, while Hsaio et al. examined plastic strain and expansion recoil to determine the radial

strength of the stents.

Deliverability, flexibility and radial strength have been the objective focus of multiple designs, which has led to
negative impacts on a stent’s longitudinal strength. This view is evident in one study [38] which analysed patient
angiographic results between September 2007 and September 2011 and identified longitudinal stent deformation. It
was determined that the development of thin struts had sacrificed longitudinal strength, increasing the risk of
thrombosis, and that it was unlikely due to procedural technique. Conversely, one study [39] stressed the occurrence
of fracture during the delivery procedure through the analysis of 1000 patients and bench testing. Bench testing has
proven to be a common practice for investigating the relationship between stent flexibility and fracture in multiple
studies [17] [40]. The effect of 2-link and 3-link connectors on flexibility has been specifically examined by measuring
and analysing the angles at the diastole and systole ends [40]. In contrast to this quantitative method, the other study

[17] visually inspected the fractures that developing in the commercial stents from the bench testing.

2.2.2. Haemodynamic Flow Optimisation Objectives

When designing stents to benefit haemodynamic flow, a common objective across all literature is minimising areas of
low wall shear stress (WSS). A study by Pant et al. [8] compared five commercial stent designs with CFD to investigate
different stent designs and their effect on abnormal flow features including low WSS and oscillating WSS which are
usually more susceptible to restenosis. Unlike other studies, this study focused on strut thickness and spacing, and
examined the effect of these variables and connectors by quantifying the WSS patterns and flow features with a
modified oscillatory shear index. Likewise, a later study [35] also investigated variants of commercial stent designs
by completing 21 optimisations to minimise the area of stent-induced low WSS and TAWSS. This study instead
focussed on the relationship between two variables, the number of crowns and stent diameter, and used the intra-strut

angle to quantify results.

While both of these CFD studies assumed Newtonian flow, Beier et al. [11] offered an extensive investigation into
two commercial stents while assuming non-Newtonian flow which provided more accurate near-wall results. This
study considers more haemodynamic objectives than previous studies’ focus on low WSS and TAWSS by including
high WSS and WSS gradient using well-established metrics. Using these metrics, the author compared key stent design

features (strut spacing, strut size, protrusion, and cell height) to examine their effect on a stent’s haemodynamic profile.
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2.2.3.  Coronary Artery Stent Design Improvement Process

Multiple studies have attempted to improve stent design based on these mechanical and haemodynamic objectives
through systematic computational optimisation. A study by Bressloff et al. [41] provides a thorough overview of the
computational optimisation methods used in many of these studies with a particular focus on multi-objective methods.
As an overview, there are four key elements to all optimisation methods; the design variables, the objective function,
the constraints, and the optimisation algorithm. While initial studies focused on the optimisation of stents based on a
single objective [34] [42] [43] [44], recent studies have considered multiple objectives, either from creating a single
weighted objective function [45] or from treating each objective separately and creating a Pareto front; a set of non-
dominated solutions. A surrogate modelling approach, which represents the relationship between stent design
variables and the objection function, has been used in the majority of stent optimisation studies, ultimately creating
the Pareto front in a time-efficient manner. Significantly, this study emphasised that the method of Kriging was the

predominant method used in surrogate modelling.

The majority of stent optimisation studies have focused on mechanical optimisation and consider between three to
four design variables [42] [45] [46] [47] [48]. Of these design variables, strut width and thickness are considered the
most, and of the objectives considered in these studies, the radial strength is assessed by all. There are few studies that
optimise coronary stents based on their effect on the haemodynamic environment. Of those that do, the vast majority
consider a single objective and this is often reducing low WSS [34] [43] [44]. Commonly used in stent optimisation,
Latin Hypercube sampling samples the design space efficiently [46] [48]. Similar space-filling methods used in these
studies include LPt sampling [47] and the Modified Grid Sampling approach [42]. While one study [45] provided a
parametric multi-objective optimisation based on a single weighted objective function, the majority of stent
optimisation studies used Kriging surrogate models and varied in their optimisation algorithms. Specific optimisation
algorithm methods used in these studies to generate Pareto fronts include the Multiobjective Particle Swarm
Optimisation algorithm [48], and the non-dominated sorting genetic algorithm called NSGA-II [46] [47] [49]. To rank
the designs, NSGA-II has used the fitness function called Expected Hypervolume Improvement (EHVI) in multiple
studies [26] [44].

There are minimal studies investigating the effect of a stent’s design on minimising both mechanical and
haemodynamic adverse clinical outcomes. A study by Pant et al. [49] considered both mechanical and haemodynamic
objectives in the optimisation of the CYPHER (Cordis Corporation, Johnson & Johnson co.) stent with three design
variables and six objectives. This study developed Kriging response surface models and used NSGA-II to search for
an optimal set of designs (non-dominated solutions). Using this multi-objective optimisation process, conflict was
identified between pairs of objectives such as the haemodynamic disturbance and flexibility of a stent. Similarly, a
study by Putra et al. [26] considered both haemodynamic and mechanical objectives using Kriging response surface
models, however, looked at only two design variables and fewer objectives (two); minimising low WSS, and
minimising initial average stress. Building on from the authors’ previous single objective study [44], optimal designs
were searched for using the Expected Hypervolume Improvement algorithm (EHVI). Providing an extensive review

of literature, one study [50] highlighted that stent design needs to consider the impact of mechanical strut support and
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the vessel response to blood flow, in order to minimise ISR. Most literature investigates stent designs in relation to
either haemodynamic flow behaviour or mechanical integrity and considers less than four design variables. Hence,
this area of research into stent design optimisation can be expanded by considering both haemodynamic and
mechanical outcomes for more variables with Kriging Surrogate modelling and using optimisation algorithms such as

NSGA-II.

2.3. Computational Modelling of Stents with Finite Element Analysis

Computational simulations using finite element analysis (FEA) can evaluate a given structure and determine the
mechanical reaction to various loading and boundary conditions that can imitate real-world environments. Multiple
studies have modelled stents and utilised FEA to analyse their mechanical response to specific loading conditions that
can cause stents to fail. FEA is highly beneficial to mechanical stent design optimisation, providing a rapid and
extensive evaluation of multiple designs in an efficient, cost-effective manner with highly controlled conditions. The

reliability of these results is largely dependent on the assumptions made for the model set-up.

Using FEA, multiple mechanical stent design objectives including stress, strain and displacement can be solved for
by deriving equations that link these properties together. Based on the simple boundary conditions and low
deformation rate associated with modelling stents in literature, the appropriate numerical approach was determined to
be the implicit finite element method. One study [51] highlighted that this method has proven to be efficient
specifically when solving equations with material non-linearities, which has been highlighted as a key difficulty when
simulating stent expansion [52]. A stent can be studied using computational static structural analysis that contains the
stiffness-based implicit time integration algorithm using the Newmark method. The implicit equation is incrementally

solved throughout a given time. Firstly, the semi-discrete equation of motion is defined as follows;
Mi+Cu+Ku=F €))
The Newmark time integration method is used for implicit transient analysis and assumes the equation can be
represented by:
Miijyq + Cltyyq + Ktljyq = Fiyq (2)

The derived displacement vector is defined as:

2

Ujyp = U + At + A% [(1 = 2B)i; + 2B1i;44] &)

The derived velocity vector is defined as:
Uiy = U + AL[(1 = y)i; + yilieq] (4)
Where u is the displacement vector, u is the velocity vector, i is the acceleration vector, i is the iteration, t is time,

At is the time step, F is the applied force, M is the mass matrix, C is the damping matrix, K is the stiffness matrix, 8

is the Newmark stability control variable, and y is the Newmark accuracy control variable.
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While this procedure is unconditionally stable and efficient, it does contain limitations. For a complex model with
complicated contact conditions, the computational time required to solve the simulation will increase, despite the
number of equations staying the same [51]. Complex geometries will require extremely refined mesh, consequently
increasing the computational time and power required. Therefore, mesh convergence studies are completed to achieve
accurate results while considering the computational cost. Studies have emphasised that with every calculation there
is an accumulation of computational error impacting on the accuracy of the results [18]. While there are limitations,
FEA has proved to provide a good approximation to stents performance in real-life conditions given accurate modular
setup is provided. Studies devoted to using FEA for stent evaluation attempt to replicate the actual stent and arterial

environment through carefully chosen model geometry, mesh size, and boundary and loading conditions.

2.3.1. Geometry and the Numerical Model

The numerical model is a part of the FEA process, and its purpose is to create geometry that closely relates to real-life
conditions. A study by Migliavacca et al. [52] provided a parametric analysis on 8 modelled stents using FEA. The
results showed that the stent’s geometry has a significant impact on the stents mechanical response to expansion and
recoil. The authors proposed that modelling the arterial vessel and plaque and simulating contact with the stent would
provide a more accurate analysis of its mechanical behaviour. Similarly, a later study [53] also emphasised the
significance of replicating real-life conditions. The authors used in vitro static loading experiments to provide
experimental verification for their FEA results measuring stent deformation and stress/strain distributions. Hence, to
validate and improve the reliability of the analysis, stent geometry should initially be modelled to represent designs

that have been tested and have experimental data for comparison.

2.3.2.  Meshing Structure

The finite model geometry is discretised into mesh elements and the solver derives values for each element. The
process of refining the mesh and the chosen mesh type is significant and is largely determined by the complexity of
the geometry. Multiple studies have specifically used linear hexahedral elements and completed a mesh sensitivity
study to examine the effect of mesh size on the simulated results [53] [54]. Moreover, one study in particular [53]
highlighted that refining the mesh with grid sizing at the wall and having a mesh with a cube-like shape provides
greater accuracy. In terms of mesh refinement, an earlier study [2] used FEA to highlight that it is better to have more
mesh elements along the stent struts’ width rather than the struts’ thickness due to the severe stress/strain variation
across the strut’s width. While these findings were consistent with other studies [19] [54], mesh convergence studies
must be completed to verify the results as well as provide a balance between achieving an accurate solution and

reducing the high computational cost.
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2.3.3. Material

Material selection for coronary stents involves the consideration of visibility, mechanical integrity, radio-opacity and
biocompatibility. Emphasising the significance of stent material development in commercial stents, one study [20]
highlighted how stents made of stainless steel have largely been replaced with alloys including platinum chromium
(PtCr) and cobalt-chromium (CoCr). These alloys provide greater strength and improved radio-opacity with less
material resulting in thinner struts. Similarly, Ormiston et al. [17] showed that stents constructed of stainless steel
were thicker and fractured more readily than those made with the cobalt alloys. Specifically, L-605 CoCr has been
used in stent optimisation studies [2] as it has shown the least frequency of stent fracture when compared to first-

generation stents, is biocompatible and has high mechanical strength.

