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Abstract

As high efficiency and minimal invasive, percutaneous coronary intervention with stents
is a popular treatment for coronary artery disease but suffering from the risks of stent
thrombosis and in-stent restenosis. Apart from the biological factors, stenting structures
have been demonstrated to have strong associations with the incidences of these
complications. The impacts of stenting structures mainly concern two aspects, the
mechanical failures, and the induced hemodynamic changes. This thesis introduces
mechanical metamaterials and topology optimization into stent design to overcome the
limitations. As a kind of artificially engineered metamaterials, the auxetic material with
unique mechanical properties due to the effective negative poison’s ratio is incorporated
into the stent design to overcome mechanical failures of the conventional stenting
structures. Based on the auxetics, a multiscale topology optimization method is developed
to generate auxetic stenting structures to enhance their mechanical performances.
Additionally, a modified fluid permeability is proposed to quantify the stent induced
obstructions to the blood flow. It successfully combines hemodynamic considerations into

the developed topology optimization design for stents.

Chapter 1 provides a brief introduction to this research. Chapter 2 gives the background
and a comprehensive literature review, including different coronary stents, the mechanical
and hemodynamic factors of the complications, the stenting optimization, topology

optimization, multifunctional artificial cellular composites, and auxetic metamaterials.

|
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In Chapter 3, an extended parametric level set method (X-PLSM) is proposed to transform
the parametric level set method (PLSM) from the cartesian coordinate system to a
curvilinear system. Thus, the X-PLSM can implicitly represent the boundaries of shell
structures efficiently rather than using the conventional PLSM for 3D models, which can

benefit the design of stents.

In Chapter 4, a multiscale topology optimization based on X-PLSM is developed to
introduce auxetics into the design of self-expanding (SE) stents, aiming to enhance the
stenting performances and overcome their mechanical failures. Then, the optimized
auxetic SE stent is numerically validated in software ANSYS and prototyped using

additive manufacturing techniques.

In Chapter 5, a modified fluid permeability (MFP) is proposed to quantify the stent
induced obstructions to the blood flow. After that, a multiscale multi-objective topology
optimization based on PLSM is developed and performed to introduce the auxetic
properties, maximize macroscopic stiffness, and minimize the stent induced obstructions.
During the optimization, the impacts of each design objective function on the stenting

structures are discussed.

In Chapter 6, the deformation mechanism of the optimized stents and the surrounding

blood flow is numerically simulated in ANSYS and CFX, respectively.

Finally, conclusions and prospects are provided in Chapter 7.

XII
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Chapter 1 Introduction

1.1 Overview of the project

Implanting stents is the most efficient intervention technique for treating coronary artery
diseases but cannot eliminate the risks of stent thrombosis (ST) and in-stent restenosis
(ISR). Over the past 40 years, numerous stents have been applied in the clinic practice,
but a systematic design optimization method to enhance deliverability, safety, and
efficacy is still in demand. However, most current stent designs mainly focus on patient
and biological factors, underestimating the mechanical failures related to stenting
structural architectures, such as inadequate stent expansion, stent fracture, stent
malapposition, and foreshortening. Since the mechanical failures have been demonstrated
to associate with the increase of the complication incidences, many studies began to
improve the mechanical performances of stents by structural optimizations. However,
most of current works were only focused on parameter optimization based on surrogate

models, and only limited improvements can be obtained.

Topology optimization, as the latest development of structural optimization technique,
provides an efficient way to iteratively find the best material distribution when the
objective function is optimized under given design constraints in the prescribed design
domain. Based on an initial design it can finally achieve a new topology for the structure.

Thus, this thesis aims to introduce the auxetic metamaterials into the conventional stent
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structures and then topology optimization method is applied to search the best topology

for the auxetic stenting architecture, to overcome the limitations in current designs.

On the other hand, concerning the above mechanical factors, the self-expanding (SE)
stents may perform better than the balloon-expandable (BE) stents due to the difference
of their deformation mechanisms. However, the poor deliverability, placement accuracy,
and precise size requirements of the SE stents make them not popular in today’s clinical
applications. Hence, we will develop a multiscale topology optimization method to find
new SE stenting structures with auxetic features to overcome the drawbacks of the current
SE stents. Thus, the occurrence of the above mechanical failures can be significantly
reduced by using the topologically optimized auxetic stents, correspondingly resulting in
reduced incidences of ST and ISR. In the topology optimization method, an extended
parametric level set method (X-PLSM) with shell elements is proposed to enhance
computational accuracy and efficiency during the optimization, with the numerical

homogenization method to realize the design of auxetic microstructures.

However, apart from mechanical failures, the adverse hemodynamic changes caused by
the stent implantation are also associated with the risks of ISR and ST due to the change
of the wall shear stress (WSS). Moreover, the hemodynamic changes were highly related
to the structural characteristics of stents. Hence, the structural optimization design for

stents should consider the impacts on surrounding blood flow.

A modified fluid permeability (MFP) is proposed to quantify obstructions to fluid along

with different directions of the microstructures. Then, the purpose of reducing the adverse

|
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hemodynamic changes around stents can be obtained by minimizing the MFP in other
directions except for the direction of blood flow. Thus, the hemodynamic topology
optimization can get results by single objective function MFP. Besides that, the proposed
MFP can also be computed by the numerical homogenization method. Therefore, we will
further develop an improved multiscale topology optimization method considering the
multiple design criteria in the SE stents, aiming to reduce the incidences of ST and ISR
caused by both mechanical and fluid aspects. In the optimization, the design of auxetic
properties can improve the flexibility and deliverability of SE stents, and the adverse fluid
motions caused by the stent can be reduced by minimizing the MFP in other directions
except for the direction of blood flow. A Darcy-Stokes coupling system is established to
describe both solid and fluid behaviors in stenting microstructures. Besides that, the
macroscopic stiffness of the stent is also under consideration in the optimization. Finally,

all the design works are numerically validated in the commercial software ANSYS.

1.2 Research contributions

This thesis aims to improve the stent performances by structural topology optimization.
Two aspects of stent performances are considered in the research: mechanical
performances and the induced hemodynamic changes. On the one hand, this research
introduces auxetic metamaterials into stent designs to overcome the mechanical failures.
On the other hand, stent induced hemodynamic changes are also considered by MFP in
the design to improve the flow environment around the stent. The specific objectives and

contributions are given as follows:
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1))

2)

The parametric level set method (PLSM) can simultaneously perform topology and
shape optimization, obtaining smooth and clear structural boundaries. Since the
stenting performances are highly sensitive to the stenting structural topology and
shape, PLSM 1is suitable for the stent designs. However, due to the particular
characteristics of stenting structures, the result may lose accuracy and
computationally expansive by using conventional PLSM method. Thus, an extended
parametric level set method (X-PLSM) is developed for the thin-walled shell
structures of stents. In X-PLSM, the level set model is converted from the Cartesian
coordinate system to a curvilinear system. By doing this, a shell element with four
nodes can be adopted to discretize stenting structures. Therefore, the developed

method can efficiently and accurately perform design for stents.

The risks of ST and ISR by using stents can be reduced by overcoming the related
mechanical failures. However, these issues currently are not well addressed. In this
work, the auxetic mechanical metamaterials will be introduced into SE stents, by
making use of their unusual mechanical properties due to the negative Poisson’ ratio
(NPR), to help overcome the mechanical failures and therefore reduce the incidences
of ST and ISR. We intend to empower the SE stents with new performance to reduce
the mechanical failures and the injuries to the coronary arteries. Thus, the design of
the SE stents is converted to a problem for how to overcome the drawbacks of today’s
SE stents while keep their favourable features. A multiscale topology optimization

method is then developed based on the X-PLSM to implement the auxetic SE stents.
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3) The stent induced adverse hemodynamic changes are strongly associated with the
high incidences of ST and ISR. We propose a modified fluid permeability (MFP) to
quantify the obstructions of stents on the blood flow in topology optimization. It is
challenging to consider both mechanical and fluid factors in the optimization. Based
on MFP, we develop an improved multiscale multi-objective topology optimization

method for SE stents to account for the hemodynamic changes.

1.3 Outline of the thesis

The thesis consists of 7 chapters, shown as follows:

Chapter 1: The overview and research contributions of this thesis are introduced.

Chapter 2: A literature review is provided for coronary stents, the mechanical and fluid
factors in stent designs, stent optimization, topology optimization, multifunctional

artificial cellular composites, and auxetic metamaterials.

Chapter 3: The X-PLSM based on PLSM is developed and discussed.

Chapter 4: A multiscale topology optimization model is established to introduce auxetics

into SE stents. The numerical validations and the printed prototype are provided.

Chapter 5: The MFP is proposed. A multiscale multi-objective topology optimization
model is developed for stent design by considering both mechanical and fluid aspects.
Chapter 6: The deformation mechanism of the optimized stents and the surrounding blood

flow are numerically simulated in software ANSYS and CFX, respectively.
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Chapter 7: Conclusions of this work and further recommendations are presented.
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Chapter 2 Literature review

In this chapter, the developments of different coronary artery stents are reviewed and
discussed. The mechanical and hemodynamic factors associated with stent performances
and related optimization strategies are summarized, respectively. This thesis aims to
introduce topology optimization and auxetic metamaterials into stent designs. Thus, both

of them are also reviewed in this section.

2.1 Coronary artery stents

Coronary artery disease (CAD) is the globally leading cause of death with the majority
concerns in recent decades [1]. The statistics in 2015 show that 110 million people were
affected by CAD, with 8.9 million deaths [2, 3]. The treatments for CAD are rapidly
developed for more than 40 years, but they cannot eliminate the related complications.
That is also the reason why it has the highest morbidity and mortality. The successful
applications of coronary artery stents provide more efficient treatments for CAD but still
facing the risks of different complications. Hence, the evolution of stents has been driven

by the purpose of reducing the incidences of these complications.

2.1.1 Bare-metal stents (BMYS)

In 1964, Charles Dotter and Melvin Judkins [4] proposed a concept of angioplasty, setting

up the bases for developing the first balloon coronary angioplasty by Andreas Griintzig
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in 1977 [5]. The treatment generated a new subject named interventional cardiology [6]
and promoting the development of percutaneous coronary intervention (PCI) technology.
However, the high rates of restenosis and abrupt closure of arteries after angioplasty arose

the safety challenges [7, 8], prompting in the birth of stent implantation [9].

Figure 2-1 A typical bare-metal stent
The first balloon-expandable (BE) intracoronary bare-metal stent (BMS) was implanted
in a dog [10]. In 1986, the self-expanding (SE) coronary stent made of stainless steel was
firstly implanted in a human patient to prevent occlusion and restenosis after angioplasty
[11]. Early coronary stents showed efficiency in treating abrupt and susceptible vessel
closure [12]. Their applications were still significantly hampered due to the high rate of
subacute thrombotic coronary artery occlusion after implantation [13]. After two famous
comparison trials (BENESTENT and STRESS) [14, 15] were performed to investigate
stent implantation and balloon angioplasty, two stents were approved by the Food and
Drug Administration (FDA) in the US in 1994. The safety of coronary stents was then
widely accepted in clinics, and most PCI procedures began to adopt stent implantation. A

typical BMS structure is presented in Figure 2-1.

The apparent advantage of implanting stents is the efficient continuous support for
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clogged arteries. However, stents also suffer from the risks of stent thrombosis (ST) and
in-stent restenosis (ISR) [16]. ST 1s a complicated multifactor induced complication. It is
rare but with high mortality (5-45%) and relapse rate (15-20%) at five years [17]. In order
to reduce the incidence of ST, the accompanying pharmacotherapy was usually used, such
as dual antiplatelet therapy (DAPT) [18]. However, ST in BMS cannot be eliminated, and
with a rate of about 1.2% [19]. Another complication by implanting stents is ISR, which
is caused by neointimal hyperplasia (NIH) and belonging to widespread biological
responses after PCI. ISR significantly decreases the efficiency of stents, leading to
revascularization. Although numerous therapies have been proposed to control ISR since
the development of PCI, it is about 20-30% incidence of ISR in BMS when facing long-
term treatments [19]. The high rate of ISR directly results in the birth of first-generation

drug-eluting stents (DES).

2.1.2 Drug-eluting stents (DES)

The first-generation DES [20-22] carrying local drug delivery platforms were proposed
to prevent NIH efficiently, leading to a reduction in ISR. A typical DES consists of three
components: the metal stenting platform (the same as BMS), the polymer coating to store
and release drugs, and the antiproliferative drugs, such as sirolimus and paclitaxel for the
first-generation DES [23, 24]. A typical DES structure is illustrated in Figure 2-2. Even
though the NIH can be significantly limited by drugs released from drug-eluting stents

(DES), the antiproliferative drugs also prevent the formation of a new endothelial layer.
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However, in vascular healing, endothelialization plays an essential role in inhibiting clot
formations. Besides that, the polymer coatings might activate hypersensitivity reactions
of the arteries and lead to an increased rate of ST. The evidence showed that the first-
generation DES can effectively reduce the ISR incidence to 5-15 % at 12 months [25],
but leading to an increased rate of late and very late ST (up to 2%) [26, 27]. Thus, the
second-generation DES was developed by seeking new stenting platforms, new drugs,

and related polymer coatings.

Polymer coating

Stent strut

Figure 2-2 A typical drug-eluting stent
In the second-generation DES, the stenting platforms adopted metal alloys, such as
cobalt-chromium (CoCr) and platinum-chromium (PtCr), leading to thinner struts
thickness, higher radial strength, and flexibility [28]. The applications of new drugs, such
as zotarolimus, everolimus, and novolimus, exhibited more safety and efficient results
[29]. The developed new polymers were more biocompatible with less inflammatory
response and faster drug elution [30]. The applications of the second-generation DES
successfully further reduce the incidence of ISR to less than 5% incidence within 12

months [19]. Moreover, the second-generation DES exhibits a 0.7% rate of ST [29] and
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is superior to other current stents. However, the duration of DAPT is still needed for at
least one year [27, 31]. Besides that, the long healing time is still facing late stent failures

that may increase the risks of ISR and ST.

No matter for the first or second-generation DES, the durable polymer poses a risk of
hypersensitivity reactions and affect the incidence of ST. Thus, the polymer-free DES is
developed to overcome the drawbacks of durable polymers. The surface of the polymer-
free DES is manufactured with porous to carry antiproliferative drugs. However, it is
tough to control the drug release rate, and the stents were demonstrated that cannot further
improve the DES [32]. Another improvement for DES is the stents with biodegradable
polymers, such as poly-DL-lactide-co-glycolide or PLLA [30]. The DES with a
biodegradable polymer can act as a standard DES in the early treatment to reduce the ISR
rate and becomes a BMS when the polymer disappeared to decrease the duration of DAPT
[33]. However, apart from the advantages in the early treatment, the results of very late

ST did not show any improvement, compared with the second-generation DES [34, 35].

2.1.3 Bioresorbable vascular scaffolds (BVS)

Once deployed, stents permanently exist in the artery. All the stents with permanent
platforms or polymer coatings face the risks of late stent failures [36]. The bioresorbable
vascular scaffolds (BVS) is developed to support the clogged artery but can degrade
during the treatment to avoid long-term risks [37]. However, due to the material properties,

the BVS has to adopt thick struts to obtain enough radial strength, significantly affecting

|
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blood flow in the stented segment and facing an incomplete expansion [38]. Besides that,
the most risk comes from the increased incidence of device thrombosis. Moreover,
inferior clinic outcomes of BVS led to a withdrew of the first commercial Absorb BVS
from the market in 2017, which was just approved by the FDA in 2016. Thus, the BVS

exhibits significant potential but facing big challenges.

2.1.4 Balloon-expandable (BE) and self-expanding (SE) mechanism

Based on the expansion mechanism, stents can be divided into balloon-expandable (BE)
stents and self-expanding (SE) stents. By the inflation of an inside balloon, BE stents are
plastically expanded from the crimped-state to match the artery diameter [39]. SE stents
are constructed to fit the artery diameter and constrained within a delivery catheter. When
deployed, the SE stents are released from the catheter and elastically recover to the initial
shape or a slight compressed state. The property of SE can be obtained in several ways,
such as adopting superelastic shape-memory materials or mechanical ‘spring-like’
designs. Because of easy to be deployed precisely, most commercial coronary stents
utilize BE stenting platforms. However, concerning some atypical and complex coronary
lesions [40, 41], SE stents are superior to other stents due to the characteristic of positive
remodelling. Recently, as the developments, the unique properties of SE stents reattract
interests, which can be demonstrated by the successful clinic applications of commercial
product Stentys® Self-Apposing® stent [42]. To further discuss the differences between

BE and SE stents, both advantages and disadvantages are summarized in the following.
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1) BE platforms

Since the insider balloons control the expansion of the BE platforms, the most advantages
of the BE mechanism are easily positioned and precisely deployed [43]. Besides that, BE
stents have strong universality when matching the diameter of the vessel due to the
expansion size controlled by balloons. Another benefit of BE platform is the good
deliverability, compared with the cumbersome delivery devices of the early SE stents. On
the other hand, the drawbacks of BE platforms are also obvious. (1) The permanent
deformations cannot adaptively match the changes of the vessel diameters during the
treatments, which may lead to malapposition. (2) The expansion of a BE stent is driven
by the inflation of the balloon. It may easily cause inadequate expansions or dogboning
phenomena. (3) During the expansion, BE stents often cause immediate vessel injury and
even edge dissections. All these drawbacks can significantly increase the incidence of

complications.

2) SE platforms

SE platforms usually adopt superelastic materials, such as Nitinol. They have better
mechanical performances, such as high fracture toughness, corrosion resistance, and good
biocompatibility. The benefits of SE platforms mainly focus on the following aspects. (1)
The BE stents exhibit a gradual expansion process, resulting in no-reflow, lower edge

dissections rates, and adequate expansion [44]. (2) The gradual expansion process can
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also avoid the immediate vessel wall injury to reduce acute thrombosis and NIH [43]. (3)
Due to the elastic deformation mechanism, SE platforms can adapt to the changes of the
vessel diameter to prevent the late stent malapposition [40, 44]. Thus, SE stents can
effectively support the enlarged vessel after the disruption of plaques. (4) SE platforms
exhibit better flexibility due to material elasticity, especially for bifurcations and

significant tapering vessels [41], leading to a low fracture incidence.

However, some drawbacks of SE stents significantly hinder their popularity in
applications. (1) The early SE stents had poor deliverability with cumbersome delivery
systems, although they have been improved in the current SE stents. (2) The phenomenon
of foreshortening during the expansion leads to much lower deployment accuracy [43].
The deviation of deployment can lead to uncovered lesions, resulting in a high risk of
thrombosis complications. (3) SE platforms are manufactured to match the target vessel
diameter or slightly above, leading to a high requirement for the size. However, it is
difficult to measure the dimensions of the target vessel precisely in clinical cases. Thus,
it may result in an over-small size causing stent malapposition or an over-large size,

causing a larger lumen [6].

2.2 Mechanical factors in stent design

The associations between stenting structural designs and their clinical outcomes are

investigated but are still underestimated. The performances of stents not only depend on
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the patient's factors, stenting materials, and drugs but also strongly rely on the stenting
structural architectures, because stents are first a kind of structures subject to loading.
Thus, how to improve stent structures and their associated performances will be expected

to reduce the risks of complications.

2.2.1 Mechanical failures

Apart from patient and biological reasons, the increased incidences of ST and ISR are
strongly correlated with stenting mechanical failures, such as foreshortening, dogboning,

recoil, inadequate expansion, malapposition, and fracture.

