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Abstract

Percutaneous coronary intervention (PCI) is a common clinical practice, often undertaken to treat the
advent of coronary artery disease. Extensive research is being performed in the field to identify and
understand which factors contribute to adverse clinical outcomes after implantation, of which stent diameter
will be primarily focused upon in this report. FEA and CFD simulations of 19 unique stent geometries were
conducted to attain their radial stiffness and WSS results. These were then used to inform an optimisation
algorithm to obtain four ideal stent parameters. Overall, key findings suggested that smaller stent diameters
were found to be associated with greater radial stiffness values and volume of HWSS. Larger stent
diameters were found to be associated with lower radial stiffness values and higher volume of LWSS.
Greater material densities also tended to provide stronger radial stiffnesses. For future proceedings,
additional simulations for a larger range of diameters and materials should be conducted.
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Nomenclature

AT = Alignment Type

BMS = Bare-metal Stents

CA = Connector Arrangement

CH = Cell Height

CoCr = Cobalt Chromium

CT = Connector Type

CFD = Computational Fluid Dynamics
DES = Drug-eluting Stents

FEA = Finite Element Analysis

HWSS = High Wall Shear Stress

ISR = In-stent Restenosis

IVUS = Intravascular Ultrasound

LWSS = Low Wall Shear Stress

MI = Myocardial Infarction

MSA = Minimum Stent Area

ND = Non-Dominated

NP = Number of Peaks

PCI = Percutaneous Coronary Intervention
PtCr = Platinium Chromium

SA = Intra-strut Angle

SD1 = Stent Dimension 1 (Strut Thickness)
SD2 = Stent Dimension 2 (Strut Width, Rectangular Cross Section)
SF = Stent Fracture

ST = Stent Thrombosis

StSt = Stainless Steel

TAWSS = Time-averaged Wall Shear Stress
WSS = Wall Shear Stress

WSSG = Wall Shear Stress Gradient



1. Introduction

1.1. Coronary Artery Disease

To tackle the leading cause of death in the developed world — the coronary artery disease, the development of
medical stents has been one of the most popular and effective treatments for cure. The source for this disease is
known as atherosclerosis, which is the build-up of plaque inside the arteries and the hardening of the blood
vessel, causing its passageways to narrow and reducing the flow rate of blood in each vessel. To counteract this
contraction process, a procedure known as percutaneous coronary intervention (PCI) can be performed, which
involves inserting a small balloon catheter and coronary stent into a patient’s arteries, of which the balloon
expands inside the vessel to widen it and improve the hemodynamic flow to the heart. The stent acts as a tubular

scaffold, and works to physically prop the artery open, reducing its chances of restenosis [1].

Figure 1 - Percutaneous coronary intervention (PCI) illustrative depiction Error! Reference source not found.

1.2. Key reasons for failure
1.2.1. In-stent Restenosis

However, there are also complications and injuries which may arise from stent implantation, especially the
occurrence of in stent restenosis (ISR). ISR is angiographically defined as a >50% reduction in luminal area
within the stent or in the adjacent native vessel [3] and occurs because of the response of the vascular tissue to
the injury caused by coronary angioplasty, known as neointimal hyperplasia [4]. Due to the elastic nature of the
arterial walls, they tend to gradually move inwards despite being stretched open with balloon angioplasty. Hence,
bare metal stents (BMS), and later drug-eluting stents (DES), were developed to resist this closing tendency,
which achieved restenosis rates of 30% and <10% respectively [5]. As these incidence rates are sought to be
further reduced, experiments targeting the optimisation of stent parameters are being conducted in current

research, and they have proven their impact in affecting a variety of adverse clinical outcomes.
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1.2.2. In-stent Thrombosis

In-stent thrombosis (ST) involves the thrombotic occlusion of a coronary stent after PCI, which is the formation
of blood clots inside the stent [6]. Although rare, the consequences of thrombosis are severe and may result in
fatal complications for victims, of which 15 — 30% of patients afflicted die within 30 days of the event. Recently,
studies have indicated that despite the reduction of restenosis rates in DES, an increase in ST incidences are
produced as a side effect, affecting particularly late stent thrombosis. Several factors that contribute to ST have
been recognised, notably smaller final lumen dimensions due to stent malposition and/or under expansion, stent
length, persistent slow coronary blood flow and placement of multiple stents [7]. Thus, by optimising certain

components of the stent design such as stent diameter, these detrimental factors can be minimised.

1.2.3. Stent Fracture

Coronary stent fracture (SF) is defined as a discontinuation of any part of the stent structure seen on angiogram
[8]. It first came into recognition with the advent of the DES due to their statistically significant increased
incidences of SF compared to BMS. Despite their infrequencies, they are still recognised as important
complications due to the increased rates of ISR, ST and cardiac event rates associated with SF. This is
demonstrated in a study by Kuramitu et al. [9], noting that in the occurrences of SF after DES implantation,
patients were associated with an increased risk of ISR, ranging from 15-60%. Furthermore, the majority of
available studies have suggested a higher frequency of SF in a particular type of DES, where Chinikar et al. [10]
found that more than 95% of their stent fracture cases were derived from the Cypher Stent. Several hypotheses
were proposed in response to this, particularly in regards to the interaction between stent and vessel geometry
during stent implantation. Due to the geometric distortion imposed on the stent by the vessel, these mechanical
forces caused metal fatigue in the stent and increased the likelihood of SF. As such, stent flexibility seemed to
be directly linked to the integrity of the stent structure, where stiffer stent designs such as the Cypher Stent were

the most susceptible to SF.

1.2.4. Stent under-expansion

Stent under-expansion, as measured through intravascular ultrasound (IVVUS), is an important mechanism of
DES failure, causing both restenosis and thrombosis. Per a study by Kang et al. [11] It is defined as a minimum
stent area (MSA) of less than 5.0-5.5 mm?, of which hazardous levels of intimal hyperplasia often occur due to
the diminished capacity in the vessel. Fundamentally, the cause of insufficient stent expansion is often due to
factors such as the non-compliancy of the stent delivery balloon or selecting an undersized balloon model which
fail to inflate the stent to an acceptable diameter. However, in a patient-related study conducted by Taherioun et
al. [12], nominal stent diameters of less than 2.75 mm were also strong predictors of stent under-expansion, with

one third of stents under 2.75mm failing the IVUS criteria for optimum stent expansion. Furthermore, heavily
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calcified plaques in vessels have also been shown to restrict the appropriate expansion range of the implemented
stent, causing under-expansion of the stent. To minimise the incidence rates of stent under-expansion, post-
dilatation with noncompliant balloons may be performed, and have been shown to substantially improve stent
expansion and decrease the frequency of suboptimum stent deployment. To ensure the stent delivery balloon
was of adequate size, IVUS guidance during the PCI process should be conducted, as this allows for more

accurate assessments of vessel size post-angiography.

1.2.5. Non-uniform stent expansion

In stent insertion undergoing PCI, the expansion of the stent may be distributed non-uniformly, resulting in the
foreshortening or dogboning of a stent and induce vascular injuries and ISR. The process of foreshortening
occurs during radial expansion of the stent and causes the axial length to shorten, whilst the dogboning
phenomenon is attributed to the ends of a stent opening first during expansion. Both events have been discovered

to have significant adverse impacts on clinical outcomes.

In a study conducted by LaDisa Jr et al. [13], data obtained using CFD indicated that foreshortened stents are
associated with an increase in area of the luminal surface exposed to low WSS and elevated special WSSG. This
was attributed to the misalignment of the foreshortened stents to the direction of blood flow, disturbing
hemodynamic factors, and near-wall velocity vectors. As such, these results implicate that the vessel will
experience a greater production of neointimal hyperplasia compared to a stent expanded to its intended length,
and hence inducing higher rates of restenosis. Dogboning similarly increases rates of vascular injuries, where
the sharp edges and hinges of the stent due to poor design can injure the blood vessel during stent implantation

[14], increasing rates of restenosis and thrombosis.

In understanding the manifestations of foreshortened and dogboning stents, a study by Lim et al. [15] showed
that foreshortening and dogboning were generally more common in stents with closed unit cells connected by
straight link structures, and rarer in stents with open unit cells and bend-shaped link structures, such as the MAC
Plus stent. Hence, by using a stent composed of broader unit cells connected by bend-shaped link structures may

provide better results in minimising the foreshortening and dogboning of stents.

A .
Before stent expansion
After stent expansion

Figure 2 - Foreshortening of the stent (left) [16], dogboning effect (right) [17]
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1.2.6. Adverse Shear Wall Stress
Wall Shear Stress (WSS)

The coronary artery is constantly exposed to mechanical loading in the forms of frictional forces from blood
flow and blood pressure. The flow induces WSS in the tangential direction, while blood pressure acts
perpendicular to the vessel wall and induces circumferential stresses [18]. Presently, there is no consensus
regarding the boundaries which constitute low, intermediate (physiologic), and high WSS — but in general, low
WSS is typically represented by < 1 Pa, physiologic WSS as 1-2.5 Pa, and high WSS as > 2.5 Pa. In recent years,
investigators have labelled ‘non-low” WSS (previously known as ‘high WSS”) as physiologic WSS, and high
WSS as values higher than physiologic. Based on this classification, researchers have generally associated areas
of low WSS and high oscillatory shear spatially with regions of greatest intimal growth following stent
implantation. There has also been increasing evidence that high WSS factors contribute to the development of
high-risk plaque factors and have been shown in experimental studies to induce specific changes in endothelial
migration [19]. However, there still remains inconclusive data linking high WSS to the development of hard
clinical events, has been debated as to whether changes in WSS magnitude are the definitive source for
atherosclerotic development, or just a consequential effect. Nonetheless, WSS ranges which deviate from
physiologic WSS have been shown to produce detrimental clinical outcomes and should still be optimised to

restore the WSS to a more physiological range.