2.3.4.  Boundary Conditions

Compression Simulation
To test longitudinal compressive strength, the methodology behind experimental compression bench tests can be
applied to FEA simulations. Ormiston et al. [55] performed compression bench tests on seven commercial stent
designs using symmetrical loading. Using an Instron universal testing machine, the stents were compressed up to Smm
and the compressive force applied and stent shortening was recorded and plotted to compare stents’ longitudinal
strength. Similarly, one study [56] investigated the longitudinal stent deformation of five commercial stents through
compression bench testing but also examined point loading in addition to symmetrical loading. The authors found that
a greater range of clinical events could be simulated by analysing multiple compression lengths and loadings. While
analysing results from point loading can provide a deeper investigation, the symmetrical compression loading
condition has been used in the majority of studies as it determines the overall stent strength rather than at a specific
location. The different loading conditions are illustrated in Figure 7. Applying this symmetrical loading to one side of
the stent and fixing the other, an earlier study [57] was also able to produce a force-strain curve for 5 different
commercial stent designs. This curve was used to determine each design’s spring constant, yield force and ultimate
strength. Moreover, the study was able to identify the point of permanent deformation and compressive stiffness for

each design by incrementally increasing the vertical load.

Figure 7. Compression Testing with Symmetrical Loading (A), and Point Loading (B & C) [56].
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Bending Flexibility Simulation

To measure the bending flexibility of coronary stents, studies have measured deflection from three-point bending tests.
This type of test was used by Wang et al. [53] and involves applying a downward load to the middle of the stent that
is resting on two static support structures (Figure 8). This study specifically measured stent deformation and
stress/strain distributions for each stent design, demonstrating that this test can investigate multiple outcomes
including radial strength and flexibility. To analyse each stent’s flexibility, a bending-force-deflection curve was
generated from incrementally increasing the load and recording the reactive force and displacement of the loading
applicator. A later study by the same author [58] demonstrated that this measured force and displacement could be
used to derive the bending stiffness of the stent, which represents its flexibility. Therefore, the three-point bending

tests can be used to determine, bending stiffness and the point of permanent deformation for stent designs.

L.oad
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Figure 8. Three-Point Test Bending Set-Up [58].

Radial Strength Simulation

The radial strength of coronary stents is significantly analysed in literature due to the issue of elastic recoil. Kumar et
al. [59] analysed the effect of stent design on various mechanical outcomes including radial strength, recoil and radial
stiffness. The study simulated the expansion and crimping of the stent in five steps, mimicking the movements
experienced by stents in their deployment and placement. In the final step of the simulation, a smoothly increasing
pressure of 2 bar was applied to the external face of the stent, and the radial applied force and decrease in the stent’s
diameter was plotted for each design to identify each stent’s radial strength. In a similar way, one study [60] recorded
the radial force and diametric displacement of the examined stents through a simulation of crimping with a uniform
radial displacement. The authors were able to determine the elastic radial stiffness of the stent from the gradient of the
radial force to diametric displacement plot. Multiple other studies have similarly determined radial stiffness of stents
based on the ratio of radial pressure or force to diametric displacement [61] [62]. Similarly, an earlier study [2]
simulated radial strength testing by including an outer cylinder with a larger diameter than the stent in the simulation
and progressively compressing the outer cylinder, subsequently compressing the stent to crimp (Figure 9). During the

simulation, the solver recorded the radial-direction reaction force induced in the outer cylinder for each timestamp.
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The maximum value of the total reaction forces was defined as the hoop strength and the stent radial strength could

then be calculated by dividing this number by the length of the stent.

Figure 9. Radial Strength Stent Testing [63].
2.4. Computational Modelling of Coronary Flow with Computational Fluid Dynamics

Computational fluid dynamics (CFD) is a numerical method that can analyse and predict fluid flow behaviour that
reflects real-life conditions. CFD has been used extensively in literature to optimise stent design by evaluating the
haemodynamics of different designs, collecting detail and information that otherwise could not be measured from
patient studies alone. While CFD can provide an accurate prediction of the behaviour of the blood flow, it has proven

difficult to account for complete in vivo conditions including patient-specific geometry and lesions.

The mathematical process of CFD involves discretising a model into finite elements called mesh and then solving the
governing Navier-Stokes equations for each element to provide a combined solution. The Navier-Stokes equations
account for the conservation of mass, energy and momentum equations which are solved to predict flow characteristics
including pressure and velocity [2]. The Navier-Stokes equation is defined as follows;

ov

pa+p(v.A)v=uDA2v—Ap+f (%)

Where f is the body force, p is the fluid density, t is the time, v is the flow velocity, p is the pressure, pp is the
dynamic viscosity and A is the divergence. When blood is assumed to be an incompressible fluid, this equation can be

simplified further due to density being constant;

Av=0 (©6)

While CFD can often provide an accurate representation of fluid flow, there are multiple limitations to CFD as a result
of poor assumptions and over-simplification. Like FEA, complex geometries often require detailed mesh which results
in a high computational cost, taking a significant amount of time to provide a converged solution. Hence, mesh
sensitivity studies are completed to achieve accurate results while considering the computational cost. Despite the
limitations of using CFD to model stented artery flow, it can provide predictions on the underlying flow behaviour
and assist with stent design prior to prototype manufacturing in a cost-effective manner. The simplifications and
decisions that have been made in regards to the stented model geometry, mesh structure, blood flow characteristics

and boundary conditions, have been thoroughly investigated within literature.
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2.4.1. Vessel Geometry

Plaque, vessel curvature and unsymmetrical vessel shape are patient-specific and difficult to simulate with CFD. One
study specifically [64] investigated the effect of in-vivo conditions on stent geometry. Firstly, solid mechanics was
used to model the expansion of a stent against simplified cylindrical arterial plaque, and then the deformed artery was
subjected to fluid flow. This method is not common as it is thought that the inflation of the angioplasty balloon will
primarily deform the artery. Typically, studies have opted for a simpler approach by modelling the arterial vessel as a
cylinder with a constant diameter, and providing an imprint of the stent in this vessel with the Boolean operation in
CFD [8] [11] [26] [37] [65]. Beier et al. [11] proposed that using idealised geometries has eliminated the local
deformations caused by considering stent deployment and vessel curvature, enabling authors to focus on the
underlying, primary aspects of stent design. The rigid-wall assumption has largely been used to simplify the model,
and a comparison between fluid-structure modelling and CFD by one study [65] has validated this assumption is

appropriate when studying WSS.

2.4.2.  Meshing Structure

To numerically analyse the stented arterial model, it must be divided into finite volumes called mesh elements. Studies
have carefully analysed and chosen mesh size, shape and the number of elements in order to provide accurate analysis.
Unstructured tetrahedral meshes with defined mesh sizes have been commonly used for stent arterial modelling due
to their simplicity and effectiveness in capturing rapidly changing features [11] [35] [64] [65]. These studies applied
finer mesh to the stent imprint in the arterial wall due to its complexity and provided a courser mesh in the unstented
region of the artery to save on the computational cost. To reduce the computational cost, mesh sensitivity studies are
needed to determine the smallest number of mesh elements necessary to provide accurate results. While Pant et al. [8]
determined the optimal number of mesh elements for each of the six designs investigated, another study [64]
highlighted that parametric optimisation studies would expect a significant increase in the computational expense if

mesh sensitivity studies were completed for each design.

2.4.3.  Blood Characteristics

There has been debate in literature on whether blood should be considered Newtonian or non-Newtonian flow. One
study [66] investigated two linear models and one nonlinear model when modelling blood flow through a stented
artery, and determined that non-Newtonian models provide greater accuracy in their predictions of WSS. Specifically,
modelling blood as a Newtonian fluid has led to the overestimation of restenosis risk by underestimating the WSS in
stents. Newtonian models have been used in multiple studies for simplicity [8] [26] [65]. In this model, blood viscosity
is assumed to be constant and of a magnitude found at high shear strain rates. However, this model provides great
inaccuracy when measuring WSS as blood’s viscosity changes with shear rate, and this rate varies from 0 to 1000s™!
over the cardiac cycle [67]. Moreover, the relationship between shear stress and strain is not linear. One study [68]
compared multiple models that simulate artery blood flow and highlighted the effectiveness of the Carreau-Yasuda

model in describing the shear-thinning, non-Newtonian behaviour of blood.
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2.4.4.  Boundary Conditions

Inlet Profile

Multiple studies modelling blood flow through stented arteries have specified the inlet flow to be laminar with a
parabolic profile and for a no-slip condition to be applied to the wall [11] [64] [65] [66]. Importantly, studies have
highlighted that the arterial vessel must be extended to provide additional inlet length and enable the flow to be fully
developed at the stented arterial segment [11] [65]. Without the extra length, the flow will be uniform over the cross-

section and will not reflect blood flow characteristics.
Pulsatile Flow

Pressure and velocity change rapidly in the cardiac cycle, and models have attempted to capture this by including
pulsatile flow rather than steady flow in simulations. To reduce start-up effects on results and obtain a stable solution,
multiple studies have analysed results taken from the fourth cardiac cycle [11] [64]. One study [66] specifically used
100 beats/min when modelling, using time-dependent boundary conditions. However, the significance of using
pulsatile flow in stented artery models is disputed by one later study [26] that found a negligible difference between
results from the steady inflow and pulsatile flow boundary conditions. It is likely that this result is from the error
introduced from modelling the blood flow as Newtonian flow. Therefore, to accurately reflect the arterial

haemodynamic environment, a time-dependent analysis, with pulsatile flow is preferred.
Outlet Profile

When modelling blood flow through a stented artery, it is largely agreed across literature that constant static pressure
can be assumed at the outlet boundary [11] [64] [66]. To reduce the impact of the outlet cross-section border effects
on the WSS results, studies have extended the arterial model at both ends, specifically by four diameters in length in
one study [65]. Hence, studies have endorsed extending the artery model past the stented segment’s outlet and

assuming a constant static pressure at the outlet.

2.5. Motivation for Research

Overall, stent design has largely been influenced by the need to reduce mechanical failure and adverse effects on the
haemodynamic environment in the preceding collective body of work. However, based on the review of literature, the
consideration of all key design variables and their interdependent effects is a major collective shortfall. Whilst some
studies investigated the optimisation of stents, only either haemodynamic or mechanical considerations were made
and a limited number of variables were used. There are minimal studies that address stent design for both
haemodynamic and mechanical outcomes concurrently, and those that do, individually assess four or fewer variables
only. This major gap of knowledge presents a significant study opportunity and was thus the focus of this work
whereby optimising stents based on the relationship between multiple design variables and multiple detailed objectives

will assist in developing balanced and improved stent designs for commercial use.
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Chapter 3 — Part 1: Methodology

3.1.Overview

Since the study aims to investigate the effect of different stent design variables on a stent’s mechanical and
haemodynamic performance and optimise stent design to benefit both areas, we generated an appropriate workflow.
Figure 10 illustrates the overall process undertaken in this study which includes the development of the stent geometry
with CAD, using the multi-objective optimisation process, and setting up the FEA and CFD simulations for each stent

design.