The foreshortening exists in the stents when expanding after the implantation due to the
stenting material properties: positive Poisson’ ratio. It increases the difficulty of stent
deployments and easily leading to uncovered lesions. The issue of dogboning only occurs
in BE stents. It is caused by nonuniform balloon expansion, resulting in the expanded
stent with a dog-bone-like shape [45]. Besides that, the occurrence of dogboning may
induce edge dissections to damage the artery. The stent recoil also only exists in BE stents
and is caused by elastic recoil after plastic deformations of the stent. The risk of stent
recoil is to generate gaps between the stent and the vessel wall. The gaps can also be
caused when suffering inadequate stent expansion. Stent malapposition, or incomplete
stent apposition, indicates the stent struts that do not tightly contact the vessel wall and
leave gaps between them. Stent malapposition is of great importance because it can

increase the risk of subsequent ST [46]. The stent fracture is the worst failure that directly

|
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threatens the patient's life [6]. The above mechanical failures can be summarized as
causing gaps between stents and vessel walls or injures to vessel walls. Both of the results
can active NIH and leading to a high incidence of ISR [47]. The evidence also shows that

these mechanical factors were strongly associated with late or very late ST [17].

2.2.2 Stent designs

Hundreds of different stents are designed in the following few decades after the successful
applications of coronary stents in PCI. A typical stent consists of periodic structural unit
cells, and different struts comprise each unit cell. These struts are approximately oriented
to the stenting axial direction and periodically distributed around the circumference,
forming periodic U-, V-, S-, or N-shapes [48]. Two typical structures of stents are
illustrated in Figure 2-3, where transverse bridges connect the struts in different
circumferences. From the figure, we can see the stents consist of V-shape periodic struts
and S- or I-shape bridges or links. Most stents are also designed based on similar simple
strut shapes. Thus, in the early period, the traditional stenting structures were usually
designed depending on experience and further improved based on clinical trials and the

results from patients.
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Figure 2-3 Two typical stenting structures
As a computational simulation tool, the finite element analysis (FEA) can numerically
evaluate stenting mechanical performances and efficiently guide stent designs [49-51].
Thus, more and more studies have performed stent designs based on FEA [52, 53]. Most
of these studies improve the mechanical performances of stents by evaluating different
stenting structural variables belonging to size or shape optimization methods. Among that,
the optimization based on surrogate models has been utilized for the design of stents [54].
A typical example of stenting design is illustrated in Figure 2-4. As discussed, stenting
structures are determined by the periodic unit cells, so the optimization for the stent can
be performed for one unit cell with identified parameters. In the example, five structural
parameters are defined. Thus, by creating response surfaces in surrogate models, the
association between the parameters and specified design objective functions are
established. Then, the design can be achieved by selecting proper combinations of the
parameters. The design objectives are usually adopted based on the above mechanical
failures and some crucial performances of stents, such as flexibility, radial stiffness, and

fatigue. The structural design variables are the strut thickness, bridge width and length,
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strut width and length, curve radius, profile shape, and pattern numbers.

Figure 2-4 A parametric strut for optimization
The optimization for stents aims to enhance the performances and then the safety. Since
different kinds of stents are affected by specific factors, the optimization designs are only
performed for specific stent types, such as dog-boning and recoil for BE stents, and
corrosion resistance for biodegradable or bioabsorbable stents. As for some universal
design objectives, such as foreshortening, flexibility, radial stiffness, and fatigue, the

related optimization designs are also different by adopting different stent types.

Stent flexibility and longitudinal stiffness were investigated as essential considerations
for BE stents [55]. Some studies found that the properties are strongly related to the link
shapes and numbers [56, 57]. The phenomena of dog-boning and elastic recoil in BE
stents can cause significant stent malapposition or vessel injury, which were studied
simultaneously in multi-objective optimization models [58]. As the prevalent issue in

both BE and SE stents, foreshortening was usually defined as an objective in stenting
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optimization works [53]. Because of cyclic pulsatile loads from heart beating, the fatigue
resistance is another essential optimization objective and widely studied, especially for
SE stents [59, 60]. As the newly developed stent types, stents with biodegradable polymer
and fully bioabsorbable stents strongly rely on optimization designs to consider corrosion
resistance and related stress distributions. Some studies [50, 61] have already successfully

improved the bioabsorbable stents via optimization designs to some extent.

Although some stenting optimization works have already achieved good results, the
related improvements are limited only within a narrow range. That is because most
optimization studies adopt different surrogate models. The final structures after
optimization are restrained by their given shape and topologies and cannot obtain new
layout with different material connectivity for stenting structures. Few studies also tried
to use topology optimization to minimize stent recoil [62] and eliminate foreshortening
[63]. However, the optimized results cannot maintain the requirements of stents due to

numerical instabilities issues and less engagement of stent working conditions.

2.3 Hemodynamics in stent design

Apart from the effects of mechanical factors discussed above, the hemodynamic change
caused by implanting stents is another essential aspect associated with high risks of ST

and ISR [64, 65].
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Figure 2-5 Blood obstruction of stent strut

Stents can open narrowed arteries to positively restore blood flow but change flow
patterns in the stented segments due to stent induced obstructions [54] and geometric
alterations of arteries [66]. The obstacles from stenting struts can cause flow disturbances,
flow separation, and recirculation zones to adversely affect distributions of shear stress
on the artery walls [67], leading to platelet deposition and smooth muscle cell
proliferation [68, 69]. The modifications of the artery shape can magnify the
hemodynamic changes [66], but the geometric alterations are mainly determined by the
flexibility of the stent, which is not discussed in this chapter. A simple example simulated
in the commercial software CFX 2019R3 presents the flow patterns disturbed by a stent
strut in Figure 2-5. The example illustrates the stent geometry plays a crucial role in
determining hemodynamic changes in the artery. Hence, how to minimize the adverse

stent hemodynamic conditions is another essential consideration in the stent design.

2.3.1 Metrics of hemodynamics

The shear stress on the endothelial cells of coronary arteries was demonstrated as a major
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factor associated with atherosclerotic disease development [65, 70] and determined by
the blood flow. Therefore, to evaluate the impact of stent implantation on hemodynamic
changes, wall shear stress (WSS), and the derived wall shear stress gradient (WSSG) and

time-averaged wall shear stress (TAWSS) are widely adopted as metrics [71, 72].

Table 2-1 The impact of WSS magnitude on the stent region

WSS(Pa) Impact of WSS on the stent region
<0.5 Prone to atherosclerosis
>1.2 Less atheromatous narrowing [73] and more positive remodeling [74]
<15 Intimal hyperplasia is promoted by the release of tissue growth factors

>25 At the high risk of plaques rupture to increase the incidence of
) thrombosis and occlusion [75]

WSS is generated when blood flows across the endothelium and proportional to the blood
viscosity and the velocity gradient [76]. It is strongly related to the artery response to
hemodynamics and correlated with diameter adaptive responses, intimal thickening, and
platelet thrombosis [70]. The distributions of WSS will be changed after implanting stents
due to the altered velocity profile of the blood flow in the stent segments [77]. A steady
laminar distribution of WSS can promote endothelial cells release factors to inhibit
coagulation, migration of leukocytes, and smooth muscle proliferation, facilitating the
healing of narrowed vessels [78]. However, abnormal WSS can cause neointimal

hyperplasia and atherosclerotic plaque formations [71]. Many studies [73-75, 79] have
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shown that the regions with low WSS are prone to intimal thickening and atherosclerosis,
while high WSS may increase the risk of plaque rupture and thrombosis [64]. The effects
of WSS magnitude can be summarized in Table 2-1. However, except for the commonly
accepted thresholds 0.5 and 2.5 Pa, no exact values of WSS are defined in the range of
0.5-2.5 Pa to distinguish the behaviors of positive vessel remodeling and adverse intimal
hyperplasia. Ku [70] demonstrated WSS less than 1.0 Pa might lead to a continuum of
adverse action, as well as in the WSS higher than 2.0 Pa. Therefore, the ideal WSS is

approximately in the range of 1-2 Pa [64, 71].

The various responses of vascular endothelium to the WSS can be well quantified in the
uniform fluid condition with a steady-state. However, in the unsteady flow regions,
WSSG is more sensitive to the influence of nonuniform flow on endothelial cells [80, 81].
The WSSG can be described as the rapid changes of WSS over short distances [64]. The
regions with WSSG above 200 Pa/m are usually associated with atherogenesis and suffer
from intimal hyperplasia [82]. The high WSSG can also increase endothelial permeability

and accelerate platelet activation and thrombus formation [80].

TAWSS is a metric used to quantify responses of arteries to the pulsatile blood flow state.
It is the averaged WSS over one cardiac cycle. The approximate value of TAWSS was 1.4
Pa found in healthy human coronary arteries [83], while TAWSS with a value of less than

0.5 Pa is associated with cellular proliferation and intimal thickening [70].
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2.3.2 Investigations of stent strut geometries

The protrusion of stent struts inside the arterial lumen can disturb blood flow, induce local
hemodynamic changes, and affect the distributions of WSS and related metrics in the
stented segments. Theoretically, the flow disturbance can be eliminated by the stent fully
embedded in the artery walls [64]. However, by doing this, the over-sizing stent can
generate high tension stress on the wall and cause injury [84]. In other words, the degree
of stent protrusions should be reduced to decrease the obstructions to the blood flow but
unavoidable. Thus, the effects of varying strut geometric characteristics on blood flow
have been widely investigated, aiming to minimize the adverse hemodynamic reactions
via stent design. The computational fluid dynamics (CFD) method provides an efficient
tool to measure hemodynamic metrics in the stent segments. It has been widely utilized

in both in vivo and in vitro studies [85].

In the early time, some studies began to detect that stent design may dictate restenosis
and thrombosis in the arteries in some other ways, except for mechanical injures [86, 87].
Neointimal hyperplasia independent of arterial injury associated with stent design was
first investigated in stented rabbit iliac arteries [88]. It indicated that stent design might
adversely affect fluid dynamics in the arterial lumen and induce intimal thicken. At the
same time, the study by Berry et al. [89] demonstrated that enlarging strut spacing can
facilitate blood flow and minimize the cumulation of neointima in a stented coronary

artery. The inverse proportion relationship between neointimal hyperplasia and WSS
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change after stent implantation was found by Wentzel et al. [90] and further studied by
LaDisa et al. [91]. After that, geometric parameters of stent struts were regarded as critical
hemodynamic considerations in the stent design and have been widely studied [54, 85,

92-94].

Among the investigations of stenting geometric characteristics, strut thickness holds most
concerns because it directly determines the degree of stent protrusion inside the lumen
and is strongly related to hemodynamic changes. Thicker struts were found significantly
promoting intimal thickening [85]. Strut spacing is another essential factor where large
spacing can restore disturbed flow [95]. Since the adverse hemodynamic changes usually
exhibit flow disturbance, streamlined stent strut cross-section profiles were suggested to
facilitate blood flow [92]. Besides that, some hemodynamically beneficial designs were
also found when varying strut angles [93], such as aligning the orientations of struts and

connectors to the flow direction [64, 95].

However, the complicated working environments in stented segments lead to numerous
variables to the investigations of stenting geometries. Thus, most studies adopt some
geometric simplifications for stent-artery CFD models. A common assumption is that
artery walls are rigid. However, some experiments found that deformations on the artery
walls were observed after implanting stents [96, 97]. Although the deformations of the
arteries may change local flow environments and even affect the WSS distribution [54],

the induced influences on the blood flow are relatively small. Another widely used
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simplification is to assume the artery as an idealized cylinder in the CFD model to
facilitate computation. However, the blood flow environment in a realistic stented
coronary artery is quite different. Some researchers began to investigate the impact of the
realistic geometric parameters of the stent on the hemodynamic changes, aiming to obtain
more accurate results. In 2011, Gundert et al. [98] and Ellwein et al. proposed that the
fluid domain of the postoperative stented coronary artery can be established by clinical
images [99]. Then, Chiastra et al. [100] demonstrated that it is possible to use patient-
specified stented artery models to quantify hemodynamics. After that, some researchers
[101-103] began to focus on the studies of patient-specified models, but the complex of
3D reconstruction works hampers the development. The clinical imaging technologies are
usually needed for the reconstructions, such as conventional angiography, computed
tomography (CT) angiography, intravascular ultrasound (IVUS), and intravascular optical
coherence tomography (OCT) [104]. Thus, the patient-specified realistic stent models
may get more accurate hemodynamic results to benefit specified patients, but the

simplified stent-artery CFD models are more suitable for the related research works.

2.3.3 CFD models

Based on CFD, by solving Naiver-Stokes (NS) equations, the motion equations of fluid,
the hemodynamic changes in stented coronary arteries can be calculated as follows. The
distributions of WSS can be derived from the velocity and pressure fields of stented

arteries, which are computed by CFD with proper initial conditions. The CFD results
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strongly rely on the established NS equations, including fluid geometries, the boundary
conditions of the inlet, outlet, and artery walls. However, the computational cost is very
high to solve the full NS equations. Thus, the assumptions based on the studies of Young
and Tsai and Gould [105-107] are widely utilized to simplify the fluid motion equations

[65]. The common assumptions are:

(1) Idealized straight arteries [85] & generic bifurcations [108], or patient-specified

The stented artery geometry determines the fluid domain and is associated with the
discretization of the CFD model, affecting the computation cost. As discussed above, the
adoption of a patient-specified stented vessel may obtain a more accurate outcome but
with extremely high computation cost. Besides that, the realistic models usually include
the lesion-specific characteristics [109], increasing the difficulty of computation.
Therefore, when there is no patient-specific profiling requirement, the idealized straight

arteries or generic bifurcation models are usually adopted.

(2) Newtonian or non-Newtonian fluid

Shear stress in the artery depends on the viscosity of blood. Thus, the selection of a
Newtonian or non-Newtonian blood model can lead to different WSS distribution. Some
studies believe that the non-Newtonian blood model, such as the Carreau-Yasuda model,
can obtain more accurate hemodynamics in coronary arteries [110, 111], especially for

the shear-thinning behavior of blood. However, the study by Johnston et al. [112]
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indicated that only about 30% cardiac cycle was affected by the non-Newtonian model in
the right coronary arteries. Thus, to simplify the CFD model, the assumption of

Newtonian flow is widely accepted.

(3) Steady or pulsatile flow state

Due to systole and diastole cyclic behaviors, blood flow in all arteries presents pulsatile
motion [70]. However, it was investigated that relatively small hemodynamic effects in
the arteries [113, 114]. The fluid-structure interaction (FSI) between a stented artery and
pulsatile blood flow is another discussion focus. The wall pulsation generated by the
cyclic of the heart pump can activate FSI and change the computational fluid domain.
Nevertheless, a study demonstrated only about 5% differences in TAWSS distribution by
using full FSI analysis [115]. Thus, the assumption of a steady-state is reasonable, and
the inlet velocity is defined as a time-averaged value over a cardiac cycle [65]. Besides
that, due to the steady-state of blood flow, the outlet boundary condition in the CFD model
is usually defined with constant pressure. As for a bifurcation model, a specified flow

split ratio is defined at a bifurcation as the outlet conditions[116].

2.3.4 Stent optimization by CFD

In order to optimize coronary stents to minimize stent-introduced adverse flow changes,
hemodynamically effects of stenting geometric characteristics have been widely studied.

However, the development of related optimization design strategies is still very limited.
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That is because the endovascular hemodynamic outcomes are under the effects of many
different geometric features, resulting in a very complicated relationship between design
variables and dynamic flow behaviors. However, to help understand the impacts of
specific stenting characteristics on the hemodynamic changes, piece-wise considerations
of strut geometric design features are usually adopted [64]. Thus, how to consider all the
stenting geometric design variables on the blood flow behaviors simultaneously is still

under development.

Similar to the methods used in stenting Topology optimization, most hemodynamic
optimization research works also adopt different surrogate models as strategies to perform
designs for stents. In the surrogate models, a response surface is created to establish the
relationship between the objectives and the structural design variables, such as the
thickness, width, angle, and spacing of stent struts. These optimization works can be

approximately divided into three types:

1) The single objective for the hemodynamic optimization model

The early hemodynamic optimization research works mainly focus on a single objective,
such as minimizing low WSS areas [93, 117]. One of the basic strut features discussed
above is usually defined as design variables in 2D or 3D models. Most of these studies
share assumptions of rigid artery walls and steady-state blood flow. Some studies believed
these assumptions mislead the optimization results. However, an investigation for the

optimization with deformed artery walls and a pulsatile flow condition demonstrated that
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the obtained outcomes are similar to the results of using steady flow with rigid walls [118].

2) Multi-disciplinary objectives for the design based on both structural analysis

and CFD

The stent usually works in a complex endovascular environment involving structural
mechanics and fluid dynamics [52]. Thus, some studies tried to perform the optimization
for both aspects simultaneously [119, 120]. In the optimization models, design variables
are the same as the regular used strut geometric features. The design objectives are
defined based on mechanical and hemodynamic metrics, such as recoil, flexibility, and
WSS. Moreover, additional objectives associated with drug release are sometimes also
taken into account [119]. In the optimization, the mechanical objectives are evaluated by
FEA, and the flow behaviors are obtained by CFD. Although the multi-disciplinary
optimization strategy seems has a broad consideration for different physical design
requirements, the fact is the optimization in respect of hemodynamic models still only
adopts a single related objective and few structural design variables and cannot really
capture the impacts of stenting geometric characteristics on the flow alterations in the

arteries.

3) multi-objective for the hemodynamic optimization model

Some studies only focus on hemodynamic considerations to establish multi-objective

optimization models, aiming to improve fluid behaviors around stents. The design
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objectives are determined based on the hemodynamic metrics or relevant flow
disturbances. Most of these studies adopt two optimization objectives: mean square WSS
and mean swirl value [121], or the recirculation zone length and the struts reattachment
distance [122]. Although these studies propose multi-objective models, they only define
a few structural variables with limited improvements. Thus, some researchers attempt to
include more strut geometric characteristics and more design objectives into optimization
models [71] but facing two issues. The first problem is that a large number of design
variables and design objectives lead to complicating optimization models significantly,
and results may not converge. Another problem is most current works adopt surrogate
optimization models, which are strongly dependent on the initial designs. They cannot

achieve new topologies of stents, and the improvements are still in a limited range.

2.4 Topology optimization

Structural optimization is a subject for improving the performances via the alterations of
structural parameters, involving the optimizations for size, shape, and topology. Among
these, size and shape optimizations are dependent on the initial structures. Topology
optimization is a numerical procedure that can iteratively re-distribute the material in a
prescribed design domain under the given constraints and objective functions. Thus,
topology optimization can get rid of the limitations of the initial structural characteristics.
On the other hand, topology optimization belongs to a kind of conceptual design, strongly
affecting the final design of the structure but facing more challenges as well. In 1988,
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Bendsee and Kikuchi [123] proposed the topology optimization method based on the
homogenization theory. After that, topology optimization is rapidly developed in the
following few decades, resulting in a wide range of applications in various fields, such as
mechanical, biomechanical, fluid, aerospace, composite, etc. So far, several topology
optimization approaches have been developed, including the Solid Isotropic Material with
Penalization (SIMP) method [124, 125], the evolutionary structural optimization (ESO)
method [126], the level set method (LSM) [127-129], the phase field method [130, 131],

and the Moving Morphable Components (MMC) method [132, 133].

2.4.1 Topology optimization methods

Topology optimization for continuum structures is a kind of discretized optimization
problem with the discrete design variables 0 or 1, where 0 and 1 denote void holes and
solid materials, respectively. The computational cost significantly increases when dealing
with large scale optimization problems. In order to apply efficient gradient-based
algorithms in topology optimization, material description models are first employed to
relax the discrete design variables to a continuous range from 0O to 1, such as the
homogenization method and SIMP method. On the other hand, boundary description
models embed the topological changes into continuous motions of the boundary. Thus,
methods such as the LSM can utilize gradient-based algorithms to update the design

variables iteratively.