Wall Shear Stress Gradient (WSSG)

The WSSG has historically been defined in literature through the directional derivatives of the WSS and is a
representation of the change in WSS over short distances. In complex geometries, high WSS is often
accompanied by significant spatial WSSG, which has been shown to cause endothelial migration, disrupted flow,
and intimal hyperplasia [20]. Conversely, in a study by Giannoglou et al. [21], low WSSG in combination with
low wall pressure gradient were suspected to provoke endothelial cells in providing a mechanism promoting

atherosclerosis. However, there is still limited research on the possible detriments of low WSSG.

Time-averaged Wall Shear Stress (TAWSS)

A description of TAWSS can be summarised as the evaluation of the total shear stress exerted on the wall
throughout a cardiac cycle. Low TAWSS values of < 0.4 Pa have been shown to promote atherogenic endothelial

characteristics, whilst abnormally high TAWSS values of 15-45 Pa can be thrombogenic [22].
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2. Literature review

2.1. Key Stent Types
2.1.1. Bare-metal Stents

A variety of stent types have been tested historically to reduce the frequencies of such failures, as seen in the
introduction of the first type of stent — the bare-metal stents (BMS). First successfully implanted in a human
coronary artery in 1986 by Sigwart et al. [23], the BMS demonstrated its superiority over the original angioplasty
procedures which were performed without stent deployment, a technique now referred to as plain old balloon
angioplasty (POBA). However, these stents still produced a 20-30% incidence of ISR, hence provoking the
development of drug-eluting stents to address the problems of ISR encountered with BMS.

2.1.2. Drug-eluting Stents

While bare-metal stents prevent restenosis by attenuating arterial recoil and contraction, drug-eluting stents
(DES) supply an antiproliferative drug to the target lesion that inhibits excessive growth of neointima [24]. In
the initial designs of DES, or first-generation DES, they were essentially BMS sprayed with polymer and drugs,
using stainless steel as its base material. These designs lowered rates of ISR but were also associated with higher
rates of ST than BMS, which encouraged the development of second-generation DES in efforts to improve safety
and efficacy. In adopting cobalt-chromium, less toxic antiproliferative drugs and new biocompatible polymer
coatings second-generation DES have generally been considered as the superior alternative to BMS, attributed
to their lower rates of restenosis and repeat vascularisation [25]. As demonstrated in a patient-level meta-analysis
study [24], the primary endpoint of cardiac death or nonfatal myocardial infarction (MI) was lower with newer-
generation DES than with BMS (14.5% vs 16.7% respectively). They were also associated with significantly

lower rates of target vessel revascularisation (TVR) and definite stent thrombosis.

2.2. Targeted Optimisation Objectives
2.2.1. Mechanical Optimisation Objectives

In deploying a stent into a damaged artery, its mechanical properties must be determined appropriately to
optimise its reliability and utility in treating the respective lesion. The ideal stent has a low profile, is sufficiently
flexible to minimise vessel distortion, and exerts sufficient radial force on the vessel wall to overcome lesion
resistance and elastic recoil [26]. However, the combined optimisation of all these features is feasibly
impracticable, as in optimising one characteristic of stent design, another will often suffer detrimental effects.
This can be seen in a study by Wei et al. [27] comparing six stent structures, including three commercially shaped
stents and three author-developed stents. The results showed that among the three commercially shaped stents,
the Palmaz-Schatz-shaped had the least stent dogboning and recoil but induced the highest von-Mises stress on

plaque, arterial intima, and media. Hence, currently available stents are required to compromise between
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competing desirable features, resulting in subtle differences in performance characteristics. To produce a stent
design which exhibits the aforementioned ideal features, computational simulations of varying attributes of stent

parameters should be conducted, in an effort to construct an optimal combination.

2.2.2. Hemodynamic Flow Optimisation Objectives

Primarily, the odds ratio of high-risk plaques has been shown to increase at both extremes of WSS and
emphasises the importance of minimising the areas afflicted with low and high WSS. As low WSS has explicitly
been shown to produce detrimental outcomes, it is commonly accounted for in literature, and is frequently
minimised in clinical trials to optimise hemodynamic flow. This is demonstrated in a study by Beier et al. [28]
evaluating the impact of the Omega and Biomatrix stent design on WSS, WSSG and TAWSS. In considering
relevant parameters including strut spacing, stent size and luminal protrusion, their respective properties were
juxtaposed and analysed, highlighting the varying effects of such parameters in influencing the hemodynamic

profile.

2.3. Stent Parameters

Concerns about the long-term safety of early generation DES induced increased research into other branches of
technology, including the optimisation of stent parameters. In designing a stent structure, several parameters
must be considered to minimise the chance of failures, to allow for sufficient clearance of hemodynamic flow

and to ensure an adequate quality and quantity of mechanical characteristics.

Strut Thickness

Figure 3 - General overview of stent strut parameters [25]

2.3.1. Strut Thickness

The strut thickness is a topic of debate regarding the potential superiority of thinner struts in comparison to
thicker struts. The ISAR STEREO 2 study by Pache et al. [29] compared an ultrathin strut (50um) to a thick
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strut (140pum) BMS, where significantly lower incidence rates of clinical restenosis were demonstrated when
thinner struts were used. Furthermore, a stratified analysis of pooled randomised controlled trials revealed that
thinner-strut DES were also associated with a significant reduction in myocardial infarction (MI) [30]. However,
it should be noted that in these designs, there are other differences in design and mechanical properties which
might impact on restenosis. Thicker struts tend to have greater radial strengths, and some experimental data
suggests that greater hoop strength may cause increased neointimal hyperplasia. As there is still a limited amount
of data concerning the overall benefits of thinner struts in DES, research is still being performed to establish a
definitive favourite.

2.3.2. Strut Width

A study performed by Kawamoto et al. [31] in 2015 assessed the clinical impact of strut width on periprocedural
myocardial infarction (PMI) when treated with bioresorbable stents (BRS) versus first generation sirolimus-
eluting stents (SES). The strut width was evaluated by abluminal strut surface area (ASSA), where the average
ASSA was higher in BRS samples, and demonstrated significantly higher incidence of PMI compared with SES.
As this was first study performed regarding the impact of ASSA on PMI and clinical outcomes at the time, it
was inferred that there may be a possible relation between a greater strut width to detrimental clinical outcomes.
However, in a study by Pant et al. [32], it was shown that large values of strut width in combination with smaller
axial lengths of circumferential rings are optimal in minimising average stresses and maximising drug delivery.
This is due to the higher stent width contacting larger areas of the lumen but producing more uniform stresses
and delivering higher rates of drug transport into the tissue as a result. Furthermore, by increasing strut width
and thickness, radial stiffness and radial length were improved, however coming at the expense of the stent to
artery ratio. Thus, the ideal strut width for favourable clinical outcomes is yet to be determined and should be

taken into consideration for experimentation in optimising the overall stent design.

2.3.3. Stent Length

Coronary lesions generally consist of a primary flow restricting region and a less severe non obstructive (hon-
flow-limiting) shoulder region. In a study performed by Mauri et al. [33], they studied whether the stent should
cover only the obstructive region of the lesion or be extended to cover the additional unobstructed portion of the
lesion. They concluded that the amount of excess stent length increased risk of restenosis independent of the
stented lesion length, where each 10 mm of stented lesion length was associated with an absolute increase in
percent diameter stenosis of 7.7%, and each 10 mm of excess stent length increased percent diameter stenosis
by 4.0% and increased target vessel revascularisation (TVR) at 9 months. Furthermore, as stent lengths are
increased, the chances of different failure modes invoked also increase, which is indicated in a study by Kang et
al. [34], presuming that there are greater possibilities of stent under-expansion due to the increased length of

longer stents. This leads to more severe luminal narrowing and may be the cause of higher restenosis rates in
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longer stented lesions. From evaluating this data, longer stent length is seemingly correlated to more adverse
clinical outcomes — but further experimentation could be conducted with separate stent parameters to assess an
optimal design.

2.3.4. Cell Spacing

The cell spacing (cell height) of stents is a parameter of stents particularly influential to its mechanical integrity
and the stress distribution in the artery. This is seen from in the study by Bedoya et al. [21], who determined that
from the optimisation of three parameters in eight different designs, increasing the magnitude of axial cell
spacing, radius of curvature and amplitude of circumferential rings resulted in lesser stresses in the artery. The
benefits of larger cell spacing was also extended to hemodynamic flow, as explored in a study by He et al. [35].
They noticed that the mean axial WSS restoration between struts was higher for stent models with higher inter-
strut spacing and allowed for a greater extent of flow restoration in the case of disturbed flows. This idea is
further expanded upon in the studies of Beier et al. [28], where cell spacing has also been observed to have a
significant effect on hemodynamics. For thicker struts, the adverse effects of low near-wall velocities could be
mitigated by greater strut spacing, demonstrating the favourable design impact of greater strut spacing. The
inverse of this relation was also found to be true, of which narrower strut spacings were shown to produce areas
of adverse low WSS and high WSSG, but were mitigated by adjusting strut size, implicating the importance of

balancing multiple design objectives to optimise the stent attributes.
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Figure 4 - Example graphic of stent types with stent design labels, depicting cell spacing [28]