There are two Parts to this study: Part 1 and Part 2. Part 1 was completed as originally proposed and is
explained in Chapters 3, 4 and 5. Part 2 is explained in Chapter 6, and it outlines the substantial progress made
towards a larger stent optimisation process that included more variables and objectives which paves the way

for future work.

FEA for ecach stent &

obtain radial, bending & Objective:
compressive stiffness Maximise radial stiffness
Constraint:
A v Max stress < 2/3 yield stress

Construct new stent, run
FEA & CFD, & obtain
results for the new stent

Optimisation algorithm
predicts 1 ideal stent
based on constructed

Obtain & construct
sample of 30 stents

Choose stent design
variables & objectives

(CAD) stents' measured /" Run optimisation for 1
OI)JCCt]:\’CS & constraints | J more stents, iteratively !
1 adding in the new stent's :
4 Objectives:
CFD for each stent & Minimise high WSS
obtain % area of low Minimise low TAWSS
WSS, high WSS, & low Identify final
TAWSS optimised stent
designs

Figure 10. Methodology Overview Flowchart.

3.2.Stent Geometry

A computational model of each stent needed to be constructed in order to run the computational simulations. The stent
geometry was efficiently created using a parameterised IronPython script that was developed in SpaceClaim API V18
ANSYS 19.2 Each stent was generated based on the design constraints and varied from the given design variables.
When developing the script to construct the stents, consideration was made for both the eight significant design

variables investigated in this study and the 10 total significant design variables that will be investigated in future work.
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3.2.1. Design Variables

From reviewing key literature in stent design, each stent was constructed based on the key design variables illustrated
in Figure 11 which includes the cross-sectional shape, strut thickness or diameter (SD1), strut width (SD2), intra-strut

angle, alignment type, cell height, connector type, and the number of connectors.

Cross-Sectional Shape /\
=
b

Connector Types \ P W
Cell Height
SD2 SDI1 &
Straight 4 / \
S?l \
-~ SD2 — 0° Alignment
: Rectangular Intra-Strut
Spline Ainple
‘\ {
S-Shape PR Number of
L Connectors
Circular 180° Alignment

Figure 11. Stent Design Variables.

For stents with a rectangular cross-section, there were eight design variables, and for stents with a circular cross-
section, there were seven design variables as ‘Strut Dimension 2’ did not apply. The specific design constraint ranges

determined for each of the eight variables are given in Table 1.

Table 1. The Stent Design Variables and Constraint Range.

Design Variables Design Constraint Range
Cross-Sectional Shape (CS) Rectangular or Circular
Strut Dimension 1 (SD1, Strut Thickness or Diameter) 60 um - 120 um
Strut Dimension 2 (SD2, Strut Width) 60 um - 120 um
Intra-Strut Angle (SA) 25°-50°
Alignment Type (AT) 0° or 180°
Cell Height (CH) 0.83 mm —2.00 mm
Connector Type (CT) Straight (1), Spline (2), or Semi-Circular (S-Shape) (3)
Number of Connectors (NC) 1 per cell (1), 2 per cell (2), alternating 1/2/1 (3)
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The constraint range for each design variable was determined from key studies in stent design and based on the values
used in the paper by H. Wright [69]. Specifically, the constraint range for the intra-strut angle considered the studies
by Gundert et al. [34] [35], and the constraint range for the cell height reflects the study by Beier et al. [11]. The cross-
sectional shape, strut dimensions, alignment and connector types have design constraint ranges that reflect what is
commercially available. While the only stent with a circular cross-section is the Resolute Onyx (Medtronic), a circular
cross-section was considered in addition to a rectangular cross-section due to the haemodynamic benefits shown by
Poon et al. [27]. In addition, a chamfer of 15 um was added to the edges of the rectangular struts to reflect more
streamlined, commercial stents. The constraint range for the strut dimensions reflect the commercial designs discussed
by Jiminez et al. [25] and the alignment and connector types of commercial stents are summarised well in studies such
as the paper by Ormiston et al. [17]. For the stent generation script, parametrised equations were developed in 2D with

DESMOS, an advanced online graphing calculator, to define each connector type as shown in Table 2.

Table 2. Connector Type Equations.

Connector | Equation

Straight fo)= {0<z<1 : 0}

f)= {0<z<1 :a,-22(1-2)%2(05—-2)}
Spline
Where 0 < a; <30

0<z<b —b : 0
0.5
by—b, <z<b, (63— (2= (= b))’) +b,
2 0.5
0.5—b, z 0.5—b,
by <z < 0.495 : by ( - +0.oo1) - z—(0.5—T+o.oo1) +b,
Semi-Circular 0.495 < z < 0.505 by-7+bs 05
= . SzZ=s U = *Z - U.
(S-shaped)* |f(2) 5 5 s
0.5— b, 2 0.5— b,
0505<z<1-b, = by ( . +o.oo1) - z—(o.5+T+o.oo1) —b,
2105
1—b1£z£1—(b1—bz):(bzz—(z—(l—(bl—bz)))) —b,
1—(by—b)<z<1 :0

Where0 <b; <05, 0<b, <02, 0<by<2 0<b, <01 0<bs<30

* The Semi-Circular connector equation was complex as the script required the derivate of the function at the endpoints to be zero, and the connector

shape needed to be able to adapt and fit a large range of stent designs and not protrude into the stent cell.

The constraint range for the number of connectors reflects commercial designs that have two connectors per cell,
however, also considers a reduced number of connectors due to the haemodynamic benefits according to He et al.
[22]. Based on the number of connectors, the connector arrangement was chosen so that the stent would be as stable
as possible, taking alignment into consideration for the one connector per cell arrangement, and the patterns are

illustrated in Figure 12.
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Figure 12. Connector Arrangement for 6 Peaks (Peaks are in Bold).
3.2.2.  Design Constraints

Based on the literature review of stent design, an idealised, straight stent was considered suitable for this study,
ensuring the focus was on the underlying aspects of stent design [11]. Considering what was commercially available,
the stent diameter (D) was kept constant at 3mm, the stent’s length was set to be a maximum of 12mm, and the number
of peaks (NP) for each stent cell was six. Due to its high mechanical strength, biocompatibility and use in current
commercial stents, L-605 cobalt-chromium was assigned as the material for the stents. Given the maximum length of

the stent and the cell height (CH), the number of cells per stent was calculated as follows:
Number of Cells = ceil u )
umber of Cells = cei 10X CH

Where ‘ceil’ is a function that rounds up the number to the nearest integer. Given the constant stent diameter, number
of peaks and the intra-strut angle (SA), the amplitude of the stent cells was calculated as follows:

180)

NP

. 90
4 X sin (90 - W) tan(SA4)

Dx(

Amplitude =

The stent design constraints are illustrated in Figure 13.

Stent Length

Amplitude Peak Valley Ccell

Figure 13. Stent Constraint Variables.
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3.3. Multi-Objective Optimisation Process
The multi-objective optimisation process is outlined in Figure 14, and it aims to predict a set of stent designs with the
best trade-off between competing objectives. The process starts by defining the design variables and their bounds
(Section 3.2.1.). A sample of the stent designs based on these design variables was then obtained using Latin
Hypercube Sampling. This method efficiently sampled the design space and a sample of 30 stent designs was
generated for this study. This was deemed a reasonable number considering one additional solution would be sampled
at each iteration (during the update process) and the overall budget was limited to 50 designs. The design variables
were split in into three categories called discrete (CT, NC), continuous (SDA, SD2, SA, CH) and binary (CS, AT),
and the design space was defined as follows;
CS=1lor?2
60mm < SD1 < 120mm
60mm < SD1 < 120mm
25°<SA <50
AT = 0° or 180°
0.83mm < CH < 2mm
CT=1or2o0r3
NC=1or2o0r3

After the 30 stents were generated using the script discussed in Section 3.2, the FEA simulations and CFD simulations
were set up and solved for each stent as described in Sections 3.4 and 3.5 respectively. The results for each stent were
recorded, and post-processed to identify values for the mechanical constraint and for the three objectives, two

concerning the CFD simulation and one concerning the FEA simulation. The three objectives were defined as:

1. Minimise the % of Area with High WSS
2. Minimise the % of Area with Low TAWSS
3. Maximise the Radial Stif fness

When selecting the objectives, low TAWSS was selected over low WSS to consider the overall effect of low WSS on
the vessel over the cardiac cycle rather than specifically at peak flow. Low WSS and low TAWSS are positively
correlated, and hence the effect of high WSS was selected to be the other CFD objective. Radial stiffness was selected
as the objective from FEA over bending and compressive stiffness, given in-stent restenosis is the greatest point of
failure for stents and this predominantly occurs mechanically from a stent’s elastic recoil. The mechanical constraint

was defined as

2
Radial Maximum Stress < 3 X Yield Stress

For the material considered in this study, L-605 cobalt-chromium, this meant that the maximum stress any stent could

experience in both compression and tension was 333.33 MPa [70].
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A surrogate modelling approach has been used by multiple stent design optimisation studies. This modelling approach
involves the development of response surface models (RSMs) which predict the relationship between the design
variables and objective functions. As a surrogate model is a regression system that can predict one objective or one
constraint, each constraint and each objective will require its own surrogate model. The surrogate models in this study
were constructed using Kriging (Gaussian Regression), which is used in the majority of stent optimisation studies
[41], and each surrogate model constructed by Kriging is called a Krig. Hence, four Krigs were constructed for this

study given the three objectives and one constraint.

Using the MATLAB optimisation code developed by Dr Ray Tapabrata, each Krig was initially constructed and
trained based on the results obtained for the 30 initial stents. However, these initial Krigs are only a prediction and
their accuracy required improvement before determining the optimum stent designs. The optimum stent designs were
defined to be the set of non-dominated solutions, called the Pareto front, which are the designs that have at least one
objective value that is better than another stent design. To improve the Krigs, an update process was required. The
update process involved producing a new Latin Hypercube sample of 200 stent designs and then using the Krigs to
predict what the results would be for these 200 designs. The optimisation algorithm called the non-dominated sorting
genetic algorithm (NSGA-II) then searched the Krigs to create an initial Pareto front and used a fitness function called
Expected Hypervolume Improvement (EHVI) to rank the 200 samples and iteratively change them to meet the
objective goals. Based on the rank, the top stent design was constructed, its performance was simulated with the FEA
and CFD simulations, and its results were added to the initial 30 stent results to update the Krigs. This update process

was repeated for a total of seven new, updated stents as per the computational and time constraints.
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Figure 14. Multi-Objective Optimisation Process.
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3.3.1. Sample of Stent Designs

The sample of 30 stents was constructed using the parameterised IronPython script as explained in Section 3.2 as
illustrated in Figure 15. Of the 30 sample points, four stents (S03, S09, S12, S30) were unable to be created in CAD
due to physical impossibilities including clashing cells, and a lack of room between cells for S-shape and spline
connectors given the strut dimensions and cell height. These models were disregarded as they were outside of the

feasible design space, and 26 sample points were used.