1) Homogenization method
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The homogenization theory comes from the composites field, believing macroscopic
structures comprised of numerous periodic microstructures. It can evaluate the effective
macroscopic properties of composites based on the microstructures [134]. Based on the
theory, the effective macroscopic properties of the composites are determined by the
periodic microstructures. In 1988, Bendsee and Kikuchi proposed a homogenization-
based methodology to realize topology optimization by changing the geometric features
of the microstructures, such as the size and orientations [123]. After that, Suzuki and
Kikuchi performed the shape and topology optimizations using the homogenization
method [135]. Then, based on the homogenization method, the optimization for the

structures with multiple loading conditions was realized by Diaaz and Kikuchi [136].

The homogenization method relaxes the discrete topology optimization problems to
continuous size optimization of the microstructures. The existence and uniqueness of the
optimization based on the homogenization method can be rigorously demonstrated [137].
However, the homogenization-based topology optimization method generates a large

number of design variables that may lead to large computational cost.

2) SIMP method

As extended from the homogenization method, the SIMP method was developed by
Bendsge and Sigmund [124, 125]. It establishes a material interpolation model to
associate the material properties, such as Young’s modulus, to the introduced artificial

element densities, which can continuously adopt the value from 0 to 1. Thus, the SIMP
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method can relax the discrete problem to a continuous optimization problem in an easy
way via the material interpolation model, experiencing great popularity. On the other
hand, the SIMP method introduces a penalization mechanism based on a power-law
criterion to converge the intermediate element density close to binary 0 or 1. However,
the existence of intermediate elements density induces some numerical instability issues,
such as mesh dependence, checkerboards, and local minima [138, 139]. Then, some
numerical techniques were integrated into the SIMP method to reduce the instabilities,
such as perimeter control and different filtering methods [139]. Due to the easiness of the
numerical implementation, the SIMP method has been widely applied to various fields
and also integrated into some commercial software, like ANSY'S, HyperWorks, and Solid

Works.

3) ESO method

The ESO method was developed in 1993 by Xie and Steven [126]. It retains the binary
discrete design variables (0, 1) in the topology optimization problems without relaxation,
adopting 0 as voids and 1 as the solid material. When performing optimization, the ESO
method evaluates the element contributions on the assumed proper criteria and removes
the element with contributions lower than the specified value. However, the ESO method
easily leads to local minimal via this hard-killing manner. After that, Huang and Xie [140,
141] developed a bi-directional evolutionary structural optimization (BESO) method. It

not only removes the elements with lower contributions but also has a mechanism to add
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elements. The ESO/BESO method also has a wide range of applications due to the
intuitive numerical implementations but has to introduce relaxation for design variables

to extend the applications.

4) Level set method

The level set method (LSM) is developed initially to track and simulate the evolutions of
moving boundaries and shape numerically [142]. In the LSM, the moving boundaries are
implicitly presented as the zero-level set of a higher-dimensional level set function. Thus,
the evolution of the boundaries can be described by the partial differential equation (PDE)
of the level set function in a Eulerian system. Sethian and Wiegmann introduced the LSM
to describe the structural boundaries and realized topology optimization for the structure
by evolving the zero level set of the function [127]. Then, Osher and Santosa introduced
the LSM to study frequency optimization problems [143]. After that, Wang et al. [128]
developed a level set topology optimization method combining shape derivatives [144].
In this method, the derived first-order Hamilton-Jacobi PDE (H-J PDE) associates the
normal velocity fields of the structural boundaries with the shape derivatives. Hence, the
structural boundaries can be obtained by solving the H-J PDE. Short later, Wang and
Wang [145] developed a ‘color’ level set model to realize multi-material optimization.
Allaire et al. [129] proposed an LSM based on the shape sensitivity analysis and the front
propagation technologies, and the velocities in the method are rigorously derived from

the shape derivatives.
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The optimization based on the LSM can simultaneously describe the topological and
shape variations by utilizing level set function to driving the motion of the structural
boundaries. Therefore, the optimized results are of smooth and clear structural boundaries.
However, as for the conventional LSM, some numerical difficulties in solving H-J PDE
complex the implementation. The first issue is that the optimization result is highly
dependent on the initial guess. The second issue is that the Courant—Friedrichs—Lewy
(CFL) condition requires a sufficiently small time step to ensure the numerical stability
when using the finite difference method to solving the H-J PDE [146], leading to a
significant increase in the computational cost. The other issue is that re-initialization for
the signed distance function is suggested to maintain the numerical accuracy. Besides that,
the normal velocity field should be extended to the neighborhood of the structural
boundaries or the whole design domain [129, 146]. Hence, many improved LSMs have
been developed to overcome these numerical issues. Among that, the parametric level set
method (PLSM), as an efficient alternative LSM for topology optimization, was proposed
by Luo et al. [147, 148]. In the PLSM, the Compactly Supported Radial Basis Functions
(CSRBFs) is utilized to interpolate the level set function. Thus, the evolution of the related
expansion coefficients in the proposed interpolation advances the level set function. In
this way, the H-J PDE is transformed as an ordinary differential equation (ODE), and the
numerical difficulties in conventional LSMs are circumvented. Additionally, many well-

established efficient optimization algorithms can be directly applied in PLSM, such as
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the optimality criteria (OC) and the method of moving asymptotes (MMA).

2.4.2 Topological design of microstructural metamaterials

Metamaterials are a kind of man-made composites with periodic microstructures,
exhibiting unconventional properties, such as negative Poisson’s ratios, negative bulk
modulus, negative thermal expansion coefficient, and negative permittivity. Due to the
great potential of the functional metamaterials applied in different fields, the related
structural optimization designs experience great popularity [149-152]. The artificial
metamaterials belong to multifunctional cellular composites [153, 154]. The effective
properties of these cellular composites can be designed by changing their microstructures
[155]. In particular, for the periodic cellular composites, it is more efficient to design their

effective properties due to the identical microstructures.

As discussed, the homogenization method provides an efficient way to evaluate the
effective macroscopic properties of composites [134]. The obtained effective properties
are essentially determined by the material layouts of the periodic microstructures.
Sigmund [149] developed an inverse homogenization method to achieve desired effective
properties by optimizing the microstructures. The method combined the homogenization
theory with topology optimization. After that, the design of material microstructures has
been widely studied. Among these, the developed numerical homogenization method is
accepted as an efficient numerical implementation to evaluate the effective properties of

cellular composites and has been commonly applied in different topology optimization
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methods to realize the material design [156-164]. Sigmund and Torquato [156] designed
the material with extreme thermal expansion. Guest and Prévost [157] established a
multiphysics model to design a composite with maximum elastic bulk modulus and fluid
permeability. Zhang and et al. [158] developed an alternative strain energy-based method
to evaluate the effective properties of cellular composites. Diaz and Sigmund [159]
designed the metamaterials with negative permeability. Radman et al. [161] combined
the BESO method to perform the design of isotropic cellular materials. Andreassen et al.
[162] studied the design of 3D microstructures with extremal elastic properties. Wang et
al. [163] applied an LSM to the optimization design of metamaterials. Li et al. [164]
designed a metamaterial with auxetics by functionally graded cellular composites. The
developments of the multifunctional cellular composites significantly create a large

number of artificial metamaterials with different unusual properties.

The studies about artificial cellular composites extend the applications of topology
optimization. After that, the structural topology optimization is not limited to the
macroscopic topological alterations to enhance mechanical performances. The material
layout of the periodic microstructures can also become the design objective. The
topological optimization for artificial microstructures is flexible in tailoring effective
extremal properties of the macroscopic structures. Thus, a wide range of unusual
properties can be obtained, such as metamaterials with negative properties and the

composites with ultralightweight but high performances. Moreover, the coronary artery
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stents consist of periodic unit cells and can be regarded as artificial composites. Hence,
the advanced optimization design method for multifunctional cellular composites can be

applied in the stenting designs to benefit their performances.

2.5 Auxetic metamaterials

Auxetics belong to mechanical metamaterials consisting of artificial microstructures
exhibiting unusual elasticity property, namely, negative Poisson’s ratio (NPR) [165, 166].
Auxetics contract or expand in a transverse direction when compressed or stretched in an
axial direction. Auxetics provide the potential for a wide range of applications in different
fields due to their unique properties for energy absorption, anti-impact, indentation

resistance, thermal isolation, and fracture toughness.

Based on the deformation mechanism, the auxetic metamaterials can be divided into three
different types: re-entrant [167, 168], chiral [169-171], and rotating [172]. In the early
period, the design of auxetics was mainly obtained based on mathematical optimization
and experiments, leading to a limited range of the auxetic structural configurations. The
auxetic property belongs to a macroscopic deformation behavior of the structure and can
be derived from the material elastic properties. With the development of the design of
multifunctional cellular composites, the auxetic design has been rapidly developed. Thus,
the structure with effective macroscopic auxetic properties can be achieved by the

optimization design of microstructures. The early study about the topology optimization
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for auxetics can be found in [160], obtaining a 3D microstructure with auxetics. Then, 2D
auxetic metamaterials were designed based on different topology optimization methods
[173-175]. The application of an LSM in the material design of auxetics can be found in
[163]. On the other hand, the design of Poisson’s ratios involving nonlinear and over large
deformations were investigated [176-178]. Zong et al. [179] proposed a two-step design
strategy to perform material design for Poisson’s ratios and refine the structural
boundaries, respectively. However, the 3D auxetic metamaterials design is still facing
challenges due to significant high computational cost, where more efficient design
approaches are necessary. The drawback of the auxetics is that the structure contains many
pores leading to a decrease of stiffness. However, that limitation can actually benefit
coronary stent designs to obtain good flexibility. Moreover, the usual NPR deformation
mechanism of auxetics can improve stenting performances. All the improvements of

auxetics to the stenting structures will be discussed in Chapter 4.

2.6 Summary for the literature review and the research gaps

In summary, the development of BMS provides an efficient way to treat CAD. After that,
the occurrence of complications ST and ISR after stent implantation promotes the
development of DES. Although the antiproliferative drugs released by DES significantly
reduce the incidence of ISR, the polymer coatings used for carrying drugs cause an
increase risk in late ST. That promotes the development of BVS. However, due to the
limitations of the material properties, BVS is still under the study. In respect of expansion
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mechanism, SE stents present better mechanical performances than BE stents, but more

complicate in use due to the deliverability and high precise size requirements.

On the other hand, as the developments of stents, the stent mechanical failures and the
induced adverse hemodynamic changes rase more and more concerns for researchers to
focus on the relationships between stent structures and the complications. However, the
relevant structural optimizations are still facing some problems. The first problem is most
current optimization strategies are strongly dependent on the initial designs, they cannot
achieve new topologies of stents and the improvements are still limited. Another problem
is that these strategies are hard to consider all the stenting structural features, because a
large number of design variables and design objectives lead to complicating optimization

models significantly, and results may not converge.

In order to overcome above limitations of the current stent optimization strategies, this
project introduces level set based topology optimization method into stent designs. In the
respect of stent mechanical performances, the design of auxetic metamaterials overcome
the drawbacks of SE stents and enhance the mechanical properties. In the respect of stent
induced adverse hemodynamic changes, the proposed MFP associates all the stent
structural features to a single design objective, and significantly reduces the amount of

design variables and optimization objectives.
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Chapter 3 Extended parametric level set method (X-

PLSM)

Topology optimization with LSM can perform topology and shape optimization
simultaneously by evolving the structural boundaries [127-129]. The PLSM is proposed
to overcome the numerical difficulties in conventional LSM. In PLSM, the level set
function is interpolated by the CSRBFs, which leads to the level set function only spatial
dependent. Thus, it converts the H-J PDE to an equivalent ODE, significantly simplifying
the LSM. An extended parametric level set method (X-PLSM) is proposed in this chapter
to perform the topology optimization design for coronary stents efficiently. The X-PLSM
transforms the 2D PLSM from the Cartesian system into a curvilinear coordinate system.
Based on X-PLSM, the optimization for coronary stents can accurately and efficiently

achieve the results by adopting shell elements.

3.1 Conventional Level set method (LSM)

3.1.1 Boundary representation

The level set method adopts an implicit description to embed the design boundaries of the
structure into the zero-level set of a higher-dimensional level set function. A 2D example
of the representation based on the LSM is illustrated in Figure 3-1. D is a reference
domain. Q is the structural shape, and 0% is the structural boundary associated with the

zero-level set. A 3D level set function ®@(x) is defined over the reference domain and can
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be formulated as the following:

(I)(x)>0 xe 02\o0 (Solid)
®(x)=0 xedn (Boundary) (3-1)
®(x)<0 xeD\(R2UaR) (Void)

where x is the point in the space. D. Q and 022 denote the design domain and the boundary,

respectively.

082

(A) 3D level set surface (B) 2D boundary at the zero-level set

Figure 3-1 A 2D boundary representation by 3D level set surface

3.1.2 Hamilton-Jacobi equation

The example in Figure 3-1 shows that the structural boundary is represented as the zero
level set of the level set function. The shape of the boundary can be changed by the motion
of the level set surface along the direction normal to the reference domain. In the
conventional LSM, the evolution of the level set function is driven by the Hamilton-
Jacobi equation, which can be numerically solved by the finite difference method [146].
The motion of the structural boundary can be enabled by introducing the pseudo-time ¢

into the level set function. Thus, by differentiating the level set function at the zero level
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set with respect to ¢, the H-J PDE can be obtained:

1) |y v (xr)=0 (3-2)

where v is the velocity field and given by:

_dx

\4 —Z (3-3)

The velocity field v has two components long the normal and tangent directions, where
only the normal velocity field drives the alteration of the boundary shape. Thus, the
boundary motion along the normal direction is equivalent to evolving the level set
function based on H-J PDE solutions. The Eq. (3-2) is transformed as:

oW (x,1)

Fra VO(x,1)=0 (3-4)

where the normal velocity v, along the normal direction n is given by:

% =V-n=é- _ve (3-5)
" dt | |V

In conventional LSM, it usually adopts the finite difference method to solving the H-J
PDE but facing the restriction of the CFL condition, resulting in a sufficiently small time
step to ensure numerical stability. Besides that, the re-initialization and the extension of
the boundary velocity field are also necessary for maintaining numerical stability and
accuracy. Therefore, all these strict requirements for the conventional LSM significantly

difficult the numerical implementation and hamper the development.
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3.2 Parametric level set method (PLSM)

PLSM [147, 148] is an efficient alternative method for conventional LSM to circumvent
the discussed numerical difficulties. In the PLSM, the level set function is interpolated by
the CSRBFs. It successfully decouples the time and space in the level set function, leading
to the level set function only spatial dependent. In this way, the H-J PDE is transformed
as an ordinary differential equation (ODE), driven by the related expansion coefficients.
Moreover, many well-established gradient-based optimization algorithms can be directly

applied in PLSM.

3.2.1 Compactly supported radial basis functions (CSRBFs)

Radial basis functions (RBFs) belong to real-valued functions and are calculated based
on the distance to the specific point. RBFs can efficiently approximate complicated scalar
functions. Different RBFs as the interpolation functions can maintain the requirements of
various problems. Two types of RBF have sparse interpolation matrix: globally supported
RBFs (GSRBFs) and compactly supported RBFs (CSRBFs). Both RBFs have been
adopted to interpolate the level set function to circumvent H-J PDE solving. Wang and
Wang [180] introduced GSRBFs into LSM. The LSM with GSRBFs successfully
transformed the H-J PDE but difficult the calculations due to the full density matrix. In
contrast, CSRBFs with more efficiency are of strictly positive definite property and
matrix sparseness. An example of the basis function in CSRBF is shown in Figure 3-2.

From the figure, we can see the supported domain of knot i is shown as the red circle with
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the defined radius ds in the CSRBF.

Figure 3-2 Supported domain of knot i with radius d,.;
In PLSM, CSRBFs are adopted to interpolate the level set function, improving
optimization efficiency [181]. CSRBFs with various continuity orders, such as C2, C4,
and C6, were investigated in [182]. The CSRBFs of the ith knot used with C2, C4, C6

continuities are given as:
C2: ¢ (x)=max{0,1-r (x)} (4 (x)+1) (i=12,..,N) (3-6)

C4: ¢ (x)=max{0,1-7 (x)} (357 (x) +187 (x)+3) (i=12,..N)  (3-7)

C6: ¢ (x)=max{0,1-7; (x)} (327 (x)+257 (x) 487 (x)+1) (i=12,..N) (3-8)

ri(x) is defined as:

ri(x)zd,/dm,=\/(x—xi)2+(y—yi)2/dm, (3-9)

where dr denotes the distance between the current sample knot (x, y) and the ith knot (x;,
vi), and dmi is the influence domain of the knot (x, y), which means only the knots in that

domain can affect the current CSRBFs function. Thus, dws should not be too large to
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increase the calculation or too small to cause singularities [182]. The shapes of CSRBF
with C2, C4, and C6 are presented in Figure 3-3. All three functions exhibit good
differentiability, where CSRBFs-C6 with the steepest caps of shape and derivatives
showing the highest differentiability. CSRBFs with C6 continuity may be more sensitive
to the changes of the support domain size but may also lead to a higher computational
cost than others with the same support domain size. Hence, the PLSM usually adopts the

CSRBFs with C2 continuity.

(A) Shape of CSRBFs-C2 (B) Shape of CSRBFs-C4 (C) Shape of CSRBFs-C6

Figure 3-3 A 2D boundary representation by 3D level set surface

3.2.2 Parameterization of the level set function

In the conventional level set method, the optimization process is described as the dynamic
motion of the level set function ®(x). By introducing a pseudo time ¢, this dynamic change
can be determined by the H-J PDE Eq. (3-2). Thus, the optimization is transferred into a
procedure to find an appropriate velocity field v» to solve the Hamilton—Jacobi PDE.
Within the PLSM, the level set function is calculated through centrally positioning
CSRBFs-C2 at a set of given knots over the whole design domain. That interpolation

method is as follows:
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@(x,t):go(x)Ta(t):Zgo(x)ai (1) (3-10)

where N is the number of fixed knots in the design domain. The CSRBFs of the ith knot

used with C2 continuity is given in Eq. (3-6). The vector with the CSRBFs functions is:

o(x)=[4(x). 4, (x)s . 8y ()] (3-11)

and the expansion coefficient vector is given by

a(t)=[a (1), o, (1), ay ()] (3-12)

Since all the RBF knots are fixed in the design domain, this interpolation decoupled the
time and space in the level set function. Thus, the original level set function ®(x,?) is now
determined by the spatial functions ¢(x) located at the knots, and the temporal only

expansion coefficient a(¢). The H-J PDE is transformed into the following ODE system:

o(X) a(1)=v,|(Vo) a(r)]=0 (3-13)

Hence, the normal velocity field is given as:

v =LX)Td(t), where d(t)zd();ft) (3-14)

(Vo) ()

3.3 Extended parametric level set method (X-PLSM)

The numerical implementation method based on zero iso-contour used in the level set
method can be utilized to solve a curved shell model, but it has a higher computational
cost. The H-J PDE in Eq. (3-2) can also be described as Eq. (3-15), where the local

velocity v can be calculated by three components in the Cartesian coordinates.
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%tx’t)—wV@(x,t):O, where vzgz[vx, vV, vz] (3-15)

Hence, if the velocity components are transferred in curvilinear coordinates, the evolution
of the level set function can also be described with curvilinear coordinates. As an
illustration in Figure 3-4, the blue color shows a level set function. The white intersection
line is the boundary of a four-node shell structure located at the zero-level set, presented

as the red curved surface.