2.3.5. Strut Angle

The strut angle, or the orientation of the strut in relation to the principal direction of the blood flow, was found
to be significantly important by Gundert et al. [37]. The authors hypothesised that the intra-strut angle was
essential in determining the optimal number of crowns in stent design, a parameter which was found to influence
the area of low time-averaged wall shear stress (TAWSS). As low WSS is associated with higher restenosis
rates, an appropriate strut angle should be determined to minimise such adverse clinical outcomes. As such, they
observed that strut angles which were aligned with the flow direction minimised disturbance of blood flow and
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decreased the amount of low WSS at the arterial wall. These angles were found to be optimised between 38.5
degrees and 46 degrees for all stent designs, with the angle best minimising the area of low TAWSS observed
to be orientated at approximately 40 degrees. However, this result was revised in a later publication by the same
authors, who determined that the optimised angle should instead be between 50 and 60 degrees [37]. This was
attributed to the discovery that the optimal intrastrut angle was dependent on vessel size, contrary to their

previous publication which stated they were independent.

jvr"'lrr:-r:-:?: = T0°

Initial shape e
Final shape

Figure 5 - Example of a strut angle orientated at 70° to the hemodynamic flow [32]

Gundert et al. [37] also established a relationship between stent diameter and the optimal number of crowns
for a stent design, proposing that as stent diameter is increased, the number of crowns required would
proportionally increase. A larger amount of stent crowns would provide for the greater vessel scaffolding
required of larger vessel diameters, but as noted in the study, was also found to cause precarious levels of low
TAWSS. However, lowering the amount of stent crowns also came with its respective disadvantages, causing
strut and flow misalignment. This finding was coincident with the data collected in a study performed by Beier
et al. [28], which similarly implied the detriment of fewer stent peaks in causing flow misalignment. Hence, the
optimal number of crowns is still in question, as shown in a study by lannaccone et al. [38], which found the
impact of stent crowns to be minimal in reducing ST and TLR, and that stents with an average number of crowns
<7.5 performed similarly to stents with higher average crowns. In this regard, commercial stent designs often

use 6 — 9 crowns on average.
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Connectors

XIENCE Prime 3.0 mm
(6 crowns, 3 cells) /:S/trr,ut Length

-) [ Strut Thickness

Figure 6 — Stent design nomenclature, example based on a XIENCE PRIME 3.0 mm [39]

2.3.6. Connectors

To connect adjacent struts to one another in a stent, segments known as connectors were designed to embody
this factor. In its fabrication, many studies have discussed the possible clinical impacts of the number of
connectors in a stent, its length, geometry, and alignment with the main flow. This is demonstrated in a study
performed by Pant et al. [40], where the connector length in the crossflow direction was found to significantly
affect blood flow. In particular, stents with higher percentage of areas exposed to low and reverse WSS were
proportionally linked to longer lengths of connectors in the crossflow direction, whereas stents with more parallel
configurations, at angles of 0° or 180° to the flow exhibited better clinical outcomes. In regards to connector
length, a study by Xiang et al. [41] established a strong connection between a greater number of connectors and
beneficial longitudinal stent strength (LSS) results. In analysing a stent with four connectors in comparison to a
stent with two, the LSS was found to be nearly three times greater in the former design. The benefits of additional
connectors are similarly confirmed by lannaccone et al. [38] who discovered that stents with an average number
of connectors >2.5 was associated with lower ST and TLR. However, in increasing the number of connectors,
the flexibility of the stent structure and its adaptability to the vessel is reduced, which is a factor which must be
considered when designing stents for curved arteries. Hence, some connector geometries have been modified to
adhere to this factor, as discussed by Watson et al. [42], with the Vision and Multi-Link 8 stents encompassing
U-shaped loops in its connectors to improve flexibility. The impact of connector geometry was also described
in the same study by Xiang et al. [41], which analysed three connector geometries, the L-stent, M-stent, and S-
stent. The results indicated that the L-stent exhibited the highest LSS while the S-stent exhibited the lowest.

10
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2.3.7. Strut Cross Section

Strut cross sectional shape has been shown across many studies to impose a considerable influence on
hemodynamic performance and are modelled either as rectangular or circular. Yongfei et al. [43] performed a
relevant analysis by generating six virtual stents with different cross sections within the same ideal arterial model
and found that stents with streamlined cross-sectional struts (circular or elliptical arc) were generally superior in
comparison to non-streamlined cross-sectional struts (rectangular). Circular and elliptical stents were found to
have significantly lower areas of low WSS due to reduced flow disturbances and recirculation zones. Yongfei et
al. [43] also observed that when larger aspect ratios were tested on the models, both streamlined and non-
streamlined cross-sectional geometries benefitted in low WSS reductions, and hemodynamic flow rate was
improved as near-wall velocity was observed to increase. With higher flow rates, this may allow the patient to
maintain more cardio intense activities such as running [44]. However, rectangular cross sections are still
considered due to their higher surface area and strength, which allows for greater drug delivery to the vessel and
capacity to resist buckling, which may result in greater restenosis prevention in the patient. Hence, further

investigation into providing the most optimal cross-sectional shape for patient suitability should be considered.

AR =4:1 AR =4:1

AR = 8:1 AR = 8:1
L ] _ T

Figure 7 - Cross-sectional stent strut geometries with different aspect ratios, AR = width to height (w:h) [45]

2.4. Vessel Calibre

The properties and dimensions of coronary arteries are of particular interest when implementing appropriate
stents, in which the vessel calibre holds great importance when determining stent diameters. Of a patient-level
study performed by Zhou et al. Error! Reference source not found., of 167 study participants, the mean
coronary artery diameters among patients were found to be 2.87+0.37mm for the average diameter,
4.12+0.68mm for the LM, 2.26+0.41mm for the LAD, 2.14+0.43mm for the LCX and 2.95+0.6 for the RCA.

No significant differences were found between male and female participants.

11
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Figure 8 - Graphical depiction of coronary circulation Error! Reference source not found.

2.4.1. Oversizing of stent diameters

Stent diameter is a particularly important parameter to be reviewed due to the limited research surrounding its
influence in second-generation DES. From a study conducted by Applegate et al. [47], the average stent
diameters were found to be 3.2+0.5mm for BMS stents, and 3.1+0.4mm for DES stents. As this suggests a
general trend of stent oversizing in the commercial industry, a study performed by Kitahara et al. [48]
investigated its possible impact, analysing the acute and long term outcomes of DES implantation in de novo
coronary lesions. The obtained results indicated that, in particular, smaller vessels treated with smaller stents
were associated with greater adverse clinical outcomes. This suggested that, when chosen appropriately, an
aggressive selection of larger stents may optimise long term outcomes. The extent to which diameter stents
should be sized to is still of consideration, as presented by Stiechm et al. [49]. They performed a series of
experiments using three key hemodynamic metrics to evaluate the thrombosis risk of coronary stents and
scaffolds, to which the results suggested that bulky stents implanted in small calibre vessels may substantially

increase the thrombosis risk.

2.4.2. Undersizing of stent diameters

Many studies have been associating smaller stent diameter with worse long-term outcomes. This can be observed
in an examination conducted by Plitt et al. [36], where major adverse cardiovascular events (MACE), TVR, and
target lesion revascularisation were all markedly lower in patients with larger stent diameters (>3.5 mm)
compared to smaller stent diameters (<2.5 mm). As patients with smaller vessel diameters require smaller stent
diameters, these negative clinical outcomes are likely to be associated to this correlation, as noted by Gundert et
al. [37], where rates of restenosis are significantly higher in patients with smaller diameter vessels (< 2.6 mm)
as even a small amount of neointimal growth can restrict blood flow in the artery. By further narrowing the small

vessels with an implantation of another layer of stent struts, this may cause treatment of ISR to be more damaging
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than beneficial. As such, to avoid the physical presence of an implantation, additional technologies such as drug-
coated balloons (DCB) have been developed to attempt to replace the implantation of a stent while still delivering
the necessary drug into the vessel walls, but the incidence for MACE thus far have been similar in both groups
(7.5% for DCB, 7.3% for DES) [35]. Hence, as current research has not identified a viable alternative to stents,
or established an ideal stent diameter, further research needs to be conducted in the optimisation of this

parameter.

2.5. Computational Simulations: FEA

Finite element analysis (FEA) is an important tool in the field of biomedical engineering and is used liberally
for the analysis for medical devices such as coronary stents due to their highly variable performance
characteristics. FEA works by approximating solutions for systems of differential or integral equations applied
over the domains of the inputted geometry. These domains are then broken down into a number of smaller
domains, each containing a series of control points known as nodes, and hence allowing specific areas of the
model to be analysed [50]. Originally, the entire process of designing, manufacturing, and testing stents would
have to be reiterated continuously until satisfactory stent performance was obtained. This could take days to
weeks for completion, which is time-consuming, costly, and inefficient. For this reason, FEA and CFD have
become increasingly important  tools in providing rapid evaluation of stent performance and insight into
optimal parameters of stent design [52]. A typical FE analysis of stent deployment involves the following pre-
processing stages; the generation of suitable solid models, the generation of FE meshes, the material properties,

the boundary and loading conditions, and final solution methodology.

2.5.1. Model Generation

The stent model generation process is often streamlined during commercial stent production, as models are
imported from a number of stand-alone computer-aided design packages. It is imperative to ensure an optimal
model generation process when performing FEA, as this will lead to more accurate and detailed outcomes in

producing stent stress and deformation results, and hence provide more reliable clinical information.