Invalid Stents

0323232323

Figure 15. 26 Constructed Stents (Top) & Four Invalid Stents (Bottom).
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3.4.FEA Modelling

When using FEA, the user is required to specify the geometry, mesh design, material and loading and boundary
conditions. This geometry is then separated into elements called mesh that are each individually solved and together
provide an approximate solution for the entire model. FEA was used in this study to imitate real-world environments
with highly controlled conditions and investigate the mechanical strength of each stent in terms of its radial stiffness,
bending stiffness, and compressive stiffness. Using the Static Structural module in ANSYS 19.2, these mechanical
qualities were determined from three tests that were set-up based on the studies evaluated in Section 2.3.4; the radial
strength simulation, bending flexibility simulation, and compressive strength simulation. For this study, only the radial
stiffness of each stent was used as an objective in the process of optimisation. For future work, the bending stiffness
and compressive stiffness of each stent will be used in the optimisation process to account for the flexibility and

longitudinal strength of each stent.

For each of the three tests, it was determined that the stiffness needed to be calculated in the elastic region of the
stress-strain curve to provide a consistent measure of stiffness that could be calculated from known equations that
apply within the elastic region. To ensure that there were no outliers and that the results were recorded in the elastic
region, three applied loads were used in each simulation test so that the average stiffness could be calculated for each
stent. Two stents, SO1 (rectangular cross-section) and S22 (circular cross-section), were used to test the simulation
prior to its use in the optimisation process, and were able to determine three applied loads that would likely keep all
of the stents in the elastic region. Once these three loads were determined for each of the three tests, the loads were
parameterised in ANSY'S 19.2 to provide an efficient process for retrieving the results after they had solved. To solve

the FEA simulations, Katana, the UNSW shared computational cluster, was used.

3.4.1. Material

Design Modeler in ANSYS 19.2 needed to be used to create the additional geometry required for the FEA simulations’
boundary conditions. As the CAD model stents were created in SpaceClaim in ANSYS 19.2, the stents were first
exported as STEP files for circular strutted stents and as Parasolid Binary files for rectangular strutted stents to then
be imported into Design Modeler. Once the stent model was imported successfully, the material could be assigned.
The material assigned to the stents in all three tests of the current study was L-605 cobalt-chromium. Its material
properties were sourced from stent design studies and are outlined in Table 3. L-605 cobalt-chromium was chosen as
it is used in commercial stents such as the MULTI-LINK VISION (Abbott Vascular) stent [17] and the XIENCE

Sierra stent (Abbott Vascular), and this material is known for its high mechanical strength and biocompatibility.
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Table 3. Material Properties of L-605 Cobalt-Chromium

Material Properties Value
Young’s Modulus (MPa) 243 000 [70]
Poisson ratio 0.29 [71]
Density (kg/m?) 9100 [70]
Tensile strength (MPa) 1000 [70]
Yield strength (MPa) 500 [70]

3.4.2.  Boundary and Loading Conditions for the Radial Strength Simulation

The boundary and loading conditions for the radial strength simulation are illustrated in Figure 16 and were based on
the set-up used in the study by Kumar et al. [59]. After previously testing the radial strength simulation with two stents
(S01, S22) to determine the applied pressures that are likely within the stent’s elastic region, a constant pressure of
0.02 MPa, 0.01 MPa, and 0.005 MPa were applied to the outside faces of each stent. For the boundary conditions,
additional geometry was developed in Design Modeler. A cylinder was created to surround the entire stent and provide
contact with the stent’s outer surface. This contact was used to efficiently select all the outer faces of the stent when
applying the external pressure. After the faces were selected, the cylinder was suppressed so it would not interfere
with the simulation. For stents with a circular cross-section, an additional cylinder was created to slice the stent axially
through its strut’s centre providing an external face for the pressure to be applied. Each stent was sliced radially along
the centre of each of its cells to create vertices for the boundary conditions. Using a cylindrical coordinate system, a
fixed displacement in the angular and longitudinal direction was applied to the vertices of the stent along the centre
of each of its cells. Once the simulation was solved for each of the applied pressures, the following values were

recorded; the maximum Von Mises stress, the average total deformation, and the applied pressure surface area.

The results were post-processed to determine the radial stiffness for each stent. Based on multiple studies [60] [61]
[62], the elastic radial stiffness can be determined from the ratio of the applied load to the diametric displacement of
the stent. In this study, the radial stiffness was calculated for each of the three applied loads and averaged to ensure
there were no outliers, and that the results were taken within the elastic region. The diametric displacement, applied

force, and radial stiffness were calculated

AD =D, — D, =3mm — (3mm — 2 X §) (7
F=PXxAq ®)
Radial Sti _ )

adia lffness—AD

Where AD is the diametric displacement, D; is the initial stent diameter, D, is the final stent diameter, § is the average

total deformation, F is the applied radial force, P is the applied pressure, and Ay is the applied pressure surface area.
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The maximum Von Mises stress represented the maximum stress experienced by the stent during the radial strength
simulation. The maximum stress value for the largest load (0.02 MPa) was constrained to be below 2/3 of the yield

stress in the optimisation process, providing a factor of safety of 1.5.

C: Radial Strength
Figure
9/11/2020 12:55 PM

. Pressure: 2.e-002 MPa
IE Displacement

0.000 2.000 4.000 (mm)
I 4.

1.000 3.000

Figure 16. Boundary and Loading Conditions in ANSYS 19.2 for the Radial Simulation.
3.4.3.  Boundary and Loading Conditions for the Bending Flexibility Simulation

The boundary and loading conditions for the bending flexibility simulation are illustrated in Figure 17. This simulation
was previously validated by A. Senthurnathan [72] where the setup was based on the study by Wang et al. [58]. After
previously testing the bending flexibility simulation with two stents (S01, S22) to determine the applied loads that are
likely within the stent’s elastic region, a constant force of 0.01 N, 0.005 N, and 0.001 N in the x-direction was applied
to the centre cell for stents with an odd number of cells, or to the two centre cells for stents with an even number of
cells. For the boundary conditions, additional geometry was developed in Design Modeler. Two structural steel
cylinders, with an arbitrary external diameter of 5.1mm and a wall thickness of 1.1mm, were placed at the centre-line
of the end cells on each side of each stent. The contact between the stent and the two cylinders was set to be bonded.
A fixed support and cylindrical support boundary condition were applied to the outer face of the two cylinders. Once
the simulation was solved for each of the applied forces, the following values were recorded; the maximum Von Mises

stress, and the minimum directional deformation in the direction that the force was applied (x-direction).
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The results were post-processed to determine the bending stiffness for each stent. Based on the study by Wang et al.
[58] and previously validated by A. Senthurnathan [72], the elastic bending stiffness can be determined through the
bending theory, whereby there is a three-point bending system and the loads are within the material’s elastic limit. In
this study, the bending stiffness was calculated for each of the three applied loads and averaged to ensure there were
no outliers, and that the results were taken within the elastic region. The active length (distance between the cylinders),

and bending stiffness were calculated

11
= ceil (— _ 10
l cell(CH)xCH CH (10)
13
_— _ 1
Bending Sif fness = ;=5 (11)

Where F is the applied force, [ is the active length, and § is the maximum deflection (the minimum directional

deformation).

The maximum Von Mises stress represented the maximum stress experienced by the stent during the bending
flexibility simulation. In future work, the maximum stress value for the largest load (0.01 N), will be constrained to

be below 2/3 of the yield stress in the optimisation process, providing a factor of safety of 1.5.

A: Bending Flexibility
Figure
9/11/2020 1:23 PM
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Figure 17. Boundary and Loading Conditions in ANSYS 19.2 for the Bending Simulation.
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3.4.4.  Boundary and Loading Conditions for the Compressive Strength Simulation

The boundary and loading conditions for the compressive strength simulation are illustrated in Figure 18. This
simulation was previously validated by A. Senthurnathan [72] where the setup was based on the study by Ormiston et
al. [55]. After previously testing the bending flexibility simulation with two stents from the sample of 30 (SO01, S22)
to determine the applied loads that are likely within the stent’s elastic region, a constant force of 0.004 N, 0.002 N,
and 0.001 N in the z-direction was applied to the stent cell on one end of the stent. A fixed support was applied to the
stent cell on the opposite end of the stent. Once the simulation was solved for each of the applied forces, the following
values were recorded; the maximum Von Mises stress, and the maximum directional deformation in the direction that

the force was applied (z-direction).

The results were post-processed to determine the compressive stiffness for each stent. Previously validated by A.
Senthurnathan [72], the elastic compressive stiffness can be determined through Hooke’s Law within the linear elastic
limit of the material. In this study, the compressive stiffness was calculated for each of the three applied loads and
averaged to ensure there were no outliers, and that the results were taken within the elastic region. The compressive

stiffness was calculated

F
Compressive Stif fness = 3 (12)

Where F is the applied force, and § is the compressed distance of the stent (the maximum directional deformation).

The maximum Von Mises stress represented the maximum stress experienced by the stent during the compressive
strength simulation. In future work, the maximum stress value for the largest load (0.004 N), will be constrained to be

below 2/3 of the yield stress in the optimisation process, providing a factor of safety of 1.5.
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Figure 18. Boundary and Loading Conditions in ANSYS 19.2 for the Compression Simulation.
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3.4.5. Mesh Generation and Sensitivity

Based on the review of stent design literature, the stent models for all three simulations were meshed with an
unstructured, patch-conforming tetrahedron mesh, and the stent’s body mesh element size was refined (illustrated in
Figure 19). The previous mesh sensitivity study in the paper by A. Senthurnathan [72] verified the simulations based
on two stent models, a stent with a circular cross-section, and a stent with a rectangular cross-section, and determined
that at least 200, 000 mesh elements and at least 300, 000 mesh elements provided accurate results for the compressive
strength simulation and bending flexibility simulation respectively. In the interest of reducing computational time, a
coarse mesh was applied to the support cylinders in the bending flexibility simulation as there was no analysis being

conducted on these models.

A B

Figure 19. Mesh for the Compressive and Radial Strength (A) and Bending Simulations (B).