/7 Level-set function ¢

¥ D(x, y, z)=0

x=x(¢ n, &)
= 0
==& n O

Figure 3-4 Level set function in curvilinear coordinates
Initially, this kind of transformation rule was used to deal with fluid issues [183, 184].
Then Park and Youn [185] introduced this transformation into level-set topology
optimization. Based on the above works, the transformation of the level set function from

Cartesian coordinates to curvilinear coordinates can be described as:
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o0 1 8 J . _
ot +3651L@@V4J:0 (j=1.2.3). where \[g, =g, g,  (3-16)

where, J=det(J), and J is the Jacobian matrix; gj is the covariant basis vector in curvilinear

coordinates &/(¢, 17, {), and v/ is the velocity component in the &/-coordinate direction.

Then, we propose an extended PLSM (X-PLSM) by applying this transformation rule
into the PLSM based on CSRBFs. Since the time-derivative is only related to the
expansion coefficient a(f) in PLSM, the transformation can be applied only for the spatial
functions ¢(x), as shown in Eq. (3-17), where the subscript ¢ donates parameters in the

curvilinear coordinates £/(&, 7, {), and pg(&) is the transformed spatial functions.

@é(f,t)=¢)§(;‘)Tag(t)zz%(g)aﬁ(t) (3-17)

The level set model in Eq. (3-13) can then be rewritten in the curvilinear coordinates, as

Eq. (3-18).

AGAGE

(Vo.) ag(t)‘zo (3-18)

where, v." is the normal velocity field in the curvilinear coordinates, and can be given by:

T
de, (t
Ve = M#dg (t), where @, (t) = L() (3-19)
‘(V%) Qg (t)‘ dt
The X-PLSM is much more efficient than normal PLSM when addressing the issues of
shell models. For example, as for a shell geometry, the 3D PLSM should be used to
establish the optimization model. In the model, one element has eight nodes, and one node
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has three degree of freedoms. By using X-PLSM, as for the same shell geometry, in the
established optimization model, one element has four nodes, and each node has three
degree of freedoms. Thus, the scale of the FEA model establish by X-PLSM is 1/4 of the
normal PLSM. Besides that, the description of the zero-level set for this shell model in
X-PLSM is via a curved surface, while the description of the zero-level set for the same
model in normal PLSM should use a three-dimensional isosurface. That also shows the

efficiency of the X-PLSM.

3.4 Conclusion

In this chapter, the conventional LSM is discussed. In order to overcome the numerical
difficulties in the LSM, the PLSM adopt CSRBFs to interpolate the level set function. It
successfully separates the time and space from the level set function and transforms the
H-J PDE into an ODE system. Thus, the PLSM circumvents the numerical difficulties in
conventional LSM and significantly improves the LSM. However, no matter for LSM or
PLSM, it cannot efficiently solve a curved shell model. As for the interpolation used in
PLSM, the CSRBFs drive the approximation to the level set function. Hence, the X-
PLSM is developed to transform the CSRBFs from the Cartesian system to a curvilinear
system, resulting in a level set function interpolated in the curvilinear system. By using
X-PLSM, we can adopt curved shell elements to solve the stents model more efficiently

and accurately.
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Chapter 4 Topology optimization of auxetic stents

considering structural performance

This chapter is mainly based on our published research work: Design of Self-Expanding

Auxetic Stents Using Topology Optimization. It has been published in Frontiers in

Bioengineering and Biotechnology, 2020. 8: p. 736.

In this chapter, we will develop a more effective systematic design method to find new
stenting structures for the future generation of SE stents to improve stent performance by
optimizing the stenting structure of topology and shape. The new designs for stenting
structural architectures will eventually improve stent safety to low the incidence of ISR
and ST. Hence, to help overcome the above drawbacks in current SE stents, this chapter
will firstly introduce the auxetic microstructures into SE stents to achieve closed-cell
stents, and then develop an enhanced topological optimization method with X-PLSM,
which is more accurate and more efficient in finding the best architecture for auxetic

microstructures.

Topology optimization has been a popular option to realize the optimization of shape and
topology of geometries, because it is a numerical procedure that can iteratively find the
best material distribution in the design domain. Few studies have attempted to introduce
topology optimization into the design of stents, such as [63], but the topology
optimization was only used for a bi-stable design during the expansion of the stent to
eliminate the axial displacement. There has been no previous work that systematically

integrates topology optimization with auxetics to develop auxetic SE stents, and no work
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has employed a multiscale concurrent topology optimization method to create novel
stenting structures. Hence, topology optimization can find the optimized performance of
stenting structures, associated with the best material layout and the most efficient material
usage in the design. Particularly, the concurrent multiscale topology optimization method,
with X-PLSM and the numerical homogenization method, can systematically integrate
the NPR mechanical metamaterials into the SE stent to implement a new mechanism for
expanding by entirely making use of the auxetic behavior of microstructures. The
topologically designed, micro-structured, multiscale cellular composite structure is
characterized by small size, large expansion, uniform radial force, and super compliance,
helping avoid the injury to vessel surface, edge-dissection, and side-branch, resulting in

low ST and ISR.

Auxetics will mainly benefit the SE stents from the following aspects:

(1) Auxetic behavior can help make the size of SE stents much smaller than the current
profile of SE stents. Small profiles of SE stent systems will facilitate deliverability and
reduce the occurrence of complications due to potential injury in the PCI process. After

implantation, they fully stretched themselves and adaptively fit the vessel wall.

(2) The effective NPR property of auxetic microstructures makes SE stents have non-
shortening that facilitates accurate sent deployment when deployed, which further
reduces stent malapposition. As we know, stent implantation often leads to suboptimal
results, e.g., the occurrence of strut malapposition, especially in cases of complex lesions
and other factors. The indentation resistance of auxetics enables a superior conformability
of stent struts to automatically match the vessel wall surface, allowing the stent to contact

the vessel surface perfectly without malapposition.
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(3) The auxetic microstructures can adaptively respond to different radial compressive
forces, making the auxetic stent have variable hoop strengths that allow the stent to adapt
complex shapes such as tortuous and clogged arteries easily. In response to large artery
size and small radial force, the auxetic stent will automatically change its shape, and it
will continuously expand outwardly and reduce its radial resistance force to avoid
malapposition. Otherwise, when the auxetic stent subject to a small artery size and large
hooping force, the stent will increase its structural stiffness and strength (due to
indentation resistance) to withstand an increased radial compressive force applied to the
stent from the vessel. The adaptive stiffness and strength provided by the auxetic stents

will help reduce the risk of ST and ISR.

(4) The auxetics can also improve stenting mechanical performance and reduce the
happening of stent fracture and enhance their ability to withstand fatigue and vibration,
because the NPR property can greatly improve the fracture toughness of structures. This

will also benefit a low incidence of restenosis.

4.1 Numerical homogenization method

X Y,

Macrostructure Microstructure

Figure 4-1 An illustration of homogenization
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The homogenization [123, 186] technique assumes that the design domain consists of a
periodic configuration of unit cells, which are much smaller than the bulk material in size.
A simple example about homogenization is illustrated in Figure 4-1. Based on that
concept, in this optimization work, the numerical homogenization method will be used to
roughly estimate the effective properties of the microstructures. For instance, the effective

elasticity tensor Djj;, can be calculated by:

rq rs rs

Dy, = ﬁ IQ (522’7) —& ) D,. (go(kl) —gW ) e, (4-1)

where i, j, k, [ and p, g, r, s are all used to denote 1, 2. Q is the design domain; |Q) is the
area of the design domain; Dy is the elasticity tensor of the base material; £, is the
test unit strain field, where (1,0,0)7, (0,1,0)7 and (0,0,1)” are used in two-dimensional

cases; ¢, is the locally varying strain field due to the application of the unit strain field,

which is defined by:

£ =, (u) = %(u“{; +ul)) .

prq p

By using the finite element method with periodic boundary conditions, the displacement

field u@ can be calculated by:

J‘Q(gouf‘) -, (u(if)))D & (v("’))dg =0, v\ eU(Q) (4-3)

rq p pqrs<rs

where v* is the virtual displacement field in U(€), which denotes the space of all the

kinematically admissible displacements in the design domain Q.
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4.2 Shell elements

Most stenting structures can be regarded as thin-walled structures. The thickness of most
stents is around 100 um, much smaller than sizes of width and length that are usually 4
and 10 mm, respectively. Therefore, the shell element is more suitable for approximating
structures of stents. A shear deformable shell element with four nodes is used in this
optimization model. Each element has four nodes, and each node has three degrees of
freedom wi, Oy, and 6yi, as shown in Eq. (4-4). This kind of element is more convenient
and accurate to capture the deformation of the thin-walled stenting structure. When
performing FEA, the element stiffness matrix is assembled by two parts, as illustrated in

Eq. (4-5): bending loads calculated by elasticity tensor D» and shear deformation

calculated by Ds.
T ow, ow,
=lw6.60. |, where . =—- and , =——— 4-4
ql [ 1 X1 yl] Xt ay Xt ax ( )
1 0
[D]—E—h3 /ll 0 and [D ]=kh (4-5)
o12(1-42) “ ’ ‘ 0 G
0 0 (1-p)/2

where E and G are Young’s modulus and shear modulus, respectively. u is Poisson’s ratio.

k is the shear energy correction factor, and 4 is the thickness of the shell element.

4.3 Optimization model and sensitivity analysis

In this optimization design, the objective of the design is to obtain a structure with both
auxetic behavior and the stiffness to support artery walls. Therefore, a concurrent

topology optimization strategy is used to design the auxetic structure in the microscale
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and meet the compliance requirement in the macroscale. Since the structure of a stent
should be composed of periodic unit cells in a scale that is much bigger than the real
microscale, the concept of multiscale in this optimization is a kind of heuristic model. In
this heuristic multiscale model, the auxetic property is still obtained in a microscale, but
the macrostructure is periodically composed of auxetic microstructures. The realization

and relevant sensitivity analysis will be discussed in this section.

4.3.1 Optimization model

Initially, the effective elasticity tensor of the microstructure is firstly calculated, and then
the Poisson’s ratio is evaluated based on the effective elasticity tensor. Then, the
objectives in macro and micro scales are calculated, respectively. After that, they are
normalized and assembled by weight factors. Meanwhile, the final sensitivity of
multiscale is obtained in the same way. Finally, X-PLSM is used to update the
interpolation coefficients and so the structural shape and topology. In this optimization,
the macrostructures are configured by a series of uniform microstructures. The overall

concurrent topology optimization using X-PLSM is formulated as:

Find agw,f(n 1,2,..,N)

Min  J(a)=mJ" " (o )+ W™ (2"

L] ) (o8 s

o (w02 (a2 o) (2 | e
se. v(at)=], H(@M (a))d2! -y <0
R S R R
o D)) o <B
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where the superscript ‘MA4° denotes the parameters in the macroscale, and ‘MI’ in the
microscale. The subscript & denotes the parameters in the curvilinear coordinates &/(¢, 7,
{). N is the total number of fixed knots in the micro design domain. The expansion
coefficients of the CSRBF interpolation @, are the design variables in the microscale,
ranging between o, and ). J is the equivalent objective function, comprised of the
macro compliance J*4 and micro Poisson’s ratio J*/, where W; and W> are corresponding

weight factors. V' is the volume constraint, and the upper limit is defined as V:*'. H is the

Heaviside function[128] used to denote void and solid materials, given by:

) " <-4
_ ur (@M 3
H((D;“)= 3(14@) CDZ _( 23) +1+2@ —AS@?HSA (4-7)

1 @?“>A

where @ is a small positive number to avoid the singularity of the element stiffness matrix,
and 4 is the width for the numerical approximation of H. J is the Dirac function which is
the derivative of the Heaviside function H, and it can be described as:
2
sa-e)f, ()

s(@))=1 44 S [0:|< 4

0 ‘cDéﬁ‘“‘>A

(4-8)

The elasticity tensor of that shell element is comprised of D» and Ds, as shown in Eq. (4-
5), and the target Poisson’s ratio is mainly related to Ds. Thus, the effective elasticity

tensor of the microstructure D/, (D%, Ds) is assembled by the effective D, and the
Yy y y g

constant Ds. After that, the global stiffness matrix KMfl in the macro analysis domain
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can be calculated by Djj,. Here, the optimized microstructure is defined as an isotropic or
orthotropic material. Thus, there are two Poisson’s ratios us and u2 defined in the micro
objective function, and they can be obtained by D/, D}Y, D5, which are specific values

of Djj;, as shown in Eq. (4-9).

=i () )

(4-9)
=D ()0 ()

In the above formulas, @:" is the level set function in the micro design domain Q¥ . It
can be calculated using spatial variables in the curvilinear coordinates (¢, 7, {) and time

variables ¢ based on the CSRBF interpolation in Eq. (4-10)

o' (&,1)=g!" (£) -al (1) (4-10)

The effective elasticity tensor Dj; can be obtained by the numerical homogenization

method:
g s
2 (o=, (127 D2 24—, 1) @12)

where D), is the elasticity tensor of the solid material; &), is the test unit strain field,
(1,0,0)7, (0,1,0)” and (0,0,1)” as for the 2D problem; ¢,, is the strain field related to the
displacement u:" , which can be calculated via FEA under the periodic boundary

conditions of the microstructure:

p pqrs<rs 4

Foo (o =5, (1)) L (2" ) 1 (@2 a2 =0, v <0 (@21 (413)

<

where w is the virtual displacement field. The bilinear energy and the linear load forms
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of the finite element analysis in the microscale can be described as:

' (u?’,wf’,af’ ) = jgy, & (ué‘“ )D’p’qrsg,’; (wg“ )H(@,?“ (O‘gl ))d[)é‘“ (4-14)

S

pars g

LIEH (nga“g1)=jgg4,5§(ij)l)b 5;1 (W?I)H(@éw (aMl ))d!)g“ (4-15)

The bilinear energy and the linear load forms in the macroscale can be described as:

FM4 (w2, w4, Dl ) = L?M &, (") DLy, (wii ) d 2 “16)
L (wi) = s pw!d Q! +_[QéWArw§4AdF§4A (4-17)

where p is the body force, and 7 is the traction of the boundary 73" in the macroscale.

4.3.2 Sensitivity analysis

Based on the above concurrent topology optimization model, the sensitivity of the
objective function can be obtained. Because of two scales, the sensitivity is divided into
two parts and calculated through the first-order derivatives of the objective functions with

respect to the expansion coefficients aue. The sensitivity in the macro scale is:

a1 5KM"(Df»’ D ("), D, )
aag/” :EJ.Q,;MA(”?A T - (aa;/l];ll( : ) ) uj;WAdQ;“
(4-18)
oD (DM (!
P

The effective elasticity tensor Dj,, contains two components, where Djj; is the function
of design variables and Dy is constant. Hence, the first-order derivatives of Dj;, can be
calculated by:

|
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oD}, (Djf (2).0,) aft

s — ijkl
MI MI
80{5 80{5

(4-19)

Then this sensitivity is utilized to calculate the first-order derivatives of Dj;; with respect

to the design variables. Based on the shape derivative, the first-order derivatives of Dj

with respect to the pseudo time ¢ is:
oD 1

ikl J‘ ﬂMI n
= v
R

(Vo) |s(@)acy" (420

v," in Eq. (3-19) can be substituted in Eq. (4-20):

aDgg _ 1 Ml _MI T5 ¢M1 dQMI M1 4-21
Py ‘QMI‘Igyzﬂcf 2" (&) ( : ) S |ae (1) (4-21)
5 <

The first-order derivatives of D;;; with respect to ¢ can also be calculated using the chain

rule:

oD apt
4

Comparing Eq. (4-21) and (4-22), the first-order derivatives of Djj; with respect to the
expansion coefficients cus: can be given by:
bH
0Dy 1

a0 (€) O[0! 423
¢

Based on Eq. (4-23), the sensitivity in the microscale is also obtained by:
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(4-24)

And the derivatives of the volume constraint with respect to the design variables can be

calculated by:

4.3.3 Numerical

ov

. MI M1
=0l & s(0 (a2
procedural
Microscale Macroscale
Calculate micro Compute the global
displacement fields ug’” st1ffness Kf based on
by Eq. (4-13) DPH, and Dy

|

b

Compute the effecuve
elasticity tensor Dukl by

Eq. (4-11)

Calculate the macro
displacement fields ug’m

}

Sensitivity analysis for
micro objective function
in Eq. (4-24) and volume

constrain in Eq. (4-25)

Sensitivity analysis for
macroscale by Eq. (4-18)

The value of objective function J and relevant
sensitivity are determined by weight factors

l

Update design variables by OC method

Figure 4-2 The flowchart of the concurrent topology optimization

Convergence?

‘ Output the optimal design |

(4-25)
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The flowchart of the proposed optimization method is given in Figure 4-2. At first, the
micro displacement fields " is obtained by solving the equilibrium equation Eq. (4-13).
Then, the effective elasticity tensor Dj; can be computed by using the numerical
homogenization method in Eq. (4-3). After that, the value of the micro objective function
JM'in Eq. (4-6) is calculated. The sensitivity of J*! and the volume constraint with respect
to design variables are obtained in Eq. (4-24) and (4-25), respectively. Simultaneously,
the effective Dj;; and the constant Dy are utilized to compute the global stiffness matrix
KMfl in macroscale, and then the macro equilibrium equation can be solved to get the
macro displacement field #" . The macrostructural compliance and the derivative of J*4
are then calculated by J¥4 in Eq. (4-6) and Eq. (4-18), respectively. Based on defined
weight factors W; and W2, the value of objective function J and relevant sensitivity can

be determined. After that, the OC method is adopted to update design variables. The loop

of the optimization is performed until the convergent criterion is satisfied.

4.4 Examples and discussion

The concurrent topology optimization is implemented with MATLAB to obtain the
micro-structured cellular composite structure with auxetic deformation. In the process, a
piece of thin-walled structure is adopted as the macro analysis domain, which is indicated
in blue color in Figure 4-3, subject to the loading and boundary conditions. The
displacement of the stent along the circumference is fixed, while two unit forces are
applied on the left and right edges in the axial direction. Meanwhile, the micro design
domain is indicated in red color in Figure 4-3. By considering the computational
efficiency and accuracy, the macro analysis domain is discretized by 30%30 shell

elements with four nodes, where each element has a unit length, height. The micro design
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domain is discretized by 5050 shell elements.

Macro

Micro

Analysis Domain * A= Design Domain

(A) (B)

Figure 4-3 (A) Macro analysis domain; (B) micro design domain
Coronary Stents are tube-shaped devices with close-cell units to keep the clogged arteries
open. Stents should have enough flexibility to accommodate turns or angles to adapt to a
range of different arterial shapes. Therefore, no matter what kind of coronary stents, most
of them have low volume fractions of materials. Different volume fractions in the
optimization can lead to different results. In this design, a 35% volume fraction is adopted
at first. The subsequent designs with smaller volume fractions will then be determined
based on the design result with 35% material. To discuss design results, two parameters

Mul and Mu2, are defined:
Mul=D' /D", Mu2=D}'[Dy (4-26)
where D}, D}y, D3 are specific values within the effective elasticity tensor.

4.4.1 The result of 35% volume

The optimization results with a 35% volume fraction are presented in Figure 4-4. Four
intermediate results are used to track the dynamic change of the structural boundary

during the optimization process, as shown in Figure 4-4 (B-E), while (A) and (F) are the
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initial design and the final result, respectively. Except for normal fluctuations from 10th
to 30th optimization iterations, the objective function steadily minimized to close zero,
and the convergence curve is shown in Figure 4-5 (A). The volume fraction of the
structure is also steadily converged to 35%. These results indicate that the proposed
method is robust. The changes in the two Poisson’s ratios during the process are given in
Figure 4-5 (B), where the results are Mul=-0.8180 and Mu2=-0.8120. The two ratios are
near ‘-1’ close to the design objective, showing that the method can effectively achieve
an auxetic design. However, the material distribution of the optimized structure is not
uniform. The connections between the center and four branches are significantly thinner
than other parts, leading to non-uniform distribution of radial force. It will easily cause
stent fracture at the thin connections, resulting in high incidences of ISR and ST. Besides
that, the central region of the structure is occupied by more than half materials without
any gap, which may block side branches of arteries. Therefore, a smaller volume fraction

of 25% is used to obtain a uniform material distribution.