2.5.2. Mesh Generation

Due to the complexity of most stent geometries and strict patent claims of commercial stents which inhibit the
distribution of their geometric information, the generation of accurate FE meshes for stents are difficult. In a
study proposed by Martin et al. [53], a few strategies were suggested to develop the FE mesh of a stent model.
By cutting a physical stent along its longitudinal axis and measuring important geometrical properties using a
microscope, these measurements can then be used to define planar stent geometry within an FE package. Another

strategy suggested involved the use of X-ray tomography to directly generate a 3D model of the stent, allowing
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for a detailed and accurate generation of a complex stent design. For simpler FE mesh definitions, a study by
Schiavone et al. [54] was shown to implement fully integrated linear hexahedral elements when analysing their
stent and arterial model, as it was found to be suitable in accommodating large bending deformation of the stent
during expansion. Santis et al. [55] further elaborated on this method, indicating that to prevent failure and
resorting to an unstructured tetrahedral mesh, a multi-block grid is fitted inside the vessel volume, at a distance
from the lumen surface. Then, a series of a layers are projected from the surface of the grid onto the lumen
surface to simulate the vessel wall. The structured hexahedral element type was also consistent with the findings
of Azaouzi et al. [56], who also applied a mesh size of 25 um for the stent, as it was believed to provide a good

balance between accuracy and efficiency.

2.5.3. Material Properties

Most recent stent designs utilise the same assortment of material types due to their suitable mechanical and
hemodynamics characteristics. In a paper by Thrinayan et al. [57], four different materials were evaluated in
regards to their mechanical strengths: stainless steel (SS), platinum chromium (PtCr), cobalt chromium (CoCr)
and nititol. Results comparing these materials showed that L605 and MP35N cobalt chromium experienced the
least deformation, strain, and stress results, with the L605 model outperforming the MP35N model in
deformation and strain, however experiencing more stress. Both models are commonly tested in studies, with
the MP35N model used by Martin et al. [53] and the L605 model used by Hsiao et al. [58].

2.5.4. Boundary and Loading Conditions

As the stent is symmetric along its longitudinal axis, symmetric boundary conditions may be used to minimise
computational time. This is reflected in the work by Eshgi et al. [59], in which only a quarter of the model was
used to simulate the expansion process. To properly define the symmetry condition, all the nodes perpendicular
to the y-axis were restricted to move through the y-axis, and all the nodes perpendicular to the x-axis were
restricted to move through the x-axis. In addition, only the movement in the radial direction was permitted for
the nodes located at the two ends of the vessel. Lally et al. [60] also defined the stent to be restrained at one node

in the circumferential direction to prevent rigid body rotation.

2.5.5. Solution Methodology

Stent Expansion

In simulating the process of stent expansion during after PCI, a study by Umer et al. [61] generates the radial
displacement by applying pressure on the inner surface of the stent, utilising a smooth time step of 2.5 seconds.
A pressure of 1.5 MPa was applied for 2 seconds, which was then held constant for 0.2 seconds and subsequently

reduced to -0.01 MPa at the end of the time step to allow for elastic recoil.
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Stent Radial Strength

To measure the radial strength of the stent, the process is reflected through a study by Hsiao et al. [58], in which
an outer cylinder was added to the outside of the stent to simulate the radial strength testing. This cylinder was
meshed with surface element (SFM3D4), and works by compressing the stent, forcing it to crimp down to a
smaller size. The reaction forces experienced in the radial direction would be analysed as the simulation
progressed in time steps. Hoop strength was defined as the maximum value of the total reaction forces during

compression, and stent radial strength was defined as the hoop strength divided by the total stent length.

Stent Bending Flexibility

One study by Wang et al. [62] simulated the bending flexibility of coronary stents by performing a three-point
bending test on the stent. The setup comprised of one cylindrical load applicator on top of the middle section of
the stent, supported by two identical static supports at the ends of the stent. This was split up into two steps — a
loading step and an unloading step respectively. In step one, a downward displacement of an upper loading
displacer was performed, which would be subsequently returned to initial conditions in step two. Thus, the
corresponding reactive forces and displacement values can be obtained to derive the bending stiffness of the
stent and quantify its flexibility.

2.5mm

Figure 9 - Three-point bending test stages [59]

2.6. Computational Simulations: CFD

Computational fluid dynamics (CFD) is an invaluable tool in analysing the hemodynamic effects of stent
geometry, as many of its associated parameters such as pressure, velocity and WSS are difficult to measure in
vivo. When a stent is deployed within an arterial lumen, many unexpected flow patterns may be created — and
accurately representing such flow conditions generally requires computational methods. As such, CFD is well
suited to quantifying the internal incompressible flow conditions, detailing velocity profiles and hemodynamic
behaviour throughout the implantation process. The CFD process typically utilises the same model geometry as
in an FEA process, but often require the mesh and boundary conditions to be adjusted due to different geometrical

sections of interest.
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2.6.1. Mesh Generation

The most commonly adopted mesh style for CFD analysis of the stented artery is an unstructured tetrahedral
mesh (Lotfi et al. [63], Beier [28], Gundert et al. [37]). A detailed process is provided by Lotfi et al. [63], in
which the tetrahedral mesh is developed uniformly along the whole artery, with adaptive tetrahedral or
polyhedral grids adding local refinement toward the stent struts — attributed to their high levels of WSSG. In the
predominant flow direction, it was noted that the unstructured elements were aligned poorly, hence requiring

higher-order prismatic or hexahedral elements on the surface near the wall boundary and at the core of the artery.

2.6.2. Boundary and Loading Conditions

In a study conducted by Lotfi et al. [63], the arterial walls were assumed to be rigid and nonporous, and a no-
slip condition was imposed. These conditions were similarly reflected in a study by Hsiao et al. [58], in which
blood was defined as incompressible, homogenous, and laminar, with a density of p= 1060 kg/m?®. In considering
blood as a Newtonian or non-Newtonian fluid, some studies have defined blood as a Newtonian fluid when
analysing larger vessel diameters or to simplify computational analysis, as seen in the paper by Lotfi et al. [63].
However, in most stent geometries, a non-Newtonian flow should be considered, as suggested by Mejia et al.
[64], as they were shown to have a non-negligible effect on WSS levels. In assigning boundary limitations,
Thrinayan et al. [57] would designate the wall regions of the artery as ‘wall’, setting its velocity to zero. For the
inlet boundary conditions, blood flow is sometimes modelled with steady state flow conditions for simplicity.
However, to accurately replicate biological conditions, the blood flow should be defined as cyclic and pulsatile.
These were quantified as a peak velocity of 0.5 m/s and a minimum velocity of 0.1 m/s by Thrinayan et al. [57],
resulting in an average velocity of 0.3 m/s. Outlet boundary conditions have been generally categorised as
statically constant pressures, with some sources defining them as zero (Lotfi et al. [63]) and others deriving them
from systolic and diastolic pressures (Thrinayan et al. [57]), which produces approximately 100 mmHg of blood

pressure.

3. Methodology
3.1. Overview

This thesis will be primarily focused on determing the optimal stent diameter through the use of
computational modelling software, incorporating ANSYS, MATLAB and Microsoft Excel. In analysing
the results obtained, a deepened understanding of the benefits and drawbacks of differing stent diameters
may be achieved, which may lead to greater medical and commercial success in coronary stent implantation.

To illustrate the processes involved in conducting the analyses, a flowchart is depicted below in Figure 10.
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Figure 10 - Methodology flowchart

3.2. Stent Geometry

To effectively compare and contrast the performance of varying stent diameters, four differing sizes of
stents were modelled. Specifically, 3mm, 3.2mm, 3.7mm and 4mm diameters were chosen. These were
chosen due to their relevance and concurrent application in the commercial biomedical industry, as
demonstrated in companies such as Boston Scientific and Medtronic who will primarily offer stent diameter
ranges from 2.25mm to 4mm. Examples of their commercial stent properties are illustrated below in Figure
11 and Figure 12.

General Specifications

The Promus ELITE Everolimus-Eluting Platinum Chromium Coronary Stent System is indicated for improving luminal diameter
Indications for Use in patients, including those with diabetes mellitus, with symptomatic heart disease or documented silent ischemia due to de
novo lesions in native coronary arteries = 2.25 mm to < 4.00 mm in diameter in lesions < 34 mm in length

Drug and Polymer The drug-polymer coating consists of a PVDF-HFP polymer and the active pharmaceutical ingredient Everolimus.
Stent Material Platinum Chromium (PtCr) Alloy

Available Stent Lengths 8,12,16, 20, 24, 28, 32, 38" (mm)

Available Stent Diameters 2.25°,2.50, 2.75,3.00, 3.50, 4.00 (mm)

Figure 11 - Boston Scientific Promus ELITE general stent specifications Error! Reference source not found.
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Integrity RX Compliance

Stent Diameter
Deployed Stent I.D. (mm)

Pressure
(atm) 275 3.00"

6 215 240 265 285 325 370
7 220 245 270 290 330 375

8 2.20 250 275 295 3.40 385
9 225 255 2.80 305 345 3.90

10 230 255 285 310 350 400
T 235 260 2.90 3.10 355 405

12 235 _ 265 _ 290 315 360 _ 410
13 240 265 295 3.20 365 415

14 245 270 3.00 325 365 420
s 250 275 305 330 3.70 425

16 250 280 3.10 330 375 430
I VA 255 2.80 3.15 335 3.80 435

18 260 285 320 340 385 440
19 265 290 325 345 390 445

20 275 295 330 350 390 —

Nominal pressure Rated burst pressure” Do not postdilate the 2.25-2.75-mm stents to greater than 3.50 mm.

Do not postdilate the 3.00—4.00-mm stents to greater than 5.00 mm.
“Rated burst pressure—do not exceed.