For verification of the radial strength simulation, a mesh sensitivity study was completed in this study and is illustrated
in Figure 20. Two stents from the sample of 30 stent designs were used in the mesh sensitivity study; S06 which has
a rectangular cross-section and straight connectors, and S24 which has a circular cross-section and spline connectors.
Testing for both cross-sections with different connector types ensured that the mesh refinement was suitable for both
cross-section types, which have a slightly different set-up process for the radial simulation. Similar to the compressive
strength simulation, it was determined that at least 200, 000 mesh elements for the radial strength simulation would
produce accurate results as this is where results begin to converge. This provided a balance between high
computational cost and accurate solutions for the radial strength simulation. As indicated in Figure 20, a body element

mesh size of 0.032mm was found to achieve at least 200, 000 mesh elements for the stents tested in this study.
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Figure 20. Mesh Sensitivity Study for the Radial Strength Simulation.
3.4.6.  Validation for the Radial Strength Simulation

To ensure the results produced from the radial strength simulation were valuable and accurately represented real-life
conditions, the radial strength simulation was validated using the study by Kumar et al. [59]. The paper by A.
Senthurnathan [72] had used this study to validate the results from analysing a single stent cell, however, the radial
strength setup needed to be expanded to incorporate the entire stent to account for the effect of the other design
variables such as the connector type and the cell height. A computational model of the stent cell from the study by
Kumar et al. was recreated to be as close as possible to how it was described in the study, and an entire stent was also
created using this stent cell design, 2 straight connectors per cell, and a cell height of 1.9805mm. The created models

are pictured in Figure 21.

Figure 21. The Recreated Cell (A), & Entire Stent (B) for the Validation Study.
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Using ANSYS 19.2 and assigning the material PLLA to the stents, the boundary and loading conditions that were
applied to the single cell were applied to the entire stent. The results recorded for both the single cell and the entire
stent were compared to the results from the study by Kumar et al. in a radial force to stent diameter plot illustrated in
Figure 22 which identifies that the current study produces results that are very similar to the literature results in the
elastic region. The difference between the literature and recreated cell results are likely from the stent cell geometry
being slightly different from the model used in the study. The radial stiffness has been known to be more attributed to
a unit stent cell’s properties, while the compressive and bending stiffness are more attributed to the connectors [59].
This explains why the stent cell and the entire stent model produced similar results in this validation study. Hence, the

radial strength simulation is suitable for evaluating the elastic radial stiffness of an entire stent model.
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Figure 22. Radial Strength Simulation Validation Study [59].

3.5.CFD Modelling

CFD was used in this study to predict the blood flow behaviour exhibited for each stent in a stented artery, imitating
real-life conditions in a controlled environment. Like FEA, the user is required to specify the geometry, mesh design,
material and loading and boundary conditions for CFD simulations. The model is discretised into mesh elements and
the governing Navier-Stokes equations are solved for each of these elements to provide a combined approximate
solution for the entire model. Using the CFX module in ANSYS 2019 R3, the CFD simulations in this study were set-
up to investigate the WSS and TAWSS induced in the stented region of the artery during the cardiac cycle. While the
percentage of area with low WSS was recorded in this study, only the percentage of area with high WSS and low
TAWSS were used as objectives in the optimisation process of this study. The CFD simulation set-up was developed
by H. Wright [69], and is a largely automated process. Katana, the UNSW shared computational cluster was used to

solve the CFD simulations.
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3.5.1.  Arterial Vessel Modelling

Using Design Modeler in ANSYS 2019 R3, the arterial environment was simulated by generating a cylinder 3mm in
diameter and using the Boolean subtraction operation to cut into the cylinder with the imported stent model at 50%
protrusion (illustrated in Figure 23). The cylinder was constructed to be 43mm in length as it was designed to include
an outlet length of 4mm and an inlet length of at least 27mm, given the stent was at its maximum length of 12mm.
The outlet length was chosen arbitrarily but was done to account for any downstream disturbance. Based on the inlet
flow conditions explained in Section 3.5.3 and to ensure fully developed flow in the stent segment, the inlet length
was calculated based on the vessel diameter, and Reynolds number of 150, and determined from the following formula
[11];

Inlet Length = 0.06 X Re X Vessel Diameter (13)

Where Re is the Reynolds number.

e Outlet

Figure 23. CFD Geometry Construction.

3.5.2. Mesh Generation and Sensitivity

The entire stented vessel was meshed with a patch-conforming tetrahedron mesh, that was refined at the vessel’s outer
wall with an inflation layer, and a finer mesh was applied to the stent imprint (illustrated in Figure 24). This meshing
approach was adopted as it was seen to be successful in multiple other studies [11] [35] [64] [65]. To refine the mesh,
an inflation layer was applied to the vessel’s outer wall as this was where the WSS results were to be taken from,
given that the imprint of the stent is along the vessels outer wall. A mesh size of 0.13mm ensured that the unstented
region of the vessel contained coarser mesh to save on computational cost. Due to the complexity of the stented region,
a finer mesh was applied to this region by applying an element size factor of 0.008. To determine the mesh elements
required to produce accurate solutions within a reasonable computational load, a mesh sensitivity study was previously
completed, however, was not performed for every stent model due to time and computational constraints. The mesh
sensitivity study determined that an average of 10 million elements would be required per model, however, the number
of mesh elements was dependent on the stent geometry, and the number of required elements increased to 25 million

elements for complex stent geometries such as those with S-shape connectors.
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Figure 24. Stented Segment Cross-Section (A), Stent Imprint (B, C), and Entire Vessel Mesh.
3.5.3. CFD Environment

Using CFX in ANSYS 2019 R3, the boundary conditions, vessel and fluid properties, and transient settings were
defined with respect to the studies by Pant et al. [8] and Beier et al. [11]. Adapting the method from Beier et al., each

CFD simulation was run until the solution converged with a residual errors target of 10,
Boundary Conditions

At the inlet, a parabolic flow was defined based on the following equation;

r2
U = Vpax (1 - ) 14)

2
rmax

Where 73,4, is the radius of the vessel, r is the distance from 7;,,, to the centre line, and v,,,, is the velocity at the

vessel’s centreline.

To imitate the pulsatile flow, a flow rate versus time of 0-129 mL/min was applied to the vessel’s inlet. This value
was adapted from Pant et al., where an average velocity of 0.1629 m/s is applied. The equation used to determine the

maximum flow rate is as follows;
Inflow rate = Vgyerqge X A1 X 1.8667 (15)

Where Vgyerqge is the average velocity, Ay is inlet area, and 1.8667 is the scaling factor that was applied because the

flowrate in this study was measured at the peak flow rather than the average flow.

A no-slip wall condition was applied to all the internal surfaces. At the outlet, a spatially and time constant static

pressure was prescribed.
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Vessel and Fluid Model Properties

Based on previous studies, the vessel was simplified to be rigid and without motion, reducing the computational cost.
The vessel was modelled as blood with a density of 1060kg/m> [11] and a laminar fluid model was used since blood
flow has been assumed laminar in multiple studies. The Carreau-Yasuda model was used to account for the non-

Newtonian behaviour of blood and is defined by Razavi et al. [68] as follows;

= +<i> 6
A+@nya

Where p, is the apparent viscosity, i, is the constant viscosity, U is the high shear viscosity, A is a time constant,

y is the shear strain rate, n is the index, and a is the Yasuda exponent.
Transient Settings

Following a steady-state analysis, four consecutive cycles were simulated to reflect the cardiac cycle. From the time
step convergence study, a time step of 0.005s was selected for the transient solution, and the Second Order Backward
Euler with High-Resolution advections scheme was used. The CFD simulation was separated into three stages; Steady-
State, Transient 1 and Transient 2. The first stage found the solution for a steady-state analysis and this solution was
used to begin the Transient 1 set-up which simulated the first three cycles. Finally, the Transient 2 set-up simulated
the fourth cycle. With each cycle taking 0.72 seconds, a total of 144 time steps were required per cycle based on the

time step. Table 4 shows the time simulated for the Transient 1 and Transient 2 simulations.

Table 4. Transient Solution Temporal Set-up.

Initial Time (s) Total Time (s)

Transient 1 0 2.16

Transient 2 2.16 2.88

To obtain a stable solution and reduce start-up effects, the results were taken from the fourth cardiac cycle [11]. Figure
25 is the blood flow waveform over time by Nichols et al. [67] that has been vertically scaled by H. Wright [69] to
have the same average flow rate as Pant et al., and is the prescribed inlet boundary condition in this study. The
percentage of area with low WSS (WSS < 1 Pa [14]) and high WSS (WSS > 3 Pa [16]), as defined in Section 1.2.1,
were measured at peak flow which is the second last time step indicated in Figure 25 at 2.72s. As the TAWSS averages
the WSS over time, the percentage of area with low TAWSS (TAWSS < 1 Pa [14]) was measured from the last time
step at 2.88s.
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Figure 25. Blood Flow in the Left Main Coronary over Time (adapted from Nichols et al.) [69].

Chapter 4 - Results
4.1.Initial Sample Performance

To analyse the haemodynamic and mechanical performance of each stent in the initial sample of 30 stents, the results
obtained from the CFD and FEA simulations were recorded in Table 5. This included the percentage of area with low
WSS (LWSS), with high WSS (HWSS), and with low TAWSS, as well as the radial stiffness, bending stiffness,
compressive stiffness (Comp Stiffness) and maximum stress recorded for each simulation at the highest applied load.
Analysis of the initial Latin Hypercube sample of 30 stents determined that there were 17 non-dominated (ND)
solutions, five with a rectangular cross-section, and 12 with a circular cross-section. A non-dominated solution is a

solution that has at least one objective value that is better than another stent design.

In Table 5, * marks an ND solution, ** marks a solution that was no longer an ND solution after the update process,
~ marks an objective or constraint that was used in the multi-objective process, R refers to a rectangular cross-section,
and C refers to a circular cross-section. The remaining variables are explained in Table 1 of Section 3.2.1. The results
for stress were based on the maximum loads applied which were 0.02MPa, 0.01N and 0.0004N for the radial, bending

and compression simulations respectively. In addition, ‘Inf” has been used to represent the result for the 4 invalid stent

designs.
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Table 5. Initial Sample Performance.