(A)

© (D) (E)
Figure 4-4 The optimization of 35% volume fraction: (A) Initial design; (B—E) four

intermediate results; (F) final design.
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Figure 4-5 The convergences of 35% volume fraction

4.4.2 The result of 25% volume

(A) B) ©

© (D) (E)
Figure 4-6 The optimization of 25% volume fraction: (A) Initial design; (B—E) four

intermediate results; (F) final design.

The optimization process of the 25% volume fraction is then presented in Figure 4-6. The
convergence curves, similar to the design of 35%, can be found in Figure 4-7. The results
of two Poisson’s ratios are Mu/=-0.8209, and Mu2=-0.8179, respectively. Compared with

the result of 35% volume, in this case, the materials in the four branches and connections

|
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are better evenly distributed. However, the same issues still exist in the center of the

structure, although a small hole is generated.
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Figure 4-7 The convergences of 25% volume fraction.

4.4.3 The result of 20% volume

(A) B) ©

(@) (D) (E)
Figure 4-8 The optimization of 20% volume fraction: (A) Initial design; (B—E) four

intermediate results; (F) final design

After that, a 20% volume fraction is used, aiming to remove more materials from the
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centre position of the structure. The design results can be found in Figure 4-8, while the
convergence curves are shown in Figure 4-9. The results of two effective Poisson’s ratios

of the microstructure are Mu/=-0.8180 and Mu2=-0.8186.
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Figure 4-9 (A) The convergences of 20% volume fraction.

Macro

Analysis Domain

Figure 4-10 The final numerical design result

Hence, based on the comparison of these three designs, it can be seen all of them have
similar negative Poisson’s ratios at the circumferential and axial directions, and they are
all close to the design objective. Nevertheless, the material distribution in the design of
20% is more uniform than others. It can provide a radial force that is better distributed to

support vessels to prevent non-uniform expansion. The big hole in the center of the
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structure increases the stent gap to benefit blood flow from side branches of the arteries.
Although less cover rate of the stent can reduce the biological rejection, a reasonable
amount of materials can provide stronger and long-last support for the vessel and prevent
higher incidences of complications caused by mechanical failures of the stent. Therefore,

the third numerical design is adopted, as shown in Figure 4-10.

4.5 Numerical validation by ANSYS

In order to perform the simulation for the design, the geometry should be built based on
the numerical design result. Firstly, the numerical design result Figure 4-8 in MATLAB
is output as an STL type file. The STL file is then imported into the software SpaceClaim,

which is integrated into ANSY'S, to get the solid geometry for simulations.

Figure 4-11 The geometry of the optimized stent

As mentioned in the design strategy, the optimized structure consists of periodic
microstructures, but it is hard in practice to use microstructures with a very small scale
by considering computational cost and manufacturing challenges. It is reasonable when
considering the microstructures are actually independent of real dimensions but a relative
scale. Therefore, the stenting architecture is assembled with 24 unit cells in the
circumferential direction and 25 unit cells in the axial direction. Due to the use of the

shell element, the geometry is created as a cylindrical surface with a specified thickness,

|
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which can help reduce the computational cost. The geometry of the optimized stent
structure is illustrated in Figure 4-11. As the commonly used material in SE stents, Nitinol

is utilized for the optimized stenting architecture in the simulation.

4.5.1 Auxetic behavior

In that part, the compression and stretching tests are performed to validate the
deformation mechanism of the optimized stenting architecture. The results are illustrated
in Figure 4-12, where the grey outline wireframe shows the undeformed stent. With the
compression, the NPR behavior can be easily found, which shows the size of the
optimized stenting architecture becomes much smaller than the undeformed shape in both
circumferential and axial directions, which will benefit the deliverability of the stent. Due
to the stored strain energy from the elastic deformation, the stent structure can recover its
undeformed shape via expansions in all directions when the compressed sent structure is
released. Therefore, the auxetic deformation behavior can efficiently eliminate
foreshortening when deploying the stent. NPR behavior can also be demonstrated in the
stretching test. On the other hand, the conventional stent designs usually present the
deformation behaviors with positive Poisson’s ratios and will contract along the
longitudinal direction when expand along the radial direction to support the vessel. And
the foreshortening is an inevitable consequence for the conventional stent designs.
Besides that, the maximum equivalent stress in the validation model is 299.76 Mpa, much
smaller than the yield stress of material Nitinol that is usually greater than 600 Mpa.
Hence the new stenting structure has good strength to withstand circle loading in practice

and low the risk of failure fracture.
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Figure 4-12 (A) Compression test; (B) Stretching test

4.5.2 Simulation of inadequate expansion and malapposition

Stents without desired flexibility and conformability may experience inadequate
expansion and malapposition, further resulting in increased incidences of ST and ISR.
However, due to the deformation behaviors with positive Poisson’s ratios, most
conventional stents will contract along the longitudinal direction after expansion leading
to a decrease of flexibility along the longitudinal direction. Compared with the
conventional stents, the optimized auxetic stent can obtain an opposite deformation
behavior and increase the flexibility after deployment, which can help overcome the
above issues. Therefore, the stent simulation is to test these mechanical performances of
the optimized stenting architecture. The LS-DYNA within ANSY'S is utilized to simulate
the expanding process for the stent. By considering the computational cost, only a part of
the stent is illustrated to simulate the expansion of the stent to the target vessel with a big
plaque on the surface, as shown in Figure 4-13. From the result, it can be seen that the

stent adequately expands to cover the entire lesion and adaptively deforms to fit the shape
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of the vessel with no gaps around the plaque. As we know, the stent malapposition can be
described as gaps existing between the stent and the vessel wall. Hence, the current
simulation result can demonstrate that the optimized stent structure has excellent
flexibility and conformability to prevent stent inadequate expansion and malapposition.

Finally, all these benefits will help reduce the incidence of ST and ISR.

Q: Workbench LS-DYNA
Total Deformation
Type: Total Deformation
Unit. mm

Time: 8.e-002

80.012 Max
E .22
62.232

53.342

44451
35.561
= 26671
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I
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Figure 4-13 Stent expansion test

4.6 3D printing

The additive manufacturing (3D printing) technology is particularly beneficial to the
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fabrication of solid geometries with complex shapes. Topologically optimized
microstructures are often characterized by complex geometries, not compatible with most
conventional manufacturing techniques. Hence it is a natural choice to implement
topological designs with 3D printing methods. The designed stenting architecture
prototype is enlarged by 15 times and then was printed using the Stratasys J750 machine
at the ProtoSpace, the University of Technology Sydney. This machine can produce ultra-
smooth surfaces and refined features with layer thickness as fine as 0.014 mm to represent

the stent structure with auxetic microstructures.

(A) The printer Stratasys J750 (B) The stenting structure

Figure 4-14 The prototype of the optimized auxetic stent

Due to the limitations of the cost and lab equipment, metallic materials such as Nitinol
are not employed. A kind of plastic material is used as a prototyping validation to the
optimized design. The prototyping material is composed of 30% Vero and 70% Tango,
which can approximate the property of elastomer. The prototype is printed layer by layer
following the axial direction, as shown in Figure 4-14 (A). The prototype is supported by
a solid cylinder filled with the same material to avoid the structural deformation during

the printing. After that, the inside cylinder will be washed. The final prototype for the
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demonstration of the new stenting structure with 1.5mm thickness is shown in Figure 4-
14 (B). The testing and characterization of the auxetic SE stents with nitinol or other
metallic biocompatible materials are out of the thesis scope and will be conducted in

future work.

4.7 Conclusion

This chapter proposes a topology optimization method for the design of auxetic SE stents
to reduce the risks of ST and ISR caused by mechanical or procedural factors of SE stents,
such as inadequate stent expansion, stent fracture, stent foreshortening, and malapposition.
This design aims to reduce the incidence of ST and ISR of SE architectures, more from
the mechanical structural and procedural aspects than the biological material aspect.
However, the design factors of stents often influence the biological and even clinical
outcomes. The importance of between stenting architectures and biological safety in the
process of coronary artery disease has been shown in the study. The X-PLSM, in
conjecture with the numerical homogenization method, is proposed to establish a heuristic
multiscale topology optimization approach for seeking novel auxetic stenting structural

architecture. The main drawbacks of most current SE stents are expected to be avoided.

The numerical examples and simulations show that the topologically optimized structures
offer auxetic deformation that can enable the stenting structures automatically and
adaptively to deform (e.g., expansion). The unusual deformation mechanism will help
overcome the inadequate stent expansion, stent fracture, and stent malapposition,
particularly in SE stents. The auxetic structures can also miniaturize the catheter enclosing
the stent, which increases the deliverability of the stent system during the PCI procedure

and avoids the immediate injure of the vessel. The stenting structures can also supply
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variable hoop strengths that will adapt to different radial forces when the artery cross-
sectional shapes change. When the shape gets smaller, larger hooping strength, and vice
versa, the enhanced indentation performance. By the way, the auxetic structures will
normally have a better capability to absorb vibration energy. Moreover, the proposed
design optimization methodology and the auxetic cellular composite structures can also
be extended to other biomedicine implants, such as esophageal stents, biliary stents, and

femoropopliteal artery stents.
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Chapter S Hemodynamic optimization of auxetic stents

This chapter is mainly based on our research work: Design of Self-Expanding Auxetic

Coronary Stents by considering hemodynamics Using Topology Optimization. It is

about to be submitted to an international scientific journal, IEEE Transactions on

Biomedical Engineering.

The result of Chapter 4 shows that the application of auxetic property in stent design can
enhance stenting mechanical performances and reduce ST and ISR incidences. However,
apart from these mechanical factors, the adverse hemodynamic changes induced by
implanting stents are also associated with higher risks of stent thrombosis (ST) and in-
stent restenosis (ISR). It is another essential aspect and should be taken into account in

stent designs.

Although the associations between stenting structural characteristics and the induced
hemodynamic changes in coronary arteries have been widely studied, the developments
of associated optimization strategies are still very limited. One of the reasons is that most
related studies adopt size or shape optimization methods, which are strongly dependent
on the initial design variables and subject to the initial topology of the structure. The
optimized results consequently have limited improvements for the desired objectives.
Another reason is that it is hard to consider all the stenting structural characteristics
simultaneously by using the current optimization models. That is because a large amount
of design variables is needed to define the structural parameters by using size or shape
optimization methods, which significantly increases the difficulty of the optimization.

However, any stenting structural alteration can induce the change of the local flow
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environment. Only a few structural design variables cannot capture the real beneficial

design.

This chapter adopts the topology optimization based on PLSM to overcome the above
limitations and seek the optimal material distribution for the stent to minimize the adverse
flow reactions in the stented arteries. In order to associate the design variables with the
flow motions around the stent, a homogenized effective modify fluid permeability(MFP)
is proposed, where a Darcy-Stokes coupling system is established in the design domain
to describe the behaviors of the stent and fluid. Besides that, the design of auxetics and
the macroscopic stiffness are performed simultaneously to enhance the mechanical
performances. Thus, a multiscale topology optimization model with multi-objective is
proposed. Three design objectives in the multiscale are defined in the model: the auxetic

properties, the MFP, and the macroscopic stenting stiffness.

In this chapter, the assumptions are proposed to simplify the establishment of the topology
optimization design model. Then, the multiscale multi-objective optimization model is
established. After that, the optimized stent is numerically obtained and validated in the
commercial software MATLAB and ANSYS, respectively. Finally, both advantages and

disadvantages of the proposed optimization method are discussed.

5.1 Assumptions and design domain

5.1.1 Assumptions

The optimization design is established based on the simulations of both mechanical and
hemodynamic behaviors of the stent. The related mechanical simulation can refer to the

design in Chapter 4. As for evaluating the hemodynamic behavior of the stent in the
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arteries, blood flow needs to be simulated. However, the complex endovascular flow
environment and the interactions between blood, stent, and endothelial cells significantly
increase the difficulties of the fluid simulations. Although CFD provides an efficient way
to solve fluid motion equations, the complex blood flow model still leads to a very high
computational cost. That is why the stented hemodynamic studies usually use some
assumptions to simplify the computational model. As discussed in Chapter2, some
assumptions have been demonstrated that have small influences on the results and have
been widely accepted, such as adopting a steady flow state instead of a pulsatile one.
Therefore, some assumptions are also specified in this chapter to simplify the CFD model

to facilitate the optimization design.

Blood in the simulation is known as an incompressible fluid, so the Navier-Stokes (NS)
equations with incompressible conditions are utilized to describe the motion of blood flow.
Eq. (5-1) is the momentum equation; Eq. (5-2) denotes the incompressibility condition;
Eq. (5-3) is the no-slip condition on the boundary. The equations can help to have a clear

understanding of the assumptions for the fluid model.

ou :
pa—t+p(u-V)u—,uAu:—Vp+pg inQ, (5-1)
Vau=0 inQ (5-2)
u=0 onl, (5-3)

where Qr is a fluid domain with boundary I't. p and ¢ denote fluid density and viscosity,
respectively. u is the flow velocity; ¢ is time; p is the pressure. g is body accelerations
acting on the fluid, such as gravity and inertial, while pg denotes the external body force

vector. V, A and V- are the gradient, Laplacian, and divergence operators, respectively.
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In this optimization model, the assumptions can be divided into two different aspects.

One is related to the stenting structural characteristics, including the definition of the

design domain and the simplification of the stent structure. Another one is about the CFD

model, including fluid movements, boundary conditions, and material models.

(1) Assumptions related to the stenting structural characteristics:

a)

b)

It is assumed that the stent consists of periodic unit cells. All the unit cells share a
uniform structure. Compared with the stent dimension, each unit cell can be regarded

as a microstructure and consists of fluid material and solid material.

With this assumption, the effective properties of the stent can be achieved by
performing the numerical homogenization method for the microstructures, such as

the effective elasticity tensor and fluid permeability.

The stent is assumed as a rigid body in the CFD analysis.

It means no deformations of the stent are generated under blood flow. Thus, the

interactions between the stent and fluid are ignored.

The stenting geometry is assumed as a straight body with constant thickness and

uniformed horizontal cross-section profile.

Rather than cylindrical shape, the stent with a straight body was demonstrated as a
reasonable assumption in the CFD model [81]. Under the assumption, the three-
dimensional(3D) layout of the stent can be determined by the horizontal cross-section
profile, which can be defined as a two-dimensional(2D) design domain. Compared
with a 3D design domain, the amount of design variables is significantly reduced in

the 2D design region. It can save the computational cost consequently. The details of
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this assumption will be discussed in section 5.2.

(2) Assumptions of the CFD model:

a) Blood flow is assumed as an incompressible Newtonian fluid with a steady flow state.

Although blood exhibits non-Newtonian behavior in small branches and capillaries,
blood belongs to Newtonian fluid in most arteries, which means the viscosity x can
be a constant [70]. The pulsatile motion is another characteristic of blood flow, but
the steady-state assumption is demonstrated as reasonable in the related CFD model
and can help simplify the fluid flow behavior. It indicates that the inlet velocity of
the fluid is constant and does not change with time. Hence, the unsteady item in the

Eq. (5-1) can be neglected.

b) No-slip conditions are only assumed on the part of the outer boundaries of the design

domain.

In CFD models, no-slip boundary conditions are typically applied along the solid-
fluid interfaces and require updating at every optimization iteration. Thus,
penalizations are applied to the flow to simplify the constraints of solid-fluid
interfaces, where the nodal velocities of solid regions are forced to close zero.
Consequently, no-slip conditions along the solid-fluid interfaces in the design domain
are implicitly tied into the penalizations to the flow, and only parts of the outer

boundaries of the design domain require explicit no-slip constraints.

¢) The terms of convective and inertia in Eq. (5-1) are neglected.

The design domain is assumed located at an extracted horizontal cross-section of the

stent, where one of the periodic 2D micro patterns at that section is defined as the
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design domain. The extracted cross-section is a portion of a near-wall section that
very close to the endothelium cells of the artery. By regarding no-slip conditions
along the fluid-solid interfaces, the fluid velocity in the design domain is relatively
slow compared with other locations in the artery, and the inertial force of the fluid is
smaller than the viscous force. Although the CFD model for the hemodynamic
simulation is a 3D unit cell, only a thin layer of blood flow along the stent surfaces
is involved in the computational model, and the motion is also mainly affected by the
no-slip conditions long the solid-fluid surfaces. Hence, blood flow in the optimization

model can be further simplified as a Stokes flow.

Blood Flow

Figure 5-1 Flow pattern in the design domain

Besides that, the adverse hemodynamic influences of stents are mainly induced by
disturbing the local blood flow. Their relationship can also be well captured with the

assumptions of Stokes flow. An illustration of the stented disturbance under a Stokes
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flow is shown in Figure 5-1. It can be seen that the flow patterns are disturbed by the
obstruction of the strut, and the fluid motion behind the strut is mainly generated by
the influence of viscous forces, where a recirculation zone is formed. Although the
convective and inertia items in the Navier-Stokes equations are neglected, the stent
disturbance to the blood flow can still be detected in the simplified model. Hence,
the optimization of stenting hemodynamic behaviors can also be obtained under the

assumption of Stokes flow.
d) Constant pressure is assumed as the outlet condition of the fluid.

The orders of velocity and pressure are different in Eq. (5-1), and only the pressure
gradient exists. Besides that, the Eqgs. (5-2) and (5-3) are independent of pressure.
Hence, constant pressures are practically specified at some boundaries to obtain a

unique pressure field, such as zero pressure on the outlet of the flow domain.

5.1.2 Computational model and design domains

Based on the structural characteristics of the stent, different computational and design
domains are defined to reduce the design variables and save the computational cost. The
computational domain is a 3D region containing one stenting microstructure and the
surrounding blood regions. The design domain is a 2D region extracted from the
horizontal cross-section of the stenting microstructure in the computational domain and
consists of solid and fluid phases. The relationship between the two domains is presented

in the following.

As we know, in the stented segment of the artery, blood flows through the inner lumen of
the stent and fills the gaps between stent struts. The fluid is separated by the stent and
divided into different regions. Thus, a 3D computational domain based on one stenting
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microstructure is established to evaluate the flow changes around the stent, as shown in

Figure 5-2.

BLOOD
STENT REGION

Figure 5-2 The 3D computational domain

The computational domain has four regions, three blood regions with red colour and one
stent region with blue colour. In the middle of the domain, two layers are defined and
share the same thickness as the stenting microstructure. One microstructure of the stent
is defined in the stent region located at the bottom layer, while blood flows through the
whole top layer and fills the gaps between stent struts in the bottom layer. Hence, the stent
region is comprised of one stenting microstructure and filled with blood in struts gaps.
Besides that, another two blood regions with the same length are defined in the two ends
of the stent region to avoid the impact of the flow boundaries on the stent region, as shown
in Figure 5-2. Since the convective item is ignored for the fluid, various lengths of inlet
and outlet have a small effect on the fluid. The CFD simulation is then performed under

the loads and boundary conditions:

1) A constant inlet velocity of blood flow is specified on the left side of the domain.

2) The outlet boundary is defined as zero pressure located on the right side.

3) No-slip conditions are applied on both the top and bottom surfaces of the simulation

region; no additional conditions are applied for the solid-fluid interfaces due to the
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restriction for the flow in the solid regions.

As the assumption of constant thickness, a 2D horizontal cross-section profile is extracted
from the stenting microstructure and defined as the design domain. It is located at a near-
wall section in the stent region, where the bottom of the stent region is defined as the

endovascular wall.