Figure 12 - Medtronic Integrity RX stent diameter pressure compliance [66]

19 unique stent geometries were generated for each diameter using SpaceClaim ANSYS 2019 R3. To assess
their performances, tests examining the radial stiffness and wall shear stress of the stents were undertaken,
due to their importance in determining overall stent durability, strength, and influence on adverse clinical
outcomes. This was done using UNSW’s VPN service, in which ANSYS 2019 R3 and its components could
be accessed remotely using the Citrix Workspace app. Each unique stent was prescribed the stent
parameters utilised previously in Deepan Kumar’s work regarding stent diameters — derived similarly from
Vanessa Luvio’s Latin hypercube sampling data. By using an IronPython script written by Ramtin
Gharleghi, these measures allowed for the convenient manipulation of stent parameters, and thus the
creation of stents with differing characteristics including strut thickness and diameter, strut width, intra-
strut angle, alignment type, cell height, connector type, and the number of connectors. However, due to
technical difficulties in producing functional stent geometries for different diameters and lack of time, the
inclusion of connectors in the stent design was omitted — resulting in a stent design containing only the
struts. This was achived by manually stripping out the relevant code in the IronPython script. Hence, the
geometry essentially became a ‘floating’ stent design, in which the struts are not physically connected and
hence may not provide the most accurate absolute values. Nonetheless, as all stent diameters are subject to

the same design adjustment, a relative comparison of the stents will still serve sufficiently as a
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representation of the different conditions to which the stents are subjected to. An example of a generated

stent design is depicted below in Figure 13:

Figure 13 - Stent ID 18, 1.5mm diameter

3.3. Stent Materials

Several materials were considered for the application of the stent — to which four were chosen due to their
favourable and relevant characteristics. These were the: L605 Cobalt Chromium (L605 CoCr), MP35N
Cobalt Chromium (MP35N CoCr), Platinum Chromium (PtCr) and Stainless Steel (StSt). For simplicity,
only the mechanical properties of each material were inputted into the engineering material database. The

properties used are detailed below in Table 1:

Table 1 - Mechanical properties of utilised materials

Properties
Material Density Young’s Poisson’s Tensile Yield Tensile  Ultimate
(kg/m?) Modulus (MPa) Ratio Strength (MPa) Strength (MPa)
L605 9100 2.43e+05 0.29 500 1000
Cobalt
Chromium
MP35N 8442.4 2.01e+05 0.38 345 758
Cobalt
Chromium
Platinum 7850 2.03e+05 0.285 480 834
Chromium
Stainless 7850 2.00e+05 0.3 250 460
Steel

L605 Cobalt Chromium was used to perform the bulk of the FEA analysis, and was used as the baseline
material for the optimisation algorithm. After obtaining the final optimized stent designs, or ‘sopt4’— each

of the other listed materials were comparatively tested using the ‘sopt4’ parameters for every diameter.
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3.4. FEA Set-up
34.1. Geometry

Following the stent geometry generation process, the stent files were imported to a UNSW offered GUI
based software, Katana OnDemand, which is a shared computational cluster located on campus. To begin
the process, the respective stent geometry files were copied over to the Katana file database from myAccess,
to which they are then imported into the static structural module. In measuring the radial strength of the
stent, a static cylinder was generated about the diameter of the stent to simulate points of contact on its
exterior surface. In creating the initial set-up, a few preliminary factors were first considered. Cross
sectional strutted stents would require an additional cylinder of the same diameter to be generated, with the
Boolean operation set to ‘slice’. This was implemented to create an inner and outer partition of the stent
contact area, effectively splitting the inner and outer faces. In the alternative case of a rectangular strutted
cross section, this step was skipped as the external and internal faces are already separated into two different
parts. Additionally, a plane was created for each stent cell, which was evenly spaced by the cell height along
the stent length. This was performed to generate a vertical cut through the centre of each cell and can be
seen in Figure 14 and Figure 15.
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Figure 15 - Simulated contact points of stent during FEA process
3.4.2. Method

Following the completion of the geometrical procedures, the methodology of the FEA model set-up will be
explored. The material of the stent was chosen as Cobalt Chromium L605 due to its superior properties in
comparison to other commonly used materials, as explained previously in Section 2.5.3. The following
procedures were taken in compliance to Vanessa Luvio’s instructional brief [67]: the contact points of the
stent were merged and promoted to a new named selection, creating two contact regions — ‘Contact Region
Contact’ and ‘Contact Region Target’. The cylinder was then suppressed, effectively leaving only the stent
and ‘Contact Region Target’ to remain active, the latter of which encompasses the entire external contact
region of the stent. A pressure load is subsequently generated by selecting the named selection as its
parameter, simulating an inwards force of 0.02MPa. This was chosen due to previous research by Kumar
etal. Error! Reference source not found., where the applied pressure of 0.02MPa was likely to fall within

the stent’s elastic region.

From previously dividing the centre of each cell by inserting planes, this enabled the vertices of the cells to
be selected as components for a displacement boundary condition. The axial and circumferential
components of the stent are suppressed, allowing the radial component of the stent to be isolated in
calculating the reaction forces in the radial direction, as shown below in Figure 16.

C: Radial Strength
Displacement
Time:1.s
4/9/2212:29 AM

[] Displacement
Components: Free,0.0.m

Figure 16 - Displacement boundary condition for FEA set-up
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After applying the relevant boundary conditions, each individual stent geometry produced respective radial
stiffness values, which were collected and compiled for the stent optimization process. Originally, bending
and compression simulations were also conducted for the first few initial stress simulations, but due to lack

of time and auxiliary nature of the data, only the radial simulations were performed.

3.5. CFD Set-up

To gauge the effect of blood flow on the differing stent diameters, the percentage of area with high wall
shear stress (HWSS) and low wall shear stress (LWSS) was recorded and analysed. HWSS occurs when
WSS >= 2.5 Pa, whilst LWSS occurs when WSS <=1 Pa. This set-up was similarly conducted through the
Katana OnDemand software, and utilised the same generated geometries. ANSYS CFX was used to
simulate the desired data, and similar to the FEA process, a CFD simulation base-file supplied by Vanessa
was used, which allowed for stent geometry files to be directly imported and implemented into the modules.
Despite this, CFD simulation times still proved to be excessively high, and hence required an alternative,
more efficient method. To combat this issue, a script written by Ramtin was utilized, which automated the
meshing, solving, and post-processing components of the simulation, and resolved much of the time
constraint problems faced. Another issue which was encountered during CFD generation was the
inadequate disk space provided in the Katana database and thus required the deletion of the obtained CFD

results after every four simulations.

To begin the process, the targeted stent geometry was imported into the simulation base-file. The pre-
existing cylinder in the base-file was then resized to match the stent diameter of the imported geometry file.
Subsequently, to produce an indentation of the stent in the cylinder, a function in ANSYS DesignModeler
was used: the Boolean operation ‘subtract’, which allows for the stent material to be detracted from the
contacting cylinder. The target body chosen would correspond to exclusively the cylinder, whilst the tool
body chosen was exclusively the stent geometry. An example stent of this is shown below in Figure 17.
After completing the initial geometrical procedures, Katana’s terminal function was used to initiate the

CFD script — executed by running the command line ‘qsub setup.pbs’.
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Figure 17 - Stent cut-out operation on cylinder for CFD set-up

3.6. Post-processing of results

Following the FEA and CFD simulations, the results can be obtained in two respective forms. For FEA, by
creating output parameters for the relevant results, such as cell height, total deformation, equivalent stress
and contact region target surface area, these parameters are exported as an Excel file in a table format. An
example of this is shown below in Figure 18. To determine the radial stiffness from these values, a series
of quantitative formulas can be employed as shown below in Equation 1.

F
Radial stif fness = D @9
F=P xA
Where:
F = force
AD = total average directional deformation

P = pressure

A = surface area on outside of stent
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#

#03/09/2022 21:38:08

# The parameters defined in the project are:

# P1 - Active P3 - CellHe P4 - Mesh PS - Force P12 - Mest P13 - Force P20 - Mest P21 - Press P22 - Total P23 - Total P24 - Total P25 - Equi P26 - Equit P27 - Equir P28 - Mest P29 - Mest P30 - Mest P31 - Contact Region 109_Target Surface Area [m#2]
#

#The following header line defines the name of the columns by reference to the parameters

Name P1 P3 P4 P5 P12 P13 P20 P21 P22 P23 P24 P25 P26 P27 P28 P29 P30 P31

DPoO 10.976 1557 0.032 -0.01 0.032 0.004 0.032 0.02 0.000203 0.000232 0.000162 2.851102 110.5684 0.051395 280252 1.07E-05

DP1 10.976 1557 0.032 -0.005 0.032 0.002 0.032 0.01

DP2 10976 1557 0.032 -0.001 0.032 0.001 0.032 0.005

Figure 18 - Exported Excel data for FEA post-processing

This process is repeated for all 19 unique stent designs, of which the formula utilising Equation 1 is

embedded within the radial stiffness column in the Microsoft Excel file. This is shown below in Figure 19.