# CS SD1 SD2 SA AT CH CT NC LWSS HWSS TAWSS Radial Bending Comp Radial  Bending Comp

(um) (pm) ©) ©) (mm) (% Area) (% Area)” (% Area)” Stiffness Stiffness Stiffness Stress Stress Stress

(N/mm)» (Nmm?) (N/mm) (MPa)* (MPa) (MPa)
01 R 61 109 27917 0 1.6295 2 3 2.7671  83.6521 7.8444 900.24  0.65430  0.01554 92.757  260.380  127.035
02 R 63 81  43.750 180 1.7855 3 1 3.3671  84.2331 6.8145 857.08  0.52897  0.00787 76.554  459.301 159.465
03 R 69 115 36.250 180 1.3175 3 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf
04* R 75 101 41.250 0 1.7075 2 1 4.0714  80.3333 8.3884  1623.57 1.02186  0.01667 48252 320.266  114.952
05* R 77 61  49.583 0 1.2395 1 2 43356  79.7601 8.7267  2229.67  2.14732  0.13987 47.113  155.446 27.440
06* R 81 113 48.750 180 1.9025 1 3 3.6780  82.9908 74111  3063.51  2.60554  0.05328 42.159 87.290 63.963
07 R 85 65  39.583 0 1.3565 2 3 6.1222  71.5840  12.3468 880.82  0.64210  0.01616 84.318  263.359  112.860
08* R 89 83 37917 0 1.0055 1 3 7.8165  61.0780  15.6353  1947.62  0.89465  0.02249 82.482  193.223 85.738
09 R 91 99  28.750 180 1.1615 2 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf
10 R 93 67 32917 180 1.9805 2 1 4.5972  78.5465 9.3762 449.23  0.54795 0.01613  100.364 167.776 90.006
11** R 97 105 44.583 0 1.5125 1 3 6.1044  71.1934 122786  3111.67 3.34949  0.05562 58.301  218.239 55.613
12 R 101 91 25417 180 1.7465 3 1 Inf Inf Inf Inf Inf Inf Inf Inf Inf
13 R 103 75  32.083 180 1.4735 1 1 7.2654  70.5565  14.1878 830.72  0.72901  0.02090 111.729 167.461 76.049
14 R 109 89  42.083 180 1.5905 3 2 7.0723  70.9690  13.2889  1351.31  8.15779  0.50898 74.506 62.778 10.703
15 R 115 95 37.083 0 1.2005 3 3 9.9320 544549 194648 219399  1.94723  0.04857 79.695  150.510 54.516
16* C 65 - 42917 0 1.0835 1 2 2.6083  77.0209 8.4302  1003.06  0.90801  0.04546  141.899  327.751 50.070
17* C 67 - 29.583 0 0.8885 1 1 34953  66.7449  11.2485 545.13  0.17630  0.00227  239.959 544710 207.831
18%* C 71 - 31.250 0 1.0445 2 1 3.3932  72.2530 9.9722 567.83  0.16293  0.00333  218.456  586.109  187.278
19* C 73 - 38.750 0 1.6685 3 1 1.1337  86.4426 6.1870 488.69  0.32191  0.00584  157.567  439.507  187.735
20* C 79 - 46.250 180 1.5515 2 3 2.8564  81.1688 7.3228  1160.79  0.93232  0.01612  110.292  404.696  136.484
21 C 83 - 27.083 0 0.9665 2 2 49616  57.5091 13.9864 936.99  2.06919  0.08273 355943  119.443 24412
22% C 87 - 30.417 0 14345 3 2 3.6248  73.4336 9.8055 890.55  3.29769  0.16149  215.882 96.494 20.594
23%* C 95 - 45.417 180 1.9415 1 1 2.6056  83.5006 6.4855 141499  1.02063  0.02222 97.985  120.764 73.404
24%* C 99 - 47.083 180 1.2785 2 1 42400 724780  10.0965 2631.19  1.10762  0.02130 82.825  159.116 71.822
25% C 105 - 33.750 0 0.8495 3 3 7.5578  51.6683  17.8747  2318.51  2.43990  0.02829  177.730  103.767 67.752
26%* C 107 - 40.417 0 0.9275 3 2 7.1974  54.1819 16.7614  3961.70  7.29195  0.29951 106.552 75.043 10.912
27* C 111 - 47917 180 1.1225 2 2 5.5396 67.6140  12.8742  5421.89 16.64332  0.52164 80.646 59.327 9.384
28 C 113 - 34.583 180 1.8245 3 3 44843 729178 10.4242  1238.04  2.54557  0.04920 175.287  108.874 50.933
29%* C 117 - 35.417 180 1.8635 1 2 3.4333  76.9466 8.4996  1664.01 26.45488  0.89240  177.249 47.224 8.969
30 C 119 - 26.250 180 1.3955 1 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf
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The 17 non-dominated solutions from the initial sample are illustrated in Figure 26. A trade-off between high WSS
and low TAWSS was identified. The sparseness of non-dominated solutions for higher values of radial stiffness

suggested that there needed to be development of the stent designs to maximise radial stiffness.
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Figure 26. Comparison of Objective 1 (Minimising High WSS), Objective 2 (Minimising Low TAWSS), and
Objective 3 (Maximising Radial Stiffness) for the Initial Non-Dominated Solutions.

4.2. Updated Stent Designs

As discussed in Section 3.3, the surrogate models (Krigs) were searched using NSGA-II, ranked with EHVI to identify
one update stent design, and then updated with the results from the new designs. The seven updated stent designs from
the multi-objective optimisation process are illustrated in Figure 27. All the updated designs had a circular cross-
section with two connectors per cell, and six out of the seven design points had spline connectors and an alignment of
180 degrees. Notably, all of the updated designs had thicker strut dimensions (> 99.5 um) and had large intra-strut
angles ranging from 40.21 to 50.00 degrees. Of the seven update points, six were non-dominated solutions and the

remaining stent (S37) was unable to be constructed due to the lack of room for connectors.

—_———re e = =
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Figure 27. Six Constructed Updated Stents (Top) & One Invalid Stent (Bottom).

Table 6 outlines the measured haemodynamic and mechanical performance of each of the updated stent designs, where
* marks an ND solution, * marks an objective or constraint that was used in the multi-objective process, and C refers
to a circular cross-section. The remaining variables are explained in Table 1 of Section 3.2.1. Variable ‘SD2’ was
removed from the table as only circular strutted designs were generated in the update process. The results for stress
were based on the maximum loads applied which were 0.02MPa, 0.01N and 0.0004N for the radial, bending and
compression simulations respectively. In addition, ‘Inf” has been used to represent the result for the 1 invalid stent

design.
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Table 6. Performance of Updated Stent Designs.

# CS SD1 SA AT CH CT NCLWSS HWSS TAWSS Radial Bending Comp Radial Bending Comp
(um) (°) (°) (mm) (% (% (%  Stiffness Stiffness Stiffness Stress Stress Stress

Area) Area)® Area)® (N/mm)* (Nmm?) (N/mm) (MPa)* (MPa) (MPa)

31% C 99.52 49.073 180 1.2262 2 2 4.4696 72.5104 10.4110 374432 7.71114 0.36428 68.569 83.695 13.046
32% C 119.97 47.271 180 1.3703 2 2 5.4549 66.6765 12.4982 5367.74 17.59730 0.74204 78.342 60.213 7.658
33* C 113.05 41.387 180 1.3157 2 2 4.9562 69.8381 11.9031 3433.82 13.07536 0.56967 106.330 72.998 9.039
34* C 110.96 50.000 180 1.5794 2 2 3.9418 75.5878 9.1626 3558.09 11.72404 0.71841 74.191 72.883 9.830
35% C 119.79 40210 0 1.1227 3 2 6.8267 58.7091 15.6360 3050.12 14.81365 0.57545126.158 44.246 8.065
36% C 120.00 49.999 180 0.8671 2 2 8.7037 59.3942 17.7310 10006.97 15.87796 0.58340 66.579 53.370 8.168
37 C 120.00 45.878 180 083 2 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf

During the update process, a non-dominated solution from the initial sample, S11, became a dominated solution which

means it did not have any objective values better than another design. This indicates that the optimisation approach

was successfully producing stent designs that were non-dominated and improved upon the initial sample. 22 non-

dominated solutions were identified from the entire sample, including the updated designs, and their objective values

with respect to each other are illustrated in Figure 28. A trade-off between high WSS and low TAWSS was still

identified and the updated stent results produced higher values of radial stiffness.
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Figure 28. Comparison of Objective 1 (Minimising High WSS), Objective 2 (Minimising Low TAWSS), and
Objective 3 (Maximising Radial Stiffness) for All 22 Non-Dominated Solutions.

4.3.Performance of the Non-Dominated Solutions

From the CFD simulations, the percentage of the area of low WSS, high WSS and low TAWSS was recorded and the

results are illustrated in Figure 29 for the 22 non-dominated solutions. In this figure, WSS was restricted to be below

5 Pa and TAWSS was restricted to be below 4 Pa. The low TAWSS was shown to be predominately around the strut

edges (shown in blue) and the point of connection between the stent cells and connectors, and the highest values of

high WSS is shown predominantly along the strut faces, with lower high WSS values shown along the vessel wall in-

between the struts at peak flow.
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Figure 29. The WSS (Top) & TAWSS (Bottom) in CFX for 22 Non-Dominated Solutions.
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From the FEA simulations, the deformation of the stent was recorded to calculate the radial stiffness, bending stiffness

and compressive stiffness, and the deformation experienced by six of the 22 non-dominated solutions is illustrated in

Figure 30. Across all of the stents, the maximum deformation is experienced by the centre cells and connectors in the

bending simulation (the compressive deformation is shown in blue), and the maximum deformation is experienced by

the cell and connectors at which the load was applied in the compressive simulation (shown in red). For the radial

simulation, the total deformation was used in the results and the maximum deformation (shown in red) occurred at the

peaks and for some connectors at a curved part, and the minimum deformation (shown in blue) typically was located

at the valleys or at the cell’s centre.
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Chapter 5 — Discussion

The aim of this study was to optimise stent design by analysing the effect of stent design variables on a stent’s
mechanical strength and effect on the local haemodynamic environment. Using the multi-objective optimisation
process identified in Section 3.3, a sample of 30 initial stents were used to generate surrogates that would be iteratively
updated and used to generate an additional seven stent designs. 17 non-dominated solutions were identified, and this
increased to 22 non-dominated solutions after the update process. From the entire sample of stent designs, a total of
five best performing designs were identified. Stent designs S19, S25 and S36 performed best in minimising low
TAWSS, high WSS, and maximising the radial stiffness respectively. The ideal design point was defined as the lowest
sum of square differences from the minimum measured objective values. Stent designs S11 and S32 were the closest
designs to the ideal design point with rectangular and circular cross-sections respectively. Of these five best
performing designs, only one design had a rectangular cross-section which suggests that stents with a circular cross-

section performed better given the objectives for optimisation.

For these five best performing stents, the strut thickness ranged considerably from 73 um to 120 um, the cell height
ranged considerably from 0.8495mm to 1.6685mm, and the strut angle ranged from 33.75° to 49.99° while the entire
range of connector types, number of connectors and alignment types were exhibited. The sparse range in design
variables for the five best performing designs indicates that there is a complex relationship between the design
variables and objectives. For a comparison to the three other measured results, the three stent designs that minimised
bending stiffness, low WSS, and maximised compressive stiffness (while experiencing stress below 2/3 of the yield
stress) were identified to be S10, S19 and S29 respectively. Interestingly, the ideal stent design for low TAWSS was
the same design for low WSS, confirming that these objectives are positively correlated. S10 and S29 had a cell height
higher than the range established for the five best performing designs, and had one connector per cell and two
connectors per cell respectively. These connector arrangements were expected as a lower number of connectors has
been shown to increase bending flexibility while a greater number of connectors increases compressive strength [17]
[20]. Hence, there is room in the future to expand this study and analyse the effect of the cell height and the number

of connectors on the bending and compressive stiffness of stents.