When obtaining the velocity vector of the computational domain, the blood velocity field
in the design domain can be extracted to evaluate the specified index of the hemodynamic
changes, such as a modified permeability of the design domain defined in this thesis. The
design variables will then be updated via the updating algorithm, and the profile is
therefore updated in the design domain. After that, the material layout of the stent region
in the computational domain can be updated by the new microstructural profile. The
associations between the computational and design domains are consequently established.

More details about the modified homodynamic index will be given in section 5.4.

5.2 Darcy-Stokes model applied in the microscale

In order to perform the optimization for the mechanical and fluid behaviors of the micro
design domain simultaneously, the related simulations should be set up firstly, where two
issues need to be taken into account. One is the no-slip conditions along the solid-fluid
interfaces should be maintained. Another one is that the combination of element

interpolation functions for velocity and pressure in the CFD model should be stable.

As for the first issue, the application of the Darcy-Stokes approach in saturated porous
mediums [152, 187] provides an efficient way to deal with the moving-boundary no-slip

conditions for solid-fluid interfaces, where the solid region can be treated as a porous
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medium with flow governed by Darcy’s law and the fluid region is treated as Stokes flow.
After that, a single analysis model combined by scaling Darcy and Stokes equations can
be established. In the model, a penalization to flow in the solid region is taken by
assigning a low permeability to drive the velocity to close zero, and the no-slip conditions

along the solid-fluid interface are consequently not needed [187, 188].

Another one is a stability issue about the combination of element interpolation functions
for the velocity and pressure in both Darcy and Stokes flows. The velocity and pressure
are dependent variables but with different orders in either Darcy or Stokes flow. The
motion equations in each flow can lead to mixed pressure-velocity formulations, while
the incompressible condition arises a stability requirement for the combination of the
interpolation functions [189, 190]. However, not all combinations are stable [189, 191],
and it was demonstrated that the classic mixed combinations could produce oscillating
pressures [189] because Babuska-Brezzi or inf-sup conditions [192, 193] are unsatisfied.
Computationally, as the most convenient combination, the equal-order interpolations are
essential simplification techniques in this thesis but fail to satisfy the stability conditions.
In order to use equal-order interpolation functions for the combinations, the stabilized
mixed finite element methods proposed by Hughes et al. [189] is adopted for Stokes flow,
while the method proposed by Masud and Hughes [191] is adopted for Darcy flow. Both
stabilized mixed methods can help to circumvent restrictions of the Babuska-Brezzi

conditions

5.2.1 Stokes flow

Stokes flow, also known as creep flow, is usually used to describe a steady viscous fluid

flow with slow velocity, and the items of convective and inertia are not included in the
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momentum equations. As discussed above, the design domain of the optimization model
is defined as a microstructure of the stent and located at a near-wall section that closes to
no-slip boundaries, where the effect of viscous forces is larger than the inertial forces. It
is possible to regard the fluid as Stokes flow in the design domain. Besides that, Stokes
flow is also suitable for the simulation of the flow in small length-scales. Therefore, the

blood flow behavior in the micro design domain is consequently assumed as Stokes flow.

The hemodynamic optimization for the stenting structure is to minimize its adverse effect
on the blood flow. In other words, the optimization aims to seek the material layout of the
stent to reduce the stent-introduced disturbances and recover the flow patterns, and finally
facilitate the blood flow through the stented segment. To some extent, although the
assumption of Stokes flow simplifies hemodynamic behaviors in the design domain, the
disturbances of the stent under the blood flow are not changed and can also be detected,
which can be demonstrated in Figure 5-1. Hence, the fluid flow model under that
assumption can also capture the disturbances caused by the stent and, consequently, set
up the base of the related hemodynamic optimization model. Moreover, Stokes equations
are a linearization of the Navier-Stokes equations, thus reducing the computational cost.

Typical equations of Stokes flow can be given as the following:

pAu=Vp—f inQ,

V-u=0 1mnQ, (5-4)

u=0 onl;

where the Eqgs. (5-4) are directly simplified from the NS equations, and f is the external

body force vector. In order to perform stable finite element analysis by using equal-order
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interpolation functions for the velocity and pressure, a Petrov-Galerkin formulation
proposed by Hughes et al. [189] is adopted as a stabilization technique for Stokes flow,

and the matrix form is given by Eq. (5-5).

el &
L+G’ M, |p| |H,

where the subscript ‘s’ emphasizes Stokes flow. u and p denote velocity and pressure
vectors, respectively. Ksis the viscosity stiffness matrix; Gs is the gradient matrix; Gs is
the divergence matrix; Ls is the consistency matrix; Ms is the stabilization matrix; Fs and
H; are the nodal forces obtained from body forces and boundary conditions. More details

about the definitions of these matrices are discussed in [189].

5.2.2 Darcy flow

Darcy flow usually describes the flow of a fluid through a porous medium, derived from
the NS equations by the homogenization method [194]. The defined design domain
consists of solid and fluid material. In order to combine the two material phrases into a
single finite element system, the solid regions can be treated as porous mediums govern
by Darcy flow, where the nodal velocities are driven to close zero. After that, the no-slip
conditions along the solid-fluid interfaces are tied into the Darcy flow, and related
additional restrictions are not needed anymore. Typical equations of Darcy flow can be

given as the following:
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u =—£(Vp—f) inQ,
7

V-u=0 inQ, (5-6)
u=0 onl;
A stabilized mixed finite element method with no mesh-dependent for Darcy flow

proposed by Masud and Hughes [191] is adopted to combine the interpolations of velocity

and pressure fields. The stabilized matrix form for Darcy flow is given by:

ot o)l 5
G, M, |p H,

where the subscript ‘d’ indicates the matrices defined for Darcy flow. u and p denote
velocity and pressure vectors in Darcy flow. F4, and Ha are nodal forces similar to the Eq.
(5-6). Ka is the viscosity stiffness matrix whose interpolation function is different from
Stokes flow; Gq is the modified gradient matrix; Gyis the modified divergence matrix;

Ma is the stabilization matrix. All these element matrices are computed in [191].

5.2.3 Darcy-Stokes coupling

To simultaneously optimize mechanical and fluid behaviors of the micro design domain,
a single finite element system mixed by Darcy and Stokes flows is used. In the coupling
system, the solid phase is governed by Darcy’s law, and the fluid phase is Stokes flow.

The stabilized matrix form for Darcy-Stokes coupling is given by:

K -G F
Gds Mds P Hds
where the matrices in the Darcy-Stokes system are combined within the level set method
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as the following interpolation:

K, (x) = 4{H (@ (x))K, +[1-H (0(x)) K, |

Gy (x)= A{H (0(x))G, +[1-H(®(x))]G,}
(5-9)

Gy, (x)=4{H (2(x))G] +[1-H (o(x)) |(L,+G! )}

M, (x) = 4{H (@ (x))M, +[1-H (0 (x)) ], |

where A is the standard finite element assembly routine. The subscript ‘ds’ denotes the
matrices defined in the Darcy-Stokes coupling system. H(®(x)) is the Heaviside function
[128] of the level set function ®(x) at the design point x. It indicates solid elements have

Darcy stiffness, while void elements have Stokes stiffness.
5.3 Homogenization of the stent properties

As the geometric simplifications are discussed in section 5.1, the stent is assumed to
consist of periodic uniform microstructures. One of them is simplified as a straight body
with a constant thickness and is defined in the 3D computational domain, which is
established in section 5.2. A near-wall horizontal cross-section profile of this
microstructure is extracted and defined as the 2D design domain. The numerical
homogenization method is used for the 2D micro design domain to compute the
homogenized effective elasticity tensor for the macro stenting structure and modified

permeability tensor for the macro stent structure filled with fluid.
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5.3.1 Homogenization of elasticity

The micro design domain consists of solid and fluid material. When performing the
numerical homogenization method for the stenting microstructure, the solid material has
normal material properties, while the stiffness of the fluid material is weighted by a small
positive number to avoid the singularity of the element stiffness matrix. The effective
elasticity tensor D of the stent in the macroscale can be obtained by the linear elasticity

law, as seen in the Eq. (5-10).
c=D"¢ (5-10)

where ¢ and € are the stress and strain fields of the macroscopic stenting structure,
respectively. The effective elasticity tensor D}, can be calculated in the 2D micro design

domain via numerical homogenization, as the following:

M e 1

pqrs Pq Pq

where Y is the micro design domain and denotes one unit cell of the stent, and |Y] is the
area of the cell. i, j, k ,/=1, 2. Dpgrs 1s the elasticity tensor of the solid material in the design
domain. &) is the test unit strain field, where (1,0,0)7, (0,1,0)” and (0,0,1)” are usually

used in 2D models; ¢, is the locally varying strain fields and defined by:

o 1 ou’  ou’
B = At (5-12)
2oy, Oy,

By assuming the virtual displacement field v in U,(Y), the kinematically admissible
displacement space comprised of periodic Y, the displacement field ' can be calculated

via FEA by applying the periodic boundary conditions for the unit cell, as following:
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[ (£ &) (u)) D, (V) ay =0, ¥ e, (¥) (5-13)

pgrs —rs

The 2D biomaterial with square elastic symmetry is considered in the model. However,
some desired performances of the stent in both mechanical and fluid aspects may achieve
a stenting layout with different properties in longitudinal and circumferential directions,
for example, no foreshortening when stent expanding, and struts orientated to flow
direction leading to a reduction of transverse flow. Therefore, it is defined that the
effective stiffness matrix of the material has four independent components where the two

Young’s modulus in the two main directions, as the following form:

Dy D; 0
D"=|D DI 0 (5-14)
0 0 D}

The auxetic properties can be obtained by the design of negative Poisson’s ratios(NPR).
Hence, two Poisson’s ratios Mul and Mu?2 in two directions are defined for the related
design objectives in this study, and the calculations of the two Poisson’s ratios are shown
in Eq. (5-15).

Mul=D} /D!

(5-15)
Mu2 =D/, /D3

5.3.2 Homogenization of modified fluid permeability (MFP)

A typical permeability in fluid mechanics is usually used to quantify the ability of a
porous material to allow fluids to pass through it. The permeability of a porous medium

is mainly determined by the porosity, pore shapes, and their distributions. In other words,
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the medium with higher permeability can allow the fluid more easily and rapidly to move
through it. As for minimizing the stenting hemodynamic alterations, the fact of the related
optimization is to reduce the obstructions of stents on the blood flow. Thus, permeability
can also be applied to measure this obstruction from the stent. Since blood flow is on the
top of the stent layer, not across through the stent region, as shown in Figure 5-2, a
modified permeability (MFP) is proposed to quantify stenting obstructions. At first, a
typical permeability in fluid mechanics is presented, and then the MFP is following

derived.

The homogenization method applied in the Stokes equations can derive Darcy’s law to
describe an incompressible viscous fluid through a porous medium from the macroscopic

[195], where the derived Darcy’s law is typically given by:
1 on
U=——K"(Vp-f) (5-16)
U

where U is the vector of average velocities. 1 and f are the viscosity and the external body
force, respectively. Vp is the pressure gradient. K is the effective permeability tensor
and can be numerically computed in the microstructure via the homogenization method
[152]; the calculation of a typical permeability can be formulated as:

K" =[K}']= ﬁ(w@ )T K, w! (5-17)

where the effective permeability tensor KH is assembled by the components K; along the
main direction. w is the velocity vector solved in the above Darcy-Stokes coupling system
for the microstructure via Eq. (5-8). Kaqs is the Darcy-Stokes viscosity matrix defined in

Eq. (5-9).

92



Hemodynamic optimization of auxetic stents
I ——

After that, a modified permeability tensor is proposed for the 2D design domain. The
formulation of the modified permeability can be derived from the Eq. (5-17) and defined
as:

Kl =[Klh ] = (i) Kwe) 5-19)

Yool

where the subscript ‘2D’ denotes the extracted 2D design domain. K3, is the modified
effective permeability tensor. wap is the velocity vector at the 2D design domain extracted
from w, which is calculated in the 3D computational domain. K;; is the Darcy-Stokes
viscosity matrix defined for the 2D design domain and derived from the mixed viscosity
matrix Kgs. The velocity vector wap contains two directional components: one is along
the blood flow direction, and another one is vertical to the blood flow, so the components
in the modified permeability are associated with these two directions in the design domain.
Hence, the effect of the stenting obstruction can be reduced by restricting the permeability
value in the vertical direction to facilitate blood flow in the main direction. And then, the

purpose of hemodynamic optimization for the stent can be achieved.

5.4 Optimization model and sensitivity analysis

In order to perform the proposed multiscale multi-objective topology optimization design
for the stent, the numerical model should be established, where the relationship between
the optimization objectives and the design variables needs to be derived. As discussed,
the computational and design domains are different, so the different objectives have

different associations with the design variables. They will be presented in the following.

The design objectives in respect of mechanics are auxetic properties and stent stiffness or
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compliance. Since the stent is assumed as a straight body with constant thickness, both
mechanical objectives can be equivalently evaluated by the horizontal cross-section
profile of the stent. Hence, these two objectives can be directly obtained in the 2D design
domain. However, in respect of the hemodynamic objective, the MFP needs to be
calculated in the 3D computational domain. Thus, the related 3D CFD model should first
be established based on the updated design variables in the 2D design domain. After that,
the association between the hemodynamic objective and design variables can be built,

and the related sensitivity analysis can be further derived.

5.4.1 Optimization model

The numerical optimization design starts from the initialization in the 2D design domain,
the boundary of the design domain is parametrized by the level set function, and the
expansion coefficients of the CS-RBF interpolation in the level set function (the implicit
design variables) are defined, which can be used to determine the structure shape and
topology. Then, the three objectives will be computed in two aspects simultaneously. In
respect of mechanical objectives, the effective elasticity tensor of the microstructure is
calculated by the numerical homogenization method, and the Poisson’s ratios are the
following obtained. Besides that, the macroscopic compliance of the stent can also be
computed by the homogenized elasticity tensor. In respect of the fluid design objective,
the 3D computational domain is firstly established based on the initial 2D design domain,
where the material distribution of the 3D microstructure of the stent is determined by the
2D profile in the design domain, and the surrounding blood regions are specified same as
the initial definition in Figure 5-2. Thus, the computational domain is solved by the

coupled Darcy-Stokes system, and the velocity vector of the 3D fluid model is achieved.
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After that, the velocity field of the 2D design domain is extracted from the 3D fluid model
to calculate the modified permeability. Until now, all three objectives and related
sensitivities are obtained. They are then normalized and assembled by weight factors.
Based on the sensitivity of the assembled objectives, the OC method is used to update the
expansion coefficients of PLSM to get a new structure layout. The proposed multiscale

topology optimization model for the microstructure of the stent is formulated as:

Find a (n=12,..,N)
Min  J(ayp )=WJ}" (e )+ W} (e )+ W™ ()
:WI((Mu](aZAg)H)z+(Mu2(a§”D’)+l) )+W (K2 (o)
3 1) o 2 |

St V(ak)=] , H(@" (e))dl -V <0 (5-19)
F (i wit ) = 1 (wit a2 ), % it €T (22
Fyl (w3n o3 vin i a0 ) = L (vin 43 ), ¥ Vi a3 €U (235
Fy (uly! wi Dy ) = Ly (whe! ), ¥ iyt €U (231')

a2D,min - aZD,n - aZD,max

where the superscript “MA” denotes the parameters in the macro scale, and “MI” in the
microscale; the subscript “2D” denotes the parameters in the 2D micro design domain,
and “3D” in the 3D computational domain. N is the total number of fixed knots in the 2D
micro design domain. The expansion coefficients of the CSRBF interpolation os, , are
the design variables in the design domain, ranging between a5y, and o5p,.. J is the
equivalent objective function, comprised of the micro auxetic property(Poisson’s ratios)
Ji', MFP J;', and macro compliance J¥4, where Wi, W>, W3 are corresponding weight
factors, and the sum of them equals to “1”. The subscript “4” and “P” denote auxetic and

permeability, respectively. K, is the MFP, and K35 denotes the components in the
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vertical direction. V' is the volume constraint, and the upper limit is defined as V75;'. The
volume constraint is applied to the 2D micro design domain. It can also be transformed
as the constraint for the 3D computational to control the 3D microstructure volume. The
details of the equations for the bilinear energy F and the linear load L will be given in the
following. H in the volume constraint is the Heaviside function used to denote void and
solid material in the 2D design domain, and also used to identify fluid and solid in the 3D

computational model, given by:

O o) <A
3
3(1-0)| 2 (23) | 146
H(@%I): (4 ) ZD_( j;) +— —ALSDY <A (5-20)
1 @) > A

where @ is a small positive number to avoid the singularity of the element stiffness matrix
when calculating the mechanical properties for the stent structure, but it becomes zero
when doing CFD in the computational design domain and denotes fluid material. 4 is the
width for the numerical approximation of H. ¢ is the Dirac function, the derivative of the
Heaviside function H. It will be used for the sensitivity analysis for the numerical
optimization model and can be described as:

3(1-0)[,_(25)

s(om)=1 44 s 35 < 4

0 @35 | > 4

(5-21)

The MFP in the design model related to the design variables can be obtained by:
K2 (@) =[ Kl (@)= o (W) K2 (87 (@38 () ) Wi (5-22)

Ml
2]
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where the velocity vector wzp is extracted from the velocity vector ujp, (13, ), which is

calculated using the following momentum equation in the 3D computational domain.
Mi MI Ml MI MI MI MI MI Mi
Fyp (u3D s PspsVsp>Y93p - %p ) =Ly, (V3D »4s5p ) (5-23)

where v}, and p3, are the boundary conditions defined by the blood flow through the

stent. The momentum equation (5-23) can be rewritten by a matrix form and given by:
K, (#") G (#') | u(uip)| | Fa(wi) 520
GL(H") M, (H")|p(p)| |Ha(asm)

where i denotes the Heaviside function H applied to the Darcy-Stokes coupling in the

CFD model, and @ in /' is equal to zero to identify fluid material in the design domain.

The effective elasticity tensor Dﬁf-,c, used for the evaluation of the mechanical properties in

the optimization model can be calculated by:

1 ij * ij *
Dy ()= 2] o (60 =5, (1)) Dy (24 =2 (1)) 11 (25 (025 )) 22 (5-25)
2D
where Dpgrs is the elasticity tensor of the solid material; &), is the test unit strain field,
(1,0,0)7, (0,1,0)” and (0,0,1)” as for the 2D problem; ¢,, is the strain field related to the

displacement u2p, which can be calculated via finite element analysis using the periodic

boundary conditions of the microstructure in the design domain:

jQMI(gO(’”—g* (u;‘ﬁ("f)))D &, (win ™ ) H (038 )d 2l =0, ¥ weT(238) (5-26)

Pq Pq pqrs —rs

where w is the virtual displacement field. The bilinear energy and the linear load forms

of the finite element analysis in the design domain can be described as:

97



Hemodynamic optimization of auxetic stents
I ——

() =] o ) Dy () 1 (03 (a2l 520
Ly, (W;WD[» ap ) = J‘ w 3;(11) (uZD)qumSZI (Wg/[D[ )H(QzMD] (azD ))dgzMDI (5-28)

Y,
QZD

The bilinear energy and the linear load forms in the 2D macroscale can be computed by:

F;AgA (u2D W ’ng) = JQMA &y (u2D )Dyklgkl (WZD )d-QzAgA (5-29)
Ly (win) = o PP AL+ jgw cwid i (5-30)

where p is the body force, and 7 is the traction of the boundary I3, in the 2D macroscale.

5.4.2 Sensitivity analysis

The sensitivities of the objective functions can be derived to quantify small perturbations
of the design variables on the values of the objective functions. It supports updating
algorism in the optimization model to alter the structural material layout in the design

domain to obtain the desired objectives.