P23 - P28 - P28 -
P5 - Force|P12 - P13 - P22 - Total P24 - P26 - Contact |Contact
P1- X Mesh ForceZ |P20- P21- Total Deformat|Total P25 - Equivalen|P27 - Region |Region
Activelen|P3 - P4 - Mesh|Compone |Size Compone |Mesh Pressure |Deformat|ion Deformat|Equivalen|t Stress |Equivalen|97_Targe |97_Targe
gth CellHeigh [Size nt (Compres |nt Size Magnitud |ion Maximu |ion tStress [Maximu |tStress [tSurface |tSurface |Radial
(Bending) [t (Radial) |(Bending) |(Bending)|sion) (Compres|(Radial) |e (Radial) |Average |m (R) Minimum|Average |m(R) Minimum|Area Area Stiffness
Stent# |DP# [mm] [mm] [mm] [N] [mm] sion) [N] |[mm] [MPa] (R) [mm] |[mm] (R) [mm] |(R) [MPa]|[MPa] (R) [MPa] [[m~2] [mm~2] |(N/m)
0|DP 0O 10.976 1.08 0.032 -0.01 0.032 0.004 0.032 0.02| 0.001188] 0.002639| 0.000453| 6.139084| 571.7223| 0.029159| 1.53E-05| 1.53E+01| 1.29E-04
2|DP O 10.976 1.435 0.032 -0.01 0.032 0.004 0.032 0.02| 0.001866| 0.006632| 0.000165| 6.498062| 418.5429| 0.027537| 1.78E-05| 1.78E+01| 9.55E-03
3|DP O 10.976 1.557 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000266| 0.000301] 0.000214 3.220568| 142.4496| 0.063249| 1.16E-05| 1.16E+01| 4.35E-04
4|DP 0O 10.976 1.8 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000313| 0.000359| 0.000256( 3.594741| 159.9817| 0.093939| 9.96E-06| 9.96E+00| 3.18E-04
12|DP O 10.976 1.477 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000426| 0.000502| 0.000322( 4.750566| 218.4805| 0.104444| 1.09E-05| 1.09E+01| 2.56E-04
17|DP O 10.976 1.358 0.032 -0.01 0.032 0.004 0.032 0.02| 5.17E-05| 0.0001] 1.65E-05[ 0.680399| 51.37576| 0.00802| 2.43E-06| 2.43E+00| 4.70E-04
18|DP O 10.976 1.702 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000784| 0.000958| 0.000556( 4.780998| 359.5678| 0.028898| 1.82E-05| 1.82E+01| 2.32E-04
19|DP 0O 10.976 1.003 0.032 -0.01 0.032 0.004 0.032 0.02| 5.37E-05| 0.000138| 3.70E-05| 1.356193| 114.0327| 0.007286| 1.58E-05| 1.58E+01| 2.94E-03
26|DPO 10.976 1.677 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000301| 0.000334| 0.000254| 2.506357| 218.0477| 0.014794| 1.97E-05| 1.97E+01| 6.52E-04
31|DPO 10.976 1.778 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000814| 0.000932| 0.000736( 6.127232| 277.4344| 0.049759| 1.97E-05| 1.97E+01| 2.42E-04
32|DPO 10.976 1.285 0.032 -0.01 0.032 0.004 0.032 0.02| 0.00105] 0.001286| 0.00088| 5.201726| 481.5693| 0.02746| 3.47E-05| 3.47E+01| 3.31E-04
38|DPO 10.976 0.87 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000823| 0.001474| 1.99E-05 5.438735| 332.2475| 0.017632| 3.96E-05| 3.96E+01| 4.81E-04
44|DP O 10.976 1.18 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000243| 0.00033| 1.96E-06( 3.880113| 123.325| 0.049764| 2.14E-05| 2.14E+01| 8.80E-04
45|DP O 10.976 1.681 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000239| 0.000259| 0.000225( 2.666826| 162.4701| 0.024491| 2.57E-05| 2.57E+01| 1.07E-03
48|DP O 10.976 1.383 0.032 -0.01 0.032 0.004 0.032 0.02| 0.00041] 0.000461| 0.000374f 3.098317| 272.8875| 0.011321| 3.46E-05| 3.46E+01| 8.43E-04
49|DP O 10.976 1.883 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000421] 0.000652| 1.87E-06( 3.844187| 200.7137| 0.017353| 2.11E-05| 2.11E+01| 5.00E-04
52|DPO 10.976 1.467 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000352| 0.000479| 4.69E-06( 5.346311| 157.565| 0.050096| 1.51E-05| 1.51E+01| 4.29E-04
53|DPO 10.976 1.508 0.032 -0.01 0.032 0.004 0.032 0.02| 0.001249| 0.001587| 0.001014 5.718241| 472.1721| 0.139483| 2.99E-05| 2.99E+01| 2.39E-04
59|DP O 10.976 1.743 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000705] 0.000807| 0.000639| 4.010668| 413.9776| 0.006938| 2.90E-05| 2.90E+01| 4.11E-04
opt1|DP O 10.976 0.981 0.032 -0.01 0.032 0.004 0.032 0.02| 0.00052| 0.000579| 0.00043| 3.891063| 288.3737| 0.037101| 1.79E-05| 1.79E+01| 3.43E-04
opt2|DP O 10.976 1.09 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000491| 0.000554| 0.000413( 3.895245| 272.1622| 0.04342| 1.65E-05| 1.65E+01| 3.35E-04
opt3|DP O 10.976 0.99 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000484| 0.000529| 0.000428| 3.844512| 238.8343| 0.044854| 1.49E-05| 1.49E+01| 3.08E-04
opt4|DP 0 10.976 1.07 0.032 -0.01 0.032 0.004 0.032 0.02| 0.000477| 0.000525| 0.000411| 3.743905| 252.3804| 0.038729| 1.55E-05| 1.55E+01| 3.25E-04

Figure 19 - Compilation of post-processing results for FEA

For CFD, a viewable text file named ‘report.txt’ is outputted at the conclusion of the CFD simulation, and
contains the percentage area of the LWSS and the HWSS. In particular, the adverse range of WSS (WSS
<1 Pa and WSS > 2.5 Pa) is targeted to be minimized, whilst the radial stiffness values are optimal at
greater values. An example visual representation of the flow (from CFD-Pre) actioned upon the stent is

shown below in Figure 20:
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Figure 20 - CFX-Pre conditions for 'soptl_1.5mm’' stent
3.7.  Optimisation algorithm

The multi-objective optimisation process was developed to optimise specific properties of the stent: its
radial stiffness, while minimizing the low time averaged wall shear stress (LTWASS) and HWSS. The
algorithm operates by analysing the inputs of the stent geometry and post-processed FEA and CFD results
and after execution, the script will ultimately generate a new recommended array of stent parameters. To
achieve a sufficient number of stent designs required for the optimization algorithm, the post processed
parameters of 19 unique stent designs were inputted into the ‘Data_2’ Excel directory. This file acts as the
primary matrix dataset that the optimisation algorithm ‘Algorithm_2.m’ uses as a function within its script.
As shown below in Figure 21, an example output is produced by the algorithm, depicting the new

recommended stent parameters.

ans =

1.0000 72.0711 113.3904 38.5722 0 1.7061 2.0000 4.0000 9.0000

Figure 21 - Example output produced by one iteration of the optimisation algorithm

This optimisation process is repeated four times to achieve a convergence of stent parameters. Hence,
new stent geometry designs were generated using the obtained optimised stent parameters, which were
imported into the FEA and CFD procedures. This iterative process can be visualised using the flowchart
depicted earlier in Figure 10. Hence, a snapshot of the complete results were compiled into a separate

Excel file for convenience and accessibility, shown below in Table 2.
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Stent ID

12
17
18
19
26
31
32
38
44
45
49
52
53
59
48
soptl
sopt2
sopt3

O
wn
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Table 2 - Compiled optimised results table for 3mm stent

SD1 (um)
103.43
76.38
85.01
73.67
66.87
119.47
83.07
108.92
116.37
71.65
98.38
78.34
72.35
108.33
87.98
63.39
91.96
106.04
116.06
93.80
65.70
64.08
75.54

3mm
SD2 (um)  SA (9
73.53 43.56
106.45 38.59
82.21 47.69
78.94 46.20
74.31 45.11
62.86 44.98
101.93 30.52
65.44 34.95
117.69 33.12
Inf 31.55
Inf 27.57
Inf 32.32
Inf 46.02
Inf 37.44
Inf 33.15
Inf 45,72
Inf 26.09
Inf 26.70
Inf 33.55
Inf 39.55
Inf 27.77
Inf 31.97
Inf 28.74
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4. Results and discussion

4.1. Multi-objective Optimisation

In generating the optimised stent designs, initial sampling of 19 unique stent geometries was conducted. The data obtained for the responsible stent

diameters are shown below in Table 3. This data consists of the HWSS, LWSS and radial stiffness values.

Table 3 — Initial results table for stent diameters

RESULTS (3MM) RESULTS (3.2MM) RESULTS (3.7MM) RESULTS (4MM)
STENT | HWSS LWSS Radial HWSS LWSS Radial HWSS LWSS Radial HWSS LWSS Radial
ID (% (% Stiffness | (% (% Stiffness | (% (% Stiffness | (% (% Stiffness

Area)  Area) (N/mm) Area)  Area) (N/mm) Area)  Area) (N/mm) Area)  Area) (N/mm)
0 48.00 9.45 244.52 8.00 11.56 224.21 1.40 24.98 224.21 0.00 92.74 129.15
2 72.30 4.86 518.21 8.60 5.95 399.37 8.60 6.00 110.32 0.00 96.90 95.50
3 70.10 5.79 268.09 5.90 7.04 747.01 0.30 14.97 528.24 0.00 94.70 435.03
4 78.70 4.43 168.61 5.20 5.29 517.19 0.10 11.45 357.43 0.00 96.11 318.06
12 76.00 4.62 135.15 5.60 5.54 451.32 0.00 12.19 315.04 0.00 96.09 256.05
17 53.20 8.96 942.03 5.90 10.80 805.60 1.80 22.70 565.73 0.00 94.78 469.97
18 72.10 5.67 457.02 9.30 6.82 384.31 0.10 15.29 276.74 0.00 95.66 231.90
19 51.70 12.37 827.19 9.50 14.68 712.35 1.70 27.55 1014.33 0.00 94.71 2942.98
26 59.80 7.49 1306.17 10.00 9.15 1120.34 1.30 20.31 794.97 0.00 93.81 652.08
31 81.20 2.35 493.56 5.10 3.09 404.91 0.80 9.00 290.87 0.00 96.17 241.65
32 62.80 4.47 756.19 9.90 5.80 623.62 1.20 15.16 394.84 0.00 93.43 330.96
38 11.90 4.60 933.63 9.80 6.04 859.36 1.30 18.92 567.20 0.00 92.83 480.87
44 76.40 3.18 1784.66 5.20 4.09 1398.60 2.00 11.55 1105.12 0.00 96.00 879.52
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45 73.60 3.56 2385.65 6.60 4.54 1790.37 2.40 12.59 1314.73 0.00 94.99 1074.34
48 66.30 451 929.86 8.70 5.73 1446.32 2.20 16.01 542.16 0.00 93.41 500.43
49 81.00 2.45 979.05 5.20 3.22 714.98 1.20 9.14 551.26 0.00 96.12 428.84
52 83.30 2.04 464.80 3.70 2.67 889.75 1.10 7.58 290.76 0.00 97.18 239.33
53 73.45 3.20 906.28 9.00 3.40 397.17 0.90 12.39 565.27 0.00 94.28 410.96
59 70.40 3.93 1785.66 8.80 5.04 772.99 1.20 14.50 1033.48 0.00 94.35 842.78