The strut cross-section was identified to have a significant impact on the measured values of high WSS and low
TAWSS. Illustrated in Figure 31, stents with a circular cross-section performed more favourably when compared to
rectangular strutted stents which demonstrated a steep trade-off between TAWSS and WSS. This meant circular
strutted stents produced a lower percentage of area with high WSS than rectangular strutted stents for the same
percentage of area with low TAWSS. Therefore, it is evident that low TAWSS and high WSS are negatively correlated
with a linear relationship, and this same relationship was identified between low WSS and high WSS. The circular
strutted stents’ favourable performance for two of the haemodynamic objectives explains why the optimisation
algorithm identified only four rectangular strutted stents as non-dominated solutions out of the 22 and favoured
circular strutted stents for the updated designs. As shown in Figure 31, there was no clear observed relationship
between rectangular and circular strutted stents when comparing the radial stiffness to the low TAWSS and high WSS.

However, it did show that low TAWSS generally increased as radial stiffness increased, while high WSS decreased
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as radial stiffness increased but this relationship is not significant and was non-linear. While Putra et al. [26] compared
triangular and rectangular strutted stents, rectangular and circular strutted stents have not been compared in previous
studies. Given that there is only one current commercial stent with a circular cross-section, the results from this study

suggests commercial stent design could be improved by changing to a circular cross-section.
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Figure 31. Comparison of Low TAWSS, High WSS, and Radial Stiffness for Circular and Rectangular Strutted
Stents.

While it is often assumed that strut thickness is a direct indication of ideal hemodynamic performance, a comparison
between the haemodynamic objectives and the strut dimension-to-cell height ratio identified a trade-off between strut
thickness and cell height which agrees with Beier et al. [11]. A linear relationship was identified between the ratio and
haemodynamic objectives as seen in Figure 32, which indicated that as the strut dimension-to-cell height ratio
increases, the low TAWSS and low WSS increased, while high WSS decreased. The observed increase in adverse
high WSS for smaller strut dimension-to-cell height ratios (thinner struts or larger cell heights) challenges the
viewpoint of multiple studies that solely reducing strut thickness is haemodynamically beneficial [36]. Generally
thinner struts that were less than 0.1mm performed the best in this study when considering low TAWSS, which is

directly linked to intimal thickening and restenosis.

When considering the ratio of strut thickness (SD1)-to-cell height, Figure 32 illustrates that rectangular stents perform
more favourably in regards to high WSS while circular stents perform more favourably in regards to low TAWSS.
This suggests that rectangular stents may be preferred for more niche applications that prioritise minimizing high
WSS, and hence reduce the risk of thrombosis. Importantly, if larger struts are required, the adverse haemodynamic
effect of high WSS can be reduced with a smaller cell height. This relationship means a stent’s structural integrity can
be optimised without compromising its hemodynamic performance, but this may depend on vessel size [35]. It was
found that the radial stiffness generally increased for circular strutted stents as the ratio of strut thickness (SD1)-to-
cell height increased. For rectangular strutted stents, the radial stiffness was found to generally increase as the ratio of
strut width (SD2)-to-cell height increased. As illustrated, the relationship between these variables is non-linear which
is likely due to the high number of competing variables. Completing the same analysis for bending and compressive
stiffness did not produce a notable relationship. Hence, this indicates that strut width predominantly contributes to the

stent’s radial strength as opposed to other mechanical objectives which agrees with the findings from Hsaio et al. [2].
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Dimension — to — Cell Height Ratio for Circular and Rectangular Strutted Stents.

The number of connectors for each stent design had an important effect on all three objectives. As illustrated in Figure
33, it was found that having one connector per cell (labelled 1/1/1) performed the best for minimising low TAWSS,
but performed the worst for minimising high WSS. The opposite performance was generally identified for stents with
two connectors per cell (labelled 2/2/2) and stents with the 1/2/1 connectors arrangement. The decrease in the number
of connectors was expected to have a haemodynamically beneficial effect based on the study by He et al. [22],
however, stents with a lower number of connectors tended to benefit only one of the two haemodynamic objectives.
While a lower number of connectors reduces the percentage of low TAWSS, Figure 34 identifies that stents with one
connector per cell produce the lowest radial stiffness values. Only performing well in one objective (minimizing low
TAWSS) is likely why the update process did not produce a single stent with one connector per cell. The measured
mechanical characteristics were compared for each number of connectors as illustrated in Figure 34. Stents with two
connectors per cell produced higher radial, bending and compressive stiffness compared to stents with one connector
per cell. As expected, the stents with one connector per cell produced the lowest of these mechanical values, followed
by stents with the 1/2/1 connector arrangement. Importantly, 10 out of the 22 identified non-dominated solutions
produced bending stiffness values that were at least 500% greater (> 3 N/mm) than the smallest value measured and
all of these stents had two connectors per cell. Future stent optimisation studies must consider minimising the bending
stiffness as an objective to ensure flexibility of the stent [17] and include maximising compressive stiffness to ensure

the stent’s longitudinal strength is not sacrificed completely for this flexibility [23].
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Of all the 32 constructed stents, nine had straight connectors, 14 had spline connectors and nine had S-shape
connectors. While studies have determined that the connectors should be aligned longitudinal to the flow to minimise
flow misalignment [8] [22], the effect of different connector types on the high WSS and low TAWSS was not
noticeably different. The majority of sampled stents with the highest radial, bending and compressive stiffness had
spline connectors, closely followed by stents with S-shape connectors. Given the high radial stiffness associated with
spline connectors, this explains why this connector type was predominantly selected by the optimisation algorithm for
the update points. While six of the seven update points included an alignment of 180 degrees, this was not considered
significant as half of all the 22 non-dominated solutions had an alignment of 0 degrees and half had 180 degrees, and
hence the other design variables had more of an impact on the measured objectives. From the non-dominated solutions,
the ideal range for the intra-strut angle was determined to be 29.58° to 50.00°. While this range may change for
different vessel diameters [35], it reflects what is commercially available, so finding ideal stent designs within this
range was expected. As the intra-strut angle increased, the radial stiffness generally increased, and this may explain
why the update process preferred angles between 40.00° to 50.00° which agrees with the findings from Gundert et al.
[34]. The inherent error of prediction was considered in the update process, and the updated designs performed

favourably in terms of the radial stiffness and high WSS, but at the cost of low TAWSS.

The aim of this study was to provide general insights into stent design and the effect of certain variables on a stent’s
mechanical and haemodynamic performance. The study investigated the theoretical response of idealised stents and
idealised stented vessel geometries, without in vivo characteristics such as lesions, patient-specific morphology, and
stent deformation during deployment. Moreover, there may be an overestimation of the haemodynamic measured
objectives as the blood vessel deformation was ignored [65]. Hence, rather than a clinical risk indication, this study
provides a comparative insight on stent design. Outside of this study, there are other clinically relevant stent design
variables including the stent diameter, the number of peaks, stent material, and the polymer and drug coating thickness,
type and location. To improve the performance of stents, this study can be expanded in future works to consider more
stent design variables and provide an optimisation on additional objectives including bending flexibility, compressive
strength and minimising low WSS. The main contributions from this study include the identification of 22 ideal and
novel stent designs and providing the haemodynamic and mechanical performance of a large range of stent geometric

variations, those of which reflect commercial stents and idealised design variables from previous studies.

45



Vanessa Luvio — Multi-objective Design Optimisation of Coronary Stents

Chapter 6 — Part 2: Future Work

As explained in Section 3.1, this study is made of two Parts; Part 1 and Part 2. After completing Part 1 (Chapters 3, 4
and 5), substantial progress was made towards Part 2. Part 2 contains the future work which involves a larger stent
optimisation process with a greater number of variables and objectives. The foundation for this future work was
completed in this study in Part 2, which involved choosing the new variables and objectives, and constructing a

completely new set of CAD modelled stents.
6.1. Stent Geometry

As explained in Section 3.2, a CAD model of each stent was constructed from the parameterised IronPython script
that was developed in SpaceClaim API V18 ANSYS 19.2. Each stent was generated from the design constraints

outlined in Section 3.2.2, excluding the material and number of peaks constraint, and the following design variables.

6.1.1.  Design Variables

Two more significant stent design variables and new design constraint ranges were identified from the literature
review, and these are to be investigated in future work on stent design optimisation with a total of 10 design variables.
These 10 design variables include the eight design variables discussed in Section 3.2.1, and additionally the stent’s
material, and the number of peaks. Moreover, a new design constraint range was assigned for the number of connectors
and connector types. There were 10 design variables and nine design variables for the rectangular and circular cross-

sections respectively. The 10 design variables and constraint ranges for the future work are given in Table 7.

Table 7. The Stent Design Variables and Constraint Range for Future Work.

Variables Design Range
Cross-Sectional Shape (CS) Rectangular or Circular
Strut Dimension 1 (SD1, Strut Thickness or Diameter) 60 um - 120 um
Strut Dimension 2 (SD2, Strut Width) 60 um - 120 um
Intra-Strut Angle (SA) 25°-50°
Alignment Type (AT) 0° or 180°
Cell Height (CH) 0.83 mm —2.00 mm

Straight, Spline, Semi-Circular (S-Shape), M-Shape,

Connector Type (CT) alternating Straight/Spline, or alternating Straight/M-Shape

2 per cell, 3 per cell, or

Number of Connectors (NC) 3/3/3/ (proximal cells) followed by 2 per cell

Number of peaks (NP) 6,7,8,0r9

Material Platinum Chromium or L-605 Cobalt-Chromium

Based on what was commercially available, the number of peaks was added as a design variable due to its significant
impact on flow misalignment, and hence the haemodynamic environment [11] [35]. The number of peaks and stent
diameter are inter-connected, and the stent geometry script was designed to expand this future work to explore the

effect of changing the stent diameter, specifically looking at 2.5mm, 3mm and 4mm based on studies such as Plitt et
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al. [29]. In the interest of the mechanical design objectives, the material of the stent was added as a design variable to
compare two materials used in current commercial stents [20]. [llustrated in Figure 35, three new connector types (M-
shape, alternating Straight/Spline, alternating Straight/M-shape) were also added to the existing types to investigate
other commercial stent designs and examine the effect of alternating between flex and non-flex connectors between

cells. The parametrised equation developed to define the M-shape connector is shown in Table 8.

Connector Types
Straight Spline S-Shape M-Shape Straight/Spline  Straight/M-Shape

\ 0 1A

Figure 35. Connector Types for Future Work.
Table 8. M-Shape Connector Type Equation for Future Work.