Based on the topology optimization model established in the Eq. (5-19), the sensitivities
of three objective functions can be calculated, respectively, via the first-order derivatives
of the objective functions with respect to the expansion coefficients a>,. The sensitivity

of the macro compliance of the stent in the macroscale is computed by:

oM™ 1 r( MA)GD;L((Z%)
D

= G (ury ) d 2 (5-31)
¢

daly  2a

Based on the shape derivative, the first-order derivatives of the effective elasticity tensor

Dy, with respect to the pseudo time t is:
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oD’

o ﬁ Jo B (Vi) | (@it )a 2l (5-32)
2D
= (20—, (1)) D, (20 () (5-33)

V" can be determined in the parametric level set function that can be referred to the

discussion in Chapter 3 and substituted in Eq. (5-32):

oD, 1 :
ai]kl: A jg%, Bogor (x) 8(@yy )de2y |, (1) (5-34)

The first-order derivatives of Djj, with respect to ¢ can also be obtained by the chain rule:

oD, oDy, .
—a;"’ = —aa;{; an (1) (5-35)
2D

Comparing Eq. (5-34) and (5-35), the first-order derivatives of Dj;,, with respect to the

expansion coefficients a5, can be obtained as:

oDl 1 ,
aaﬁ‘g :\Qﬁff \IQM oo (x) 8(@ip)de2; (5-36)

Therefore, the sensitivity of the objective J¥4 can be achieved by substituting Eq. (5-36)
into (5-31). Since the sensitivity of the objective J;" is also based on Eq. (5-36), it can be
calculated by:
2 2
o't o(Mul+1) o(Mu2+1y o(Di/D{+1) o(Df/Dj+1)

_ . - + 537
oay oay oasy oasy oasy (5-37)

The sensitivity of the MFP can be derived for the Darcy-Stokes coupling system in the

3D computational domain, so the first-order derivatives of Kj, with respect to the
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expansion coefficients o, can be given by:

st oKL (ay)
aaMl = aaM[ (5_38)
2D 2D

where the sensitivity of the MFP can be further calculated by the application of the

Heaviside function / in the fluid-solid coupling system:

oK (o)t 7 OK () .
S ) o o

(5-39)
1 AT v .

= o (W) 238 ()07 (@352 K wigaszy
| P

As discussed, the volume constraint is only defined in the 2D design domain, which can

further control the 3D microstructural volume. Hence, the sensitivity of the volume

constraint can be only considered in the design domain and calculated by:

v M T M Mi MI
aaéMD] = 2 Dop (x) 5(¢2D (aZD ))d‘QZD (5-40)
After that, all the sensitivities of the three objective functions are obtained. The non-
dimensional sensitivities are calculated by Eq. (5-41) and assembled by the specified

weight factors, which is advantageous to the sensitivity of the original objective in multi-

objective optimization issues [196].

oJ,
oJ., = - i e(1,2,3 5-41
i ‘ajimax Le ( ) ( )

where i denotes the defined three objective functions.
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5.4.3 Numerical Procedure

A flowchart of the multiscale multi-objective optimization model is created to illustrate
the numerical procedure, as shown in Figure 5-3. The numerical topology optimization is
simultaneously performed in multiscale. It starts from the initialization in the 2D design
domain to define the design variables. By applying the numerical homogenization method
in the design domain, the micro displacement field u3, is calculated in Eq. (5-27). The
effective elasticity tensor D}, can be further obtained in Eq. (5-25) based on the test strain
field and u’, . After that, the objective function JY" 1is calculated, and the related
sensitivity can also be computed in Eq. (5-37). On the other hand, the homogenized
effective elasticity tensor is transferred into the 2D macroscale. By using D}, the macro

displacement filed u5; is calculated, and the macroscopic compliance J*4

is following
obtained. Then, the sensitivity of J*4 is derived in the Eq. (5-31). At the initialization
stage, the 3D computational domain for the stenting microstructure is simultaneously
established based on the initial design variables. The velocity filed u3, is computed via
the Darcy-Stoke coupling system in Eq. (5-24). Thus, the velocity field in the 2D design
domain is extracted from u5,, and then the MFP K3, of the 2D design domain can be
calculated in Eq. (5-22). The related sensitivity is obtained in Eq. (5-39). Until now, all
three objective functions and related sensitivities are achieved. In order to take advantage
of each design objective function, three non-dimensional sensitivities for the objective
functions are transformed in Eq. (5-41). Then, objective J and related non-dimensional
sensitivity are assembled by weight factors, respectively. The design variables are then

updated by adopting the OC method. The loop of the optimization is performed until the

convergent criterion is satisfied.
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Figure 5-3 The flowchart of the topology optimization

5.5 Examples and discussion

The numerical optimization is implemented with software MATLAB 2018b to obtain the
uniform microstructure for the stent. The multi-domain involved in the optimization

model is illustrated in Figure 5-4.
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Figure 5-4 Multi-domain of the numerical model

From the figure, we can see three domains are defined in the model. The stent is expanded
as a 2D structure defined as the macro analysis domain consisting of 20x20 uniform
microstructures. The macrostructure of the stent subjects to the boundary and loading
conditions, as shown in the figure. The vertical degree of freedoms of the stenting top and
bottom edges are fixed, and horizontal unit displacements are applied on the left and right
edges. One of the uniform stenting microstructures is then defined as the micro design
domain regarded as the optimization design object. The micro design domain can be
further treated as the constant 2D horizontal cross-section profile of a 3D stenting
microstructure. Based on the 3D microstructure, a 3D micro computational field is
established for the related CFD analysis. In that 3D domain, a scaled velocity of blood
flow is specified as the inlet condition, while the zero pressure boundary is defined as the
outlet condition. By considering the computational efficiency, a square element with four
nodes is adopted to discretize the 2D micro design and macro analysis domains. In

contrast, an 8-node brick element is used in the 3D micro computational field.
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In the optimization model, the multi-objective is obtained by three weighted optimization
objectives. Various combinations of the three weight factors can lead to different results.
Besides that, the contribution of each weighted objective to the optimization result is also
unknown. Hence adoptions of the three weight factors should be investigated. Some
structural characteristics as the following can be utilized to evaluate the impacts of the

three optimization objectives on the optimization results:

a) The MFP optimization aims to reduce the vertical flow to facilitate blood flow
through the stented segment. Hence, more contributions to the optimization will lead

to fewer obstructions along the flow direction.

b) The structure with auxetic properties exhibits NPR. Thus, more contributions to
auxetic optimization leads to lower Poisson’s ratios, presenting more significant
degrees of re-entrant features, chiral characteristics with larger rotation angles, or the

generation of thin connections between struts.

c) The larger weight factor for macroscopic compliance optimization leads to more
material assigned along the direction of loads against the external deformation.
Besides that, the consideration of macroscopic compliance can also lead to more

uniform structures.

Since the adoptions of the weight factors and volume fraction can impact the optimization
results, two kinds of studies are defined to investigate their influences. In the first study,
the volume fraction is constant, and the combinations of the three weight factors are
various. After the weight factors are determined in the first study, they will be used for

the second study to investigate the impacts of different volume fractions.
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5.5.1 Studies of three weight factors

In the first study, the volume fraction is specified as 30%. That is because stents with too
much material can induce strong biological rejections and may block blood flow. Thus,
stents usually have small volume fractions. Although there is no exact benchmark for the
volume fraction, an approximate volume fraction in the first study is enough to investigate
the influences of the weight factors. In the first study, three optimization series are
established to analyze the contributions of the three weight factors to the optimization
results. To identify the three series, the letter “A, B, C” are used. In each optimization
series, eight cases are defined that the value of one weight factor is varied in a range from

10% to 80% while keeping equal amounts for others.
1) The results of varying W3

W3 is the weight factor for the optimization objective of macrostructural compliance. The
optimization of varying W3 in the range of 10 - 80% is defined as series A. The optimized
microstructure and the related 3x3 arrays architecture in the 8 study cases are summarized
in Table 5-1. As for each result, the design domain is filled with two material phases: the
black colour denotes the solid material, and the red colour denotes the fluid. In order to
identify different structural characteristics, the struts along the vertical direction are
named vertical struts and orienting to the blood flow are named horizontal struts. For

example, in case A-3, there three vertical struts and two horizontal struts.

In the results, the re-entrant features introduced by the auxetic optimization are formed to
connect the struts when W3 is less than 40%, but more weak connecting struts also occur
as the decrease of 3, such as the cases A-1, 2. These structures with thin struts cannot

provide enough stiffness to support the arteries. In contrast, when W3 is equal or greater
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than 40%, nearly all material concentrates along the horizontal direction, the same
direction of deformation condition, as shown in Figure 5-4. On the other hand, the MFP
optimization can guide the material mostly assigned along the blood flow direction,
leading to fewer obstructions. It can be found that all the results in the series A exhibit
large fluid spaces in the middle regions of the microstructures and create openings in the
inlet sides. All these structural characteristics can reduce obstacles to the blood flow.
However, both the effects of W> and W3 can lead the material to more consents to the
horizontal struts. It cannot identify which one has more contributions to the optimized
results. In series A, the different W3 results indicate a variation trend of the structure that
the material in the design domain will concentrate along the vertical direction as the
increase of W3. Among that, the value of W3 around 30% may obtain a structure with the

uniform material distribution.

Table 5-1 The results of various weight factor ;s in a range of (10-80%)

Wi-Wr-W3 (%)

(Series A) Microstructure Microstructure (3x3)

45-45-10
(A-1)
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40-40-20
(A-2)

35-35-30
(A-3)

30-30-40
(A-4)

25-25-50
(A-3)

20-20-60
(A-6)

107



Hemodynamic optimization of auxetic stents
I ——

15-15-70
(A-7)

N . .

(A-8)

2) The results of varying W

W: is the weight factor for the optimization objective, the vertical MFP. The optimization
of varying W> in the range of 10 - 80% is defined as series B. The optimized
microstructure and the related 3x3 arrays architecture in the 8 study cases are presented
in Table 5-2. The results show that the solid material concentrates more on the two
horizontal struts as the increase of W2. When - is equal or greater than 40%, nearly all
material is assigned to the horizontal struts. When W2 is less than 40%, the vertical struts
are formed under the impacts of W;and W3, exhibiting re-entrant features and uniform
material distributions. However, most vertical struts will gradually disappear as the

increase of Wo.

Another significant effect of the design of MFP is that the positions of the vertical struts.
Under the consideration of MFP, three vertical struts exist in the results of cases B1-3.

|
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As the increase of W2, the two vertical struts beside the horizontal struts will move from
the left side to the right, resulting in a large fluid space behind the inlet side and facilitating
blood flow. Only one connecting vertical strut exists between the two horizontal struts,
which can significantly reduce the blood flow obstacles. On the other hand, the position
of this short vertical strut only occurs in the inlet edge or outlet edge. Its position will
finally move to the outlet edge as the increase of >, leading to an opening at the inlet.
Overall, in series B, as the increase of W>, the vertical struts will become thinner, and
more solid material will be assigned along the flow direction. Most vertical struts will

disappear when 172 is equal to or greater than 40%.

Table 5-2 The results of various weight factor W in a range of (10-80%)

Wi-W-W3 (%)

(Series B) Microstructure Microstructure (3x3)
45-10-45

(B-1)
40-20-40

(B-2)
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35-30-35
(B-3)

30-40-30
(B-4)

25-50-25
(B-5)

20-60-20
(B-6)

15-70-15
(B-7)
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10-80-10
(B-8)

3) The results of varying W;

W1 is the weight factor for the auxetic optimization objective. The optimization of varying
Wi in the range of 10 - 80% is defined as series C. The optimized microstructure and the
related 3x3 arrays architecture in the 8 study cases are presented in Table 5-3. In the table,
when Wi is less than W2 and W3, the solid material in the design domain is mainly assigned
to the horizontal struts. When W; is greater than 30%, re-entrant features begin to be
generated as the increase of W;. When W is equal to or greater than 50%, the topological
changes of the structure begin to be driven by W7 as its increase, exhibiting more thinner
connecting struts appear in the optimized structures, such as the cases C-5 to C-8. Among
the results, the case C-4 shows a balance between the three weight factors. In a word, in
series C, when the factor greater than 30%, the structure gradually generates more features
to enhance the property of NPR as the increase of ;. However, more thin struts are

formed when Wi is equal to or greater than 50%.
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Table 5-3 The results of various weight factor W; in a range of (10-80%)

Wi-Wa2-Ws3 (%)

(Series C) Microstructure Microstructure (3x3)

10-45-45
(C-1)

20-40-40
(C-2)

30-35-35
(C-3)

40-30-30
(C-4)
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50-25-25
(C-5)

60-20-20
(C-6)

70-15-15
(C-7)

80-10-10
(C-8)

4) The results of varying combinations of W; and W;

In the above three series studies of the weight factors, the impacts of the three

optimization objectives on the structural changes can be summarized as follows. (1) The

113



Hemodynamic optimization of auxetic stents
I ——

optimization of auxetic properties introduces re-entrant features and thin connections. (2)
The optimization of MFP leads to thinner vertical struts and drives the solid material to
concentrate along the flow direction. (3) The design for the stenting macroscopic stiffness

can concentrate the solid material along the load direction.

Among the results, when W3 is greater than 30%, the solid material is mainly assigned to
the horizontal struts, as shown in results A-4 to A-8, C-1 to C-3. However, when W3 is
less than 30%, the material distributions will become non-uniform and more thin
connecting struts, such as the results A-1, A-2, C-5 to C-8. Thus, the value of W3 equal to

30% may lead to more uniform material distributions, such as the results A-3 and C-4.

In respect of the MFP optimizations, the effects of > are similar to 3. Both of them can
drive the material to be assigned to the horizontal struts. In series B, the trend of the
structural changes may under the influences of both > and W3. The impacts of W2 can
be easily detected when it significantly larger than W3. Thus, it is hard to determine the

exact proper range for W>.

As for the optimizations of auxetic properties, the related weight factor in a range between
30% and 50% exhibit uniform re-entrant features, as illustrated in the results A-3, B-1,
B-2, C-4. However, when W; less than 30%, either W2 or W3 is greater than W;. Any of
the situations can lead to more material concentrate on the horizontal struts. On the other
hand, when W is greater than 50%, the value of W3 is less than 30%. It is the reason why

many thin struts appear in the results.

Therefore, the exact adoptions of the relevant weight factors W; and W cannot be
determined in the above studies. The fourth series study is established for varying the

combinations of three weight factors W and 2 under the specified W3 to investigate the
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adoptions of W; and W>. In order to facilitate the comparison of the optimization results,
the same value of the volume fraction 30% is used in the fourth series study. The results
of different combinations of the weight factors W, and W: are defined as series D and
summarized in Table 5-4, where the microstructure of each case and the related 3x3 array
structure are presented. In order to capture the impacts of various combinations of the
weight factors on the blood flow, the streamlines generated by blood flow through the

micro design domain are also provided in the table.

Table 5-4 The results(#3=30%) of various weight factor W; and W;

Wi-W-W3 (%)

(Series D) Microstructure Microstructure (3x3) Streamline

65-5-30
(D-2)

115



Hemodynamic optimization of auxetic stents

60-10-30
(D-3)

55-15-30
(D-4)
50-20-30
(D-3)
45-25-30
(D-6)

40-30-30
(D-7)
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35-35-30
(D-8)

30-40-30
(D-9)

25-45-30
(D-10)

20-50-30
(D-11)

15-65-30
(D-12)
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10-60-30
(D-13)
5-65-30
(D-14)
0-70-30
(D-15)

In series D, the weight factor W3 is specified as 30%, and W; and W> are varied in a range

from 0% to 70%. In Table 5-4, we can see that NPR features will be gradually die off as
the decrease of Wi, and the auxetic properties will disappear when W is less than 35%.
In contrast, when W is greater than 45%, thin struts will appear around the re-entrant
features. Simultaneously, the distorted impact of the microstructure on the flow pattern
will decrease as the increase of W2, which can be found from the changes of the
streamlines in the design domain. It is easy to find that more flow patterns in the design
domain orientate to the flow direction as the increase of /72, such as the changes between

the results D-1 and D-15.
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Moreover, in the aspect of the optimization of macro stiffness, 30% weight factor can
lead to more uniform material distributions for the microstructures compared with the
results in the first series, which can help to against horizontal deformations but retains the
structural changes introduced by other optimization objectives to some extent. By
comparison, the results D-6, D-7, and D-8 are found that have obvious re-entrant features
and uniform material distributions. Besides that, all three microstructures have an opening
inlet or outlet. All of them can lead to larger spaces for the fluid and facilitate to restore
disturbed flow. Therefore, the relevant three combinations of the weight factors are
adopted and recorded as 45%-25%-30%, 40%-30%-30%, and 35%-35%-30%, where the

three values in each combination are Wi, W2, W3, respectively.

5.5.2 Studies of varying volume fractions

In the above four series studies, three combinations of the three weight factors for the
optimization objectives are obtained: 45%-25%-30%, 40%-30%-30%, and 35%-35%-
30%. As discussed, the adoption of volume fractions can also influence the optimization
results. Hence, three new series studies are established to investigate the impacts of
various volume fractions on the optimization results, based on the three weight factor
combinations. The volume fraction of the microstructure should not be too big to block
blood flow or too small that cannot support the artery, but a narrow range of adoption
cannot summarize the impacts of varying volume fractions. Thus, the volume fraction

values are specified from 25% to 60% in each series study.
1) The results of series E

The results of varying volume fractions in the range from 25% to 60% for the weight

factor combination 45%-25%-30% are defined as series E and summarized in Table 5-5,
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where the microstructure of each case, the related 3x3 arrays structure, and the fluid
streamlines in the design domain are presented. In the table, we can see that all results
present the structural characteristics of NPR and large fluid spaces along the blood flow
direction. The impacts of different volume fractions mainly concentrate on the formations
of different structural features to obtain the optimization objectives. When the volume
fraction is greater than 50%, the structures still contain many vertical struts to obstruct
the blood flow, even though some long fluid spaces are formed, such as in the middle of
the case E-1 and the top and bottom regions of the case E-2. As the decrease of the volume
fractions, the optimized structures show similar topologies. All the structures proximately
contain two horizontal struts and three vertical struts. The differences mainly focus on the
locations of the three struts, which are driven by the design of MFP and determined by
the obstructions to the blood flow. In cases E-3 to E-5, some relatively thin struts exist
around the re-entrant features. They can maintain large magnitudes NPR but also cause
non-uniform material distributions, leading to non-uniform stress distributions. Thus, by
considering the uniform distributions of the solid material and proper volume fractions,

E-6, E-7, and E-8 are adopted to be further discussed.

Table 5-5 The results of various volume fractions for 45%-25%-30%

Volume(V %)

(Series E) Microstructure Microstructure (3x3) Streamline

60
(E-1)
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55
(E-2)

50
(E-3)

45
(E-4)

40
(E-5)

35
(E-6)
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30
(E-7)
25
(E-8)

The scaled homogenized effective elasticity tensor and the MFP of cases E-6, E-7, and

E-8 are summarized in Table 5-6. The relevant values of the NPRs in the two main
directions(horizontal and vertical directions) and the vertical permeability are calculated
in Table 5-7. From the tables, we can see both results have smaller NPR magnitudes in
the flow direction and larger NPR magnitudes in the vertical direction. It means the
horizontal stiffness of each structure is higher than the vertical stiffness, which can
consequently enhance the ability of stents to adapt to large deformations of arteries,
improving their flexibility. Meanwhile, in another direction, the NPR properties can result

in a smaller compressed volume to facilitate deliverability.