The results were then updated using the optimisation algorithm, which outputted: 14 non-dominated (ND) solutions for the ‘3mm’ stent, 6 ND
solutions for the ‘3.2'mm’ stent, 8 ND solutions for the ‘3.7mm’ stent, and 8 ND solutions for the ‘4mm’ stent. This is shown below in Figures
Figure 22, Figure 23, Figure 24 and Figure 25. For reference, a non-dominated solution is defined as a solution that has at least one objective

value that is better than another stent design [67].

Three objectives are contrasted against one another in these figures: Objective 1 is a measure of minimizing HWSS, Objective 2 a measure of
minimizing low TAWSS and Objective 3 a measure of maximizing radial stiffness.
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Figure 25 - Comparison of objectives for '4mm' diameter stent for the non-dominated solutions
In executing the optimisation algorithm script, as described in the methodology section 3.7, a new
recommended updated stent design is then selected and iteratively recycled to the ‘Data 2’ matrix to
contribute towards another stent design. This was performed four times for each stent diameter, to which

their designs are shown below in Figure 26.
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Figure 26 - Compilation of optimised stent design variations

From inspecting the stent geometries obtained — the alignment types of the 3mm and 4mm diameter stents
remained at 0°, whilst the 3.2mm and 3.7mm were more erratic in their adjusted stent designs. The design
parameters of the 4mm diameter stents were also notably similar throughout each optimisation iteration, in
which its alignment, peaks, and cell height remained very close in value to one another.
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Listed below in Table 4 are the updated, optimized stent designs for stent diameters: ‘3mm’. ‘3.2mm’, ‘3.4mm’ and ‘4mm’, with ‘sopt4’ as the final

design iteration. It was noted that for increasing diameter sizes, rectangular stents were more heavily favoured, whilst smaller stent diameters

favoured circular cross sections. The radial stiffness values were shown to vary amongst stent values, with the 3mm stent exhibiting the highest

average radial stiffness value. However, if the outlier of ‘soptl’ is removed, the 3.7mm stent exhibited the highest average radial stiffness value,

while the 4mm stent exhibited the lowest.

Table 4 - Complete optimised results table for all stent diameters

3MM
STENT PARAMETERS RESULTS

Stent ID CS SD1 SD2 SA (9 AT (9 CH NP HWSS (% | LWSS (% | Radial

(um) (um) (mm) Area) Area) Stiffness

(N/mm)
soptl 2 93.80 Inf 39.55 0 0.874 7 51.4 5.45 2106.36
sopt2 2 65.70 Inf 27.77 0 0.830 7 59.8 3.64 460.94
sopt3 2 64.08 Inf 31.97 0 1.014 7 72.6 2.88 425.66
sopt4 2 75.54 Inf 28.74 0 0.934 7 59.9 4.28 770.48
3.2MM

soptl 2 80.17 Inf 31.85 180 1.8789 8 4.9 3.01 294.53
sopt2 2 65.72 Inf 46.24 0 1.683 9 3.3 2.44 697.64
sopt3 2 80.93 Inf 29.15 180 1.864 8 54 3.07 387.22
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sopt4 2 80.78 Inf 33.71 180 1.826 8 5.4 3.36 587.28
3.7MM
soptl 1 74.00 95.82 36.52 0 1.324 9 0.9 15.90 714.73
sopt2 1 70.49 74.23 48.16 180 1.691 6 0.1 10.87 331.25
sopt3 1 69.66 65.74 49.96 180 1.597 6 0.0 11.54 342.83
sopt4 1 72.07 113.39 38.57 0 1.706 9 0.7 11.66 888.12
4MM
soptl 1 103.14 71.08 38.53 0 0.981 7 0.0 91.50 343.44
sopt2 1 97.13 72.52 39.19 0 1.090 7 0.0 92.16 335.45
sopt3 1 102.63 62.50 41.05 0 0.990 7 0.0 92.79 308.03
sopt4 1 106.18 69.51 40.10 0 1.070 7 0.0 92.55 324.74
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4.2. FEA Results

The radial stiffness values obtained for each unique stent were compiled and averaged out to form the graph
shown below in Figure 27. The values used here account for all the values obtained for the primary stent
material of L605 Cobalt Chromium, including the optimized stent results. As can be observed from the
graph, a decreasing linear trend in radial stiffness performance is seen with the increase of stent diameter —

approximating about a 38.8% decrease in average value.

Average distribution of radial stiffness

1000
900
800
700
600
500

400 —@— Average Radial
300 Stiffness (L605 CoCr)

Radial Stiffness (N/mm)

200
100
3 31 32 33 34 35 36 3.7 38 39 4

Diameter (mm)

Figure 27 - Average radial stiffness distribution among stent diameters

For the MP35N CoCr, PtCr and StSt materials, their performance based off of the final optimized stent
design of ‘sopt4’ was recorded. As such, the contrast between these materials and corresponding diameters
are illustrated below in Figure 28. A tabulated view of the raw data utilised is found in Table 4. In Figure
28, a clear decreasing linear trend can be seen for each stent material — with the recommended L605 Cobalt
Chromium material consistently outperforming other stent materials. As the stent diameter was increased
from ‘3mm’ to ‘3.2mm’, radial stiffness performance slightly dropped for all material types. However, it
was also noted that for MP35N Cobalt Chromium, Platinum Chromium and Stainless Steel, the linearly
decreasing curve was flattened, and that the three material types achieved very similar radial stiffness values
— in contrast to their ‘3mm’ performance. The stent designs performed best using the ‘3.7mm’ design, and
worst with the ‘4mm’ design, with the ‘3.7mm’ L605 CoCr material almost tripling the radial stiffness

value of the ‘4mm’ L605 CoCr material.
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Material FEA Results Distribution: Radial Stiffness
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Figure 28 - Radial stiffness values of varying stent diameters and their material

Additionally, visual demonstrations of the resultant radial compression were supplied by the static structural
module of ANSYS, autoscaled from true deformation. For reference, Figure 30 depicts the final optimised
stents of each diameter and material. From examining the total deformation values obtained, the overall
deformation imposed on the stents were relatively low — deflecting in the range of 1-9 micrometers.
Concentration of stress was found to be focused towards the strut edges, or its peaks and troughs.
Conversely, deformation was minimal towards the midpoint, or centres of the stent struts. Some
discrepancies were noted in some of the designs, however, where some of the stent struts would deform
irregularly. This may be attributed to the lack of connectors which would have provided a more stable
structure and mechanical integrity. Furthermore, due to lack of resolution, the stents designs appear black

in colour. As such, a close up view of one of the stents is provided below in Figure 29.
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Figure 29 - Close-up view of 'Soptl_1.5mm’

35



Sopt3_1.5mm

Soptl_1.5mm Sopt2_1.5mm

E

b

Soptl_1.6mm
L T il T T, i, i, i i, T, W Pt
CRR R 8. 8. 0. 8.8 .3 8 .8 D :
e e eSS S S, B, T 0

Sopt4_1.6mm

. EEEBEEEE

Sopt3_1.85mm

- EEEEEEEE

Sopt2_2.0mm

Sopt3_2.0mm

1
B
i

Figure 30 - Optimised stent deformation geometry and value
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4.3. CFD Results

The obtained WSS and LWSS percentage area values are illustrated below in Figure 31. A tabulated view
of the raw data utilised can be found in the appropriate columns in Table 4. From examing Figure 31, the
percentage of area with HWSS values heavily decreased for increasing stent diameters, but was also found
to be inversely proportional to the percentage of area with LWSS values. This is demonstrated as seen in
the 3mm diameter increase to the 3.2mm diameter, which the percentage of HWSS area rapidly decreased,
while the percentage of HWSS area similarly slightly decreased. However, for the 3.7mm and 4mm
diameter stents, the percentage of LWSS area began to increase, peaking in the range of 90-100 for the

4mm stent.

CFD Results Distribution: WSS %Area
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Figure 31 - HWSS and LWSS %Area values of varying stent diameters and their materials

Visual interpretations of the LTAWSS distribution were recorded from accessing the CFD-post
simulations, and is shown below in Figure 32. Notably, areas of LWTASS were particularly concentrated

in the peaks and troughs among the stent designs —growing more severe as stent diameters were increased.
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4.4. Discussion

By varying the diameter of stent geometries, significant impacts were exhibited on the mechanical strength
of stents and the percentage of area affected by WSS values. From examining Figure 27, it was suggested
that: the lower the diameter of the stent, the stiffer the stent composition. This is consistent with a stent
crimping process in a publication written by Zhao et al. [69], where smaller stent sizes produced
increasingly larger strengths. This is further supported by contemporary research which has suggested the
tenet that ‘smaller is stronger’ due to a process known as mechanical annealing. The percentage of area of
WSS was also observed to follow an ‘inverse normal’ distribution curve, in which HWSS areas were much
more prominent in smaller stent diameters, whilst LWSS areas dominated the larger stent diameters.
Despite the exclusion of connectors, successful trends were observed in the compilation of results, and
allowed for valuable insights pertaining to the radial stiffness and WSS of different stent diameters and
materials to be obtained.