Connector Type [Equation

M-Shape f@={0<z<1 : ¢ 2z2(1—2)2(0.333 — 2)(0.666 — z) }

Where 0 < ¢; <100

The design constraint range for the number of connectors was changed to include designs that were more reflective of
commercial stents, ensuring a minimum of two connectors per cell to improve longitudinal strength [17]. Moreover,
the effect of having a greater number of connectors at the proximal cells of the stent would be investigated. To ensure
the connector arrangement pattern created a stent which is as stable as possible, the pattern for each number of
connectors was designed to be dependent on the number of peaks and is illustrated in Figure 36.
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Figure 36. Connector Arrangement for 6, 7, 8 & 9 Peaks in Future Work (Peaks are in Bold).
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6.2. Multi-Objective Optimisation Process

As discussed in Section 6.1.1, the stent design variables were further developed and included in the IronPython script
for future work. Progress was made towards the optimisation of stents based on these developed design variables. The
exact optimisation method discussed in Section 3.3 will be adopted in future work however six objectives and three
constraints will be considered rather than three and one respectively. Moreover, the optimisation algorithm NSGA-II
may not be suitable for more than three objectives and may need to be adjusted. The objectives (three from CFD and

three from FEA) were defined as follows;
1. Minimise the % of Area with Low WSS
2. Minimise the % of Area with High WSS
3. Minimise the % of Area with Low TAWSS
4. Minimise the Bending Stif fness
5. Maximise the Radial Stif fness
6. Maximise the Compressional Stif fness

The mechanical constraints to be considered are defined as follows;

2
Bending Maximum Stress < 3 X Yield Stress
2
Radial Maximum Stress < 3 X Yield Stress

2
Compressional Maximum Stress < 3 X Yield Stress

For the materials to be considered in the future work, the maximum stress any stent could experience is 333.333 MPa

[70] for stents made of L-605 cobalt-chromium, and 320 MPa [73] for stents made of Platinum Chromium.

6.2.1. Sample of Stent Designs

Based on the number of design variables (10) and objectives (6), a sample of 60 design points was considered suitable.
A sample containing 60 stent designs was generated using the Latin Hypercube Sampling approach and the specific
design constraint range for each is recorded in Table 9 in Appendix B. As illustrated in Figure 37, the sample of 60
stents was constructed, and of the 60 stents, four of the stents were unable to be generated due to the physical,
geometric impossibilities of the design. Hence, these models were disregarded, and the 56 successfully created stents

were saved and set aside to be used in future work.
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Chapter 7 - Conclusion

The aim of this study was to improve stent design by analysing the complex relationship between stent design variables
and a stent’s mechanical and haemodynamic performance. A multi-objective optimisation of stent design was
completed using eight major stent design variables and three key stent performance objectives that build and improve
on a substantial preceding literature. A stent’s adverse effect on the haemodynamic environment has been linked to
low WSS, low TAWSS and high WSS, while a stent’s mechanical failure is dependent on its radial, compressive and
bending stiffness. Multiple studies have endeavoured to optimise stent design with either haemodynamic or
mechanical considerations and consider only a limited number of variables. Of the minimal studies that investigate
both mechanical and haemodynamic performance outcomes, only four or fewer design variables were investigated
individually. Hence, this work strived to expand on this literature and provide an optimisation of stents for multiple

design variables and for both haemodynamic and mechanical objectives.

Using a Latin Hypercube Sampling approach, an initial set of 30 novel stent designs were computationally modelled
to acquire their haemodynamic and mechanical performance using CFD and FEA respectively. The results from these
simulations were used to inform an optimisation algorithm, NSGA-II with EHVI, which then predicted six new non-
dominated, ideal stent designs. From the entire sample of generated stents, the five best performing stents and 22 non-
dominated solutions were identified. These are 22 completely new stent designs which are likely superior to any
commercially available stents to date given that these new designs were developed from design variables that were
based on commercial stents. The main findings from this study included the favourable haemodynamic performance
of circular-strutted stents, the trade-off between cell height and strut thickness, and the beneficial mechanical effect
of more connectors on the radial and compressive stiffness. Given the great increase in radial stiffness for stents with
two connectors per cell and the improvement in both haemodynamic objectives for circular strutted stents, the update

process was deemed successful in improving stent design based on the six ideal stent designs it generated.

Substantial progress was made towards future work by expanding this study to consider 10 significant stent design
variables and six objectives. Given the compressive strength and flexibility required of stents during deployment, this
study confirmed that consideration of a stent’s bending and compressive stiffness needs to be accounted for in the
multi-objective optimisation process to ensure a balance between too many and too few connectors. Based on literature
and commercial designs, the new design variables were expanded to include the stent material, number of peaks, and
new connector types and arrangements. Based on these new variables and objectives, a Latin Hypercube sample of 60
stents were generated and computationally modelled. This study could be further expanded to investigate the effect of
different stent diameters as this is closely related to the number of peaks. Using this study as its foundation, future
work will ideally be able to provide ideal, balanced stent designs that consider the low WSS, bending stiffness and
compressive stiffness in addition to the current haemodynamic and mechanical performance objectives. Overall, this
study was successful in identifying 22 novel stent designs based on the haemodynamic and mechanical performance
of a large range of generated stent geometries, and will likely result in new, better-performing stent designs for
commercial use. Importantly, this study analysed the effect of significant design variables on competing objectives

which will inform and influence future work and assist in developing balanced and improved stent designs.
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Appendices

Appendix A: Contribution to Journal Submission

This work directly contributed to the journal submission ‘A Multi-Objective Hemodynamic Optimization of Stent

Geometries’ that is led by Dr Susann Beier. The title page is pictured in Figure 38 where I am a contributing author.
A Multi-Objective Hemodynamic Optimization of Stent Geometries

Ramtin Gharleghi®, Heidi Wright®, Vanesssa Luvio®, Nigel Jepson”®, Anushan Senthurnathan®, Behzad
Babaci®, Gangadhara Prusty®, Tapabrata Ray?, Susann Beier®*

“School of Mechanical and Manufacturing Engineering, University of New South Wales, High St. Sydney, Australia
b Prince of Wales Hospital, 320-346 Barker St. Randwick, Sydney, Australia
¢Prince of Wales Clinical School of Medicine, 18 Illigh St, University of New South Wales, Sydney, Australia
4School of Engineering and Information Technology, University of New South Wales, Canberra, Australia

Abstract

Stents are scaffolding cardiovascular implants used to restore blood flow in narrowed arteries. However, the
presence of the stent alters local blood flow and shear stresses on the surrounding arterial wall, which can
cause adverse tissue responses and increase the risk of adverse outcomes. There is a need for optimiza-
tion of stent designs for hemodynamic performance. We used multi-objective optimization to identify ideal
combinations of design variables by assessing potential trade-offs based on common hemodynamic indices
associated with clinical risk. We studied seven design variables including strut cross-section, strut dimen-
sion, strut angle, cell alignment, cell height, connector type and the connector arrangement. Optimization
objectives were the percentage of vessel arca exposed to adversely low and high Wall Shear Stress (WSS)
and adversely low time averaged WSS (TAWSS), assessed using computational fluid dynamics modeling.
Two multi-objective optimization algorithms were used to iteratively predict ideal designs. Out of 50 de-
signs, three best designs with respect to cach of the three objective, and two designs in regard to overall
performance were identified. These designs are presented and discussed in the context of their trade-offs,
similarity and difference to existing commercially available designs.

Keywords:  stent design, computational modeling, wall shear stress

Figure 38. Contributing Author for Journal Submission.
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Appendix B: Future Work Sample

Table 9 outlines the specific design variables chosen for the Latin Hypercube sample of 60 stents generated for future
work. In Table 9, " represents an invalid design, R refers to a rectangular cross-section, and C refers to a circular cross-
section. For the Number of Connectors (NC), ‘1’ represents two connectors per cell, ‘2° represents three connectors
per cell, and ‘3’ represents the connector arrangement where there are three connectors in the first three proximal cells
and two connectors per cell follow. For the Connector Type (CT), ‘1’ represents straight, 2’ represents spline, ‘3’
represents S-shape, ‘4’ represents M-shape, ‘5’ represents alternating straight and spline, and ‘6’ represents alternating
straight and M-shape connectors. For the stent material, ‘1’ represents platinum chromium, and ‘2’ represents L-605

cobalt-chromium. The remaining variables are explained in Table 7 in Section 6.1.1.

Table 9. Sample of 60 Stents for Future Work.

# CS SDI(um) SD2(um) SA() AT(¢) CH(mm) CT NC  Material NP
00 R 1034329 735277  43.5563 0 1.0796 1 1 2 7
01 R 989121  114.0338  40.5313 0 1.4072 1 2 1 8
02 R 763764 1064540  38.5871 0 1.4346 5 3 2 9
03 R 850107 822091  47.6930 1 1.5574 3 1 2 9
04 R 73.6688 789438  46.1956 0 1.8002 1 2 2 6
05" R 91.8221 855172 353836 1 0.8789 2 2 2 8
06 R 61.0140  98.0322  46.6667 0 1.9624 4 3 1 7
07 R 960836  88.1784  33.8580 1 1.8792 3 1 1 8
08 R 755467 113.0390  48.4227 0 0.9779 6 1 1 9
09 R 789049  109.5428  29.8744 1 1.8887 4 2 1 7
10 R 89.8238 103.1376  25.9217 1 1.7584 2 1 1 7
11 R 1050973 692221  27.2961 0 1.3137 5 3 1 8
12 R 668697 743071  45.1135 1 1.4770 5 1 2 6
13~ R 862830 715121  39.3603 1 1.1614 3 3 1 6
14 R 712511 778114  36.0450 1 1.5970 5 3 1 7
15 R 69.8228  86.0863  49.7378 0 1.5062 6 1 2 6
16 R 954103  96.7800  25.1680 0 1.1946 3 2 2 6
17 R 1194689  62.8580  44.9792 1 1.3578 2 1 2 9
18 R 83.0726 101.9313  30.5181 0 1.7017 2 2 2 6
19 R 108.9236 654354  34.9545 1 1.0035 1 2 2 9
20 R 93.0360  90.1483 382892 0 1.2305 4 2 1 9
21 R 1069874 949763  41.4905 0 1.8156 3 3 1 7
22 R 101.0025 812326  32.1196 1 1.6165 6 1 2 9
23 R 111.8791 105.1243 422002 1 0.8428 5 3 2 8
241 R 1158833 110.0207  31.5089 1 1.1236 6 2 1 7
25 R 812560  93.0128  36.9809 1 1.9269 2 3 1 8
26 R 1163703 117.6917  33.1155 0 1.6771 4 3 2 8
27 R 659345  60.0074  43.1682 1 1.0299 4 3 1 6
28 R 1127902  66.0528  28.7504 0 0.9275 1 1 1 7
29 R 63.0028 119.7051 283286 0 1.2647 6 2 2 9

W
o0
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