The FEA simulations were split into two sections. The first graph, Figure 27, depicted the average radial
stiffness values recorded for all stent geometries with the L605 CoCr material. The second graph, Figure
28, depicted the distribution of values obtained from varying stent materials using the final ‘sopt4’ stent
design parameters. From a non-contextual standpoint, the results obtained in Figure 27 alluded towards the
superiority of smaller stent diameters due to their higher radial stiffnesses. However, adverse clinical
outcomes such as intimal hyperplasia are not accounted for in this study. Despite their high radial
stiffnesses, the margin for error for lower stent diameters becomes much lower, where even the small
amounts of intimal growth may induce ISR. Hence, this data should only be adopted for quantitative
purposes, as any conclusions drawn without this consideration may cause misinterpretations. In inspecting
the second graph, the impact of different materials types were examined. In particular, material density
would linearly decrease with radial stiffness values — which was evident in the L605 CoCr material
achieving the greatest mechanical performance. As such, to confirm this hypothesis, additional materials
which exhibit greater densities should be tested for their resultant radial stiffness values. A distribution
incorporating all 19 unique stent geometries for each material would be ideal for accuracy, but was excluded
due to lack of time. For future reference, inclusion of these data points would be substantially beneficial in

providing additional results.

Conversely, the CFD results exhibited a much more consistent variation as stent diameters were increased.
Lower stent diameters had a much higher proportion of LWSS area relative to HWSS area, but were

observed to be generally inversely correlated with one another. This is also consistent with current literature
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[70], to which the overexpansion of stents were shown to markedly increase the area of the vessel subjected
to low WSS. This is also observed in Figure 32, of which LWSS areas gradually increase for each larger
stent diameter, primarily at the peaks and troughs. However, in current common practices, smaller stent
diameters have been associated with greater adverse clinical outcomes, and as Figure 31 demonstrates —
provides the greatest area of HWSS. By following this advice, this data may suggest that HWSS may be a
greater contributor to adverse clinical outcomes than previously believed. Nonetheless, the high percentage
of LWSS area in the ‘4mm’ stent diameter is a concerning figure, and may discourage the contemporary

application of stent overexpansion.

In both the optimal FEA and CFD models, the 3.2mm and 3.7mm diameter stents demonstrated they had
the most balanced composition of HWSS and LWSS areas. Considering the inconclusive data regarding
the more adverse option between HWSS and LWSS, this suggests that selecting stents within this diameter
range may provide the most sound stent design in terms of stable radial stiffness and hemodynamic
properties. However, due to the unique lumen diameters of the average human, truly optimal stent diameters
are yet to be conclusive. In selecting a stent within this range, underexpansion or overexpansion may occur
depending on the patient’s lumen diameter, causing greater risk of adverse clinical outcomes despite their
favourable attributes. As only quantitative data has been provided, it is recommended to perform more in-
vivo experiments — ideally within patients of similar lumen diameters — in testing the aforementioned stent

ranges.

In analysing the evidence between stent parameters and stent performance, a few parameters indicated a
positive correlation. In particular, stent cross sections, where circular cross sectional stents were
recommended via the optimisation algorithm for smaller stent diameters, whilst rectangular cross sectional
stents were recommended for the larger stent diameters. As circular cross sectional struts have been
associated with lower areas of LWSS [43] and rectangular cross sectional struts are favoured because of
their higher surface area and strength, it is likely that a rectangular cross section was deemed necessary for
larger stent diameters to maintain satisfactory radial strength. However, as low LWSS areas have also been
correspondent with lower stent diameters, these data points are in direct conflict and hence may contribute
towards skewing the values obtained in Figure 31. Similarly, despite the strength advantages of rectangular
cross sectional stents, due to the structurally weaker composition of larger stent diameters, the radial

stiffness values observed in the FEA graphs may also appear less detrimental than actuality.

This study aimed to provide insight into the effects on stent mechanical and hemodynamic performance by

varying common commercially adopted stent diameters. Primarily, the radial stiffness was shown to largely
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decrease with greater stent diameters, and depending on the density of the material, may potentially lead to
large discrepancies. The percentage of LWSS and HWSS areas were also largely correlated with stent
diameters, which may provide for useful statistics in the selection of stent diameters when considering

hemodynamic performance.

45. Future Work

The possibilities and combinations in stent performance and characteristics are copious, and hence — in
addition to the data obtained in this thesis — many more options can be explored for future work. In
particular, additional simulations involving stent materials should be considered. As only one stent design
of ‘sopt4’ was considered for the different material types, it is likely that a greater diversity of results will
be obtained, rather than the current linear trend shown. For example, materials such as nitinol or tantalum
could be applied for the respective diameters, and are recommended due to their relatively distinguishing

density values, and common application in stent research.

Furthermore, a greater range of stent diameters should also be investigated in future work — notably
stents outside of the 3mm to 4mm range, and within the 3.2mm to 3.7mm range. This is due to the extremes
of HWSS and LWSS areas noted at either end of the spectrum, and poses the question of whether this trend
will continue for stents which are outside of this boundary. Similarly, due to the ‘ideal range’ within the
3.2mm and 3.7mm stent diameter range, stent diameters which receive low percentage areas of both HWSS
and LWSS could potentially be discovered, which could further be optimized through customizing different
stent parameters such as cell height and cross sectional shape. The number of optimized stents produced
could also have been increased, allowing for more comparable samples between the stent diameters.
Furthermore, an interesting element of the optimisation algorithm — the use of rectangular stents were
favoured in larger diameters. This should be further investigated as to determine if this was a necessary

adjustment due to the advantageous features of circular strutted stents in reducing LWSS levels.

As this report omitted the use of connectors, additional simulations may endeavour to consult the
problem of invalid stent geometries. This was caused by clashing bodies of the connectors, and hence may

require an alteration or revision of the geometry creation script.

As this thesis was also performed theoretically, realistic outcomes concerning ISR, ST and MI were not
considered, and hence may be greatly improved by incorporating in-vivo experiments with future work.
For more achievable outcomes, in-vitro testing may also be performed, and can be realised through 3D
printing of select stent designs. By using a physical model, actual deformation values may be observed and

compared with theoretical data points to confirm the accuracy of the simulations being generated. Hence,
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a myriad of possible pathways may be explored for proceeding research, and would benefit from rectifying
any gaps from the research performed in this thesis.

5. Conclusions

This thesis has provided a general overview of the intricacies involved in analysing stent performance,
achieved through the multi-objective optimisation process of stent designs. Data was gathered primarily
from literature review, peer review and original experimental research. This was performed through
computational tools consisting of ANSY'S, Matlab, and third party software Katana OnDemand. A focus
was placed upon vessel calibre and stent diameters, of which the diameters ‘3mm’, ‘3.2mm’, ‘3.7mm’ and
‘4mm’ were computationally generated and analysed in regards to their performance in minimizing low
TAWSS, high WSS, and maximizing radial stiffness. 19 unique stent geometries were constructed for each
respective stent diameter, with identical stent parameters for every stent, with 9 stents employing
rectangular cross sectional struts, and 10 stents employing circular cross sectional struts. These were
iteratively optimized four times through the optimisation algorithm script, and used as reference against

previous work conducted by Vanessa Luvio and Deepan Kumar.

Radial stiffness values were found to gradually drop as the stent diameter ranges increased, which is in
agreement with the widely accepted notion in the field of physics that ‘smaller is stronger’ and similar
experiments performed in the past. Furthermore, attributed to their higher density and mechanical strength,
the L605 Cobalt Chromium material outperformed other commonly utilised materials in MP35N Cobalt
Chromium, Platinum Chromium and Stainless Steel. However, due to the low amount of data points taken

in its sampling, additional simulations should be performed to draw further conclusions.

Higher percentage areas of LWSS were found in larger stent diameters, whilst higher percentage areas
of HWSS were found in smaller stent diameters. From literature examining the definite adverse effects of
LWSS, smaller stent diameters are also instinctively more beneficial in handling hemodynamic flow.
However, as in-vivo circumstances have not been accounted for, the theoretically superior characteristics

of smaller stent diameters may be outweighed by clinical outcomes such as ISR.

Optimal levels of radial stiffness and WSS were also found in the range between 3.2mm and 3.7mm
diameter stents, and hence indicates the potential in developing additional simulations to investigate

possible geometries with optimal characteristics.

Overall, concrete quantitative conclusions have been formed from compiling the information presented
in this thesis, and serves as a suitable baseline for future research to be conducted. Additional stent
parameters — notably connectors — should be attempted for design integration, and practical assessments of

optimized stent designs may be tested using in-vitro methods, such as stress tests of 3D printed stents.
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Nonetheless, this data has provided useful input into the understanding of stent diameter its behaviour
towards key objectives when exposed to specific circumstances, and will be beneficial to the development

of future stent research and experimentation.
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Appendices

5.1. Appendix A

The following figures denotes the CFD output created from the script. The 3™ line denotes the flow rate, 41"
line the LWSS, and 5™ line the HWSS.

j report - Motepad

File Edit Format Wiew Help

582, 5ee, 513, 526, 537, 545, 551, 559, 598
Timestep 8:calculating for TIMESTEP 559
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19.8414333343586

Figure 33 - CFD output script

The following figures denotes the optimisation algorithm used, and the corresponding layout.

Figure 34 - MATLAB optimisation algorithm Ul
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