On the other hand, the purpose of facilitating blood flow through the stented segment of
arteries can be obtained by reducing the obstructions in the vertical direction to decrease
the vertical flow, which actually requires directional differences for the optimized stent
in the two main directions. Hence, those directional differences have a positive effect on

the optimization result. In the fluid aspect, the differences can be detected as different
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values of the effective MFPs in the two main directions, as seen in the tables. It can also
find that the vertical MFP is reduced as the decrease of the volume fraction. That is
because less material in the design domain can lead to larger fluid spaces, reducing the
obstacles in the design domain. However, MFP in the flow direction also exhibits the
same decrease trend as the vertical. The reason is that the MFPs are proportional to the
flow velocities since the obstructions can accelerate the flow. Consequently, when
reducing the volume fraction of the optimization, the MFPs in two main directions will

decrease.

Table 5-6 The effective elasticity tensor and modified permeability of E-6, 7,8

Case Effective Elasticity Tensor Effective Modified Permeability
[0.1281 -0.0378 0 1.1998x10° 0

E-6 -0.0378 0.0375 0 { - OX 3.8157 10_4}
0 0 0.0024 | . ’
00950 -0.0307 0 ] 1.07794x107 0

E-7 -0.0307 0.0298 0 { . 0 ) 2.7799 104}
0 0 0.0016 | ' ’
100563 -0.0220 0 | 9.8282x10™* 0

E-8 -0.0220  0.0235 0 { ' OX 2.6847 10_4}

0 0 0.0017 | ' )

Table 5-7 The NPRs and vertical Permeability of E-6, 7, 8

Case NPRs Vertical Permeability
Mul=-0.2951
- K)* =3.8157x10*
E-6 Mu2 =—1.0080 » *
Mul=-0.3232
E-7 K =2.7799x10™
Mu2 =-1.0302
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Mul =-0.3907 i »
E-8 K" =2.6847x10
Mu2 =-0.9362

Figure 5-5 The optimization of E-6: (A) Initial design; (B-E) Four intermediate

results; (F) Final design.
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Figure 5-6 The convergent histories of E-6.

The dynamic changes of the microstructure of case E-6 are presented in Figure 5-5, where
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four intermediate results are shown in Figure 5-5 (B)-(E), and the Figure 5-5 (A) and (F)
show the initial design and final optimization results, respectively. In each result, the
structure is presented in black colour surrounded by red flow streamlines. Besides that,
the convergence curves of the two Poisson’s ratios Mul and Mu2 can be seen in Figure
5-6 (A). The MFPs in two main directions are defined as MFP1 and MFP2. Their
convergent histories can be seen in Figure 5-6 (B). Figure 5-6 (c¢) shows the convergence
curves of the overall objective and structural volume fraction. From these figures, it is
easy to find that most streamlines in the design domain gradually orient to the flow
direction during the optimization, which can also be detected from the decrease of the

vertical MFP.

Since the design domain is filled with solid material in the initial state, it blocks the blood
flow. The values of MFP in both directions are zero. Thus, as the optimization starts, the
blood flow occurs in the design domain as the structural material decreases, leading to a
dramatic increase of the MFP in both directions. After the volume fraction of the structure
obtains the prescribed value, both MFPs begin to decrease as the optimization. The MFP2
becomes much smaller than MFP1, indicating the efficiency of the optimization for MFP.
However, vertical flows cannot be avoided in the design domain due to the optimization
for auxetics. It introduces re-entrant features into the optimized structure. The re-entrant
structural characteristics make the horizontal struts at an angle to the blood flow, leading
to vertical flows. As for the weighted objective and volume fraction changes, they are
stably converged to the final results, except fluctuations in a short period, as shown in

Figure 5-6.
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Figure 5-7 The optimization of E-7: (A) Initial design; (B-E) Four intermediate

results; (F) Final design.
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Figure 5-8 The convergent history of E-7.

The dynamic changes of the microstructure in case E-7 are presented in Figure 5-7. The
final optimized microstructure is very similar to E-6 but has more uniform material
distribution due to less material volume fraction. The convergent histories of relevant

metrics are shown in Figure 5-8. Although some fluctuations occur in the NPR
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convergence, especially for Mu2, the fluctuations are gradually die out as the optimization,

and the NPR is converged to the final result.

Figure 5-9 The optimization of E-8: (A) Initial design; (B-E) Four intermediate
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Figure 5-10 The convergent history of E-8.

The dynamic changes of the microstructure in case E-8 are presented in Figure 5-9. The
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optimized microstructure also forms a long fluid space in the middle region, but it presents
an opening at the inlet side, forming a vertical strut close to the outlet. Since the opening
in the design domain still orients to the flow direction, it can also reduce the obstructions
to the blood flow. In Figure 5-10, the convergent histories of relevant metrics are also
presented. They all show a stable optimization process in that case. Overall, in all three
results, we can easily find that long fluid spaces between struts in the middle regions can

help recover flow patterns and facilitate blood flow.

2) The results of series F

The studies of varying volume fractions in a range of 25 - 60% for the weight factor
combination 40%-30%-30% are defined as series F. The results are summarized in Table
5-8, where the microstructures, the related 3x3 arrays structures, and the fluid streamlines
in the design domain are presented. It shows that all results have obvious re-entrant
features, indicating NPR properties. Besides that, all the optimized microstructures
exhibit structural differences along the direction of blood flow, which mainly concerns
the distributions of vertical struts. For example, in the results F-1, the vertical struts are
closer to the outlet, leading to a relatively long fluid space behind the inlet to facilitate
blood flow. As the decrease of volume fractions, the members and widths of vertical struts
are gradually reduced, such as F-2, 3, and 4. When the volume fraction is equal or less
than 35%, only two horizontal struts exist in the design domain and are connected by a
single vertical strut, resulting in one opening in the inlet or outlet side. The other two
vertical struts are formed beside the two horizontal struts to connect different
microstructures, as shown in their 3x3 arrays structures. As for these results, the design
domain can be divided into three subregions by the two horizontal struts. Although the

locations of the three vertical struts are different, only one vertical strut exists in each
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subregion. Thus, in the F-6, 7, and &, the three vertical struts with different locations
induce similar obstructions to the blood flow. However, since the obstructions of struts
can also accelerate blood flow, the vertical struts closer to the inlet side lead to more blood
flow be accelerated behind the struts in the design domain. The accelerations of the struts

to the blood flow may affect the WSS.

Compared with series E, series F adopts a smaller weight factor of auxetic optimization.
Thus, the results exhibit less thin struts around the re-entrant features, resulting in more
uniform material distributions in the design domain. Among that, the results F-6, F-7, and
F-8 have fewer obstructions to the blood flow and more uniform material distributions.

They can be further discussed.

Table 5-8 The results of various volume fractions for 40%-30%-30%

o
Volunfe(V ) Microstructure Microstructure (3x3) Streamline
(Series F)
60
(F-1)
55
(F-2)
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50
(F-3)
45
(F-4)
40
(F-5)

35
(F-6)

30
(F-7)
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25
(F-8)

Table 5-9 The effective elasticity tensor and modified permeability of F-6, 7, 8

Case Effective Elasticity Tensor Effective Modified Permeability
0.1778 -0.0349 0 L 1683010 0
F-6 -0.0349 0.0314 0 ' OX 33433 104}
0 0 0.0019 - S
[0.1647 -0.0281 0 1358107 . _
F-7 -0.0281 0.0277 0 ' OX 5 2706x10~
0 0 0.0020 - S
[0.0712 -0.0259 0 | 0260010~ . B}
F.8 00259 00259 0 T .
0 1.8221x10
0 0  0.0021] - N

Table 5-10 The NPRs and vertical Permeability of F-6, 7, 8

Case NPRs Vertical Permeability
Mul=-0.1963

o Mu2=-1.1115 KN = 33433107
Mul=-0.1706

7 Mu2 =-1.0144 K%z,z) =2.2706x107*
Mul=-0.3638

s Mu2 =—-1.0000 K2 —1.8221x107
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The scaled homogenized effective elasticity tensors and the MFPs of the cases F-6, F-7,
and F-8 are summarized in Table 5-9. The relevant values of the NPRs in the two main
directions and the vertical MFP are presented in Table 5-10. All the results exhibit NPRs.
The results in the tables also show directional differences in the effective properties in the
two main directions. The similar directional differences are also detected in series E. As
we discussed, the differences can benefit stenting mechanical performances and reduce
obstructions of the structures to the blood flow. Although the locations of the openings in
the results are different, they all orient to the flow direction. Both of them can reduce the
stenting obstructions and facilitate blood flow, which can be found that all their vertical
MFP are much smaller than the horizontal MFP. Besides that, the MFPs in all directions
are reduced as the decrease of volume fraction. It indicates that the accelerations of the
stenting structures to the blood flow are reduced as the decrease of the fluid obstructions.
As we know, the accelerations from the stenting structures can lead to extremely high
WSS to significantly increase the risk of ST. Hence, the decrease in fluid obstructions can
prevent too high WSS. In order to further investigate their optimization process, the

structural changes and relevant convergences of the objectives are discussed following.

(A) (B) ©)
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Figure 5-11 The optimization of F-6: (A) Initial design; (B-E) Four intermediate

results; (F) Final design.
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Figure 5-12 The convergent history of F-6.

The dynamic changes of the microstructure of case F-6 are presented in Figure 5-11,
where the initial design, intermediate results, and final optimization results presented.
From the topological changes of case F-6, we can see that the material is more prone to
concentrate on the two vertical struts during the optimization, and most streamlines
around the microstructure gradually orient to the blood flow as the optimization. Besides
that, three vertical struts are formed. One of them is utilized to connect the horizontal
struts, creating an opening at the inlet side. The other two vertical struts are generated to
connect other microstructures in the same circumference. We can also find that, in the

optimization, two re-entrant features are gradually formed at the junctions of the vertical
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and horizontal struts. Thus, the two vertical struts are at an angle to the flow direction.

The convergent curves of the design objectives and effective properties are presented in
Figure 5-12. All objectives are gradually converged to the results. From the convergences,
we can find that the changes mainly exist in the first 20 iterations. It is because that the
volume fraction is quickly reduced to the prescribed value in the early iterations, which
can induce significant structural changes in that period. After that, the structural topology
is nearly determined, and then the changes mainly focus on the local features and the
shapes, such as the re-entrant angles and the outlines of the struts, which are all critical to

the optimization result, especially for the MFPs.

(D) (E) (F)

Figure 5-13 The optimization of F-7: (A) Initial design; (B-E) Four intermediate

results; (F) Final design.
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Figure 5-14 The convergent history of F-7.

The dynamic changes of the microstructure in case F-7 are presented in Figure 5-13. The
result is very similar to F-6 but has more uniform material distribution due to less volume
fraction. Moreover, the streamline patterns around the microstructure also indicate fewer
obstructions. The convergences of the related objectives in the optimization of case F-7
are shown in Figure 5-14. Among that, the MFPs and structural volume are steadily
converged to the results. Some fluctuations occur in the NPRs convergence curves,
especially for the Mu2, which also leads to fluctuations in the convergence of the design
objective. It can be found that the fluctuations gradually die out as the optimization, and

the NPRs and objectives are converged to the final results.

(A) (B) ©)
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Figure 5-15 The optimization of F-8: (A) Initial design; (B-E) Four intermediate

results; (F) Final design.
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Figure 5-16 The convergent history of F-8.

The dynamic changes of the microstructure in case F-8 are presented in Figure 5-15. From
the results, we can see that the streamlines around the structures gradually orient to the
flow direction as the optimization, indicating the efficiency of the MFP optimization.
Similar to the result F-7, the optimized structure in F-8 also contains two horizontal struts
and three vertical struts. Besides that, two re-entrant features are also created in the
conjunctions of the struts. The main difference between F-7 and F-8 is the opening
location, where the opening in F-8 is located at the outlet side. Additionally, due to the
lower volume fraction, the struts of the structures are thinner than F-7. The convergences

of the related objectives and volume fraction are shown in Figure 5-16. All the objectives
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and volume fractions are steadily converged to the results.

In a word, all these optimized results in series F present more uniform material
distributions and fewer obstructions than series E, which can be demonstrated by the
optimized structure and their MFPs. Besides that, the results in E-6 to E-8 and F-6 to F-8
exhibit similar structural characteristics. Their differences mainly focus on the locations
of the openings along the flow direction, where some of them located at the inlet side and
others at the outlet side. The results indicate that both opening locations can facilitate

blood flow, resulting in fewer obstructions.

3) The results of series G

The studies of varying volume fractions in a range of 25 - 60% for the weight factor
combination 35%-35%-30% are defined as series G. The results are summarized in Table
5-11, where the microstructures, the related 3x3 arrays microstructures, and the fluid
streamlines in the design domain are presented. In that series, the same weight factors are
defined for the objectives of auxetics and MFP. It can be found that all the optimized
structures containing long fluid regions along the flow direction, facilitating blood flow.
It indicates that even though the objectives of auxetics and MFP have the same weight
factors, the optimization for MFP exhibits more contributions to the result. Thus, more
material in the design domain is assigned to the horizontal struts, leading to relatively
thinner struts around the re-entrant conjunctions to maintain auxetic properties. In G-1
and G-2, although openings are formed at the inlet side to reduce the obstacles along the
flow direction, the structures with large volume fractions still block most blood flows. As
the volume fractions decrease, the optimized structure with 45% material exhibits less

disturbed streamlines but still contains more vertical struts that obstruct the blood flow.
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When the volume fractions are equal or less than 40 %, the optimized structures present
similar structural layouts, which are also similar to the results in series E and F. In G-5 to
G-8, each result consists of two horizontal struts and three vertical struts, forming an
opening at the inlet side. Among these results, G-6 and G-7 with relatively uniform

material distributions are further investigated.

Table 5-11 The results of various volume fractions for 35%-35%-30%

o
Volun-le(V %) Microstructure Microstructure (3x3) Streamline
(Series G)

60
(G-1)

55
(G-2)

50
(G-3)
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45
(G-4)

40
(G-3)

35
(G-6)

30
(G-7)

25

(G-8)
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Table 5-12 The effective elasticity tensor and modified permeability of G-6, 7

Case Effective Elasticity Tensor Effective Modified Permeability
[0.1416  -0.0389 0 | 1 1982 10° 0 -

G-6 -0.0389 0.0372 0 ' OX 31531x10°
0 0  0.0029 - A

0.1082 -0.0339 0 | 0503107 . ,

G-7 00339 00324 0 ' OX ) $233x10
0 0  0.0022 - P

Table 5-13 The NPRs and vertical Permeability of G-6, 7

Case NPRs Vertical Permeability
Mul=-0.2747
- K3 =3.1531x10™
G- Mu2 = —1.0457 D *
Mul=-0.3133
. K" =2.5233%10™
o7 Mu2 =-1.0463 »

The scaled homogenized effective elasticity tensor and the MFPs of cases G-6 and G-7
are listed in Table 5-12. Their NPRs and the vertical MFPs are presented in Table 5-13.
Both results of G-6 and G-7 show significant NPRs and the reduced vertical MFP. Besides
that, the effective properties of the results exhibit directional differences, which can also
be detected from the structural differences in the two main directions. As discussed in
series E and F, these differences can benefit both the mechanical and fluid properties of

stents.
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Figure 5-17 The optimization of G-6: (A) Initial design; (B-E) Four intermediate
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Figure 5-18 The convergent history of G-6.
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Figure 5-19 The optimization of G-7: (A) Initial design; (B-E) Four intermediate

results; (F) Final design.
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Figure 5-20 The convergent history of G-7.

The dynamic changes of the microstructure in case G-6 are presented in Figure 5-17. We
can see the solid material is gradually assigned to the horizontal struts during the
optimization, resulting in fewer obstructions to the blood flow. Moreover, apparent re-

entrant characteristics are also formed simultaneously to introduce auxetic properties. As
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shown in Figure 5-17 (F), the blood flow is mainly disturbed by the vertical struts, but the
flow patterns can be recovered behind the struts due to large fluid spaces. Thus, local
recirculation regions may occur around the vertical struts but should be very small. The
dynamic changes of the microstructure in case G-7 present a similar optimization process
and are shown in Figure 5-19. Since G-7 has a smaller volume fraction, it has more
uniform material distributions than G-6. The convergences of the design objectives and
volume fractions for G-6 and G-7 are presented in Figures 18 and 20, respectively. All
effective properties, objectives, and volume in two cases are steadily converged to the

results.

5.5.3 Discussion

From the above studies, we can find two main aspects that can determine the optimization
results. One is the combination of the three weight factors of the objectives, and another
one is the volume fraction. Among that, the weight factors have more impacts on the
topology of the structures than volume fractions. In this optimization model, all three
design objectives are demonstrated to have similar contribution levels to the results. By
the investigations of series E, F, and G, all the three combinations can lead to some results
with uniform material distributions and obtain a balance of the three design objectives.
The investigations also indicate that two different kinds of structures can benefit
optimization more. One is the structure with an opening at the inlet side, such as E-8, F-
6, F-7, G-6, and G-7. Another one is the structure with an opening at the outlet side, such
as E-6, E-7, and F-8. All these results have similar structural layouts with directional
differences. As we discussed, both two kinds can significantly reduce the obstructions to

flows and facilitate blood flow. Hence, the results of F-7, F-8, and G-7 are adopted for
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the new stents by considering the uniform material distributions and different structural
types. Among that, the result of F-8 with an opening outlet. The results of F-7 and G-7
have opening inlets, but their vertical struts beside the outlet are different. In the following,

the three optimized stenting structures will also be numerically validated by using

commercial software ANSYS.
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Chapter 6 Numerical validation for the hemodynamic

optimized auxetic stents

The proposed optimization model for stents aims to minimize the stent induced adverse
hemodynamic changes via reducing the obstructions of the stenting structures to the blood
flow. It can be achieved by minimizing the vertical flow, which can be measured by the
vertical MFP. However, as the widely accepted metrics for stented hemodynamic
behaviors, WSS and related derivatives are usually used. Hence, in order to further
validate the properties of the optimization results, the optimized microstructures in cases
F-7, F-8, and G-7 are then simulated by using software ANSYS 2019R3. The results F-7
and F-8 are the designs with 30% and 25% volume fractions, respectively. They share a
same set of weight factors: 40%, 30%, and 30%. The results G-7 is the design with 30%
volume fraction, and the weight factor of this design is 35%, 35%, and 30%. As for the
optimized stents, the auxetic properties, disturbances to the blood flow, and distributions

of WSS are numerical validated and calculated, respectively.

6.1 Validation of auxetic deformation behaviors

The auxetic property is one of the essential design objectives for stents in the proposed
optimization model. Although the effective elasticity tensors of the three optimized
microstructures show significant NPRs, the validations of the auxetic properties for the
related stenting macrostructures are still necessary. Since the effective properties of the
three microstructures exhibit directional differences in the two main directions, two

compression tests are performed: one is to apply a radial compression load; another one
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is to apply an axial compression load. In the validations, the stenting geometries based on
the optimization results need to be created. At first, the optimized microstructures are
obtained from MATLAB via the STL type, and the software SpaceClaim integrated into

ANSYS is further utilized to finish the creating.

6.1.1 The radial compression tests

From the effective elasticity tensors of the three stents, it can be found that their properties
have directional differences. The vertical stiffness is smaller than the horizontal. Thus,
when the optimized microstructures are utilized for stents, the stents will exhibit different
NPRs in the radial and axial directions. Firstly, radial compression tests are performed for

the three optimized stents to test one of the NPRs.

(A) Axonometric view (B) Partially enlarged view

Figure 6-1 The geometry of F-7.

The geometry of the result F-7 is created in the software SpaceClaim which is integrated
into ANSYS. As the proposed assumption, the stent consists of 20x20 periodic unit cells.
The geometry of the optimized stent is shown in Figure 6-1. The stent thickness is 0.1
mm; the length and the diameter are 12 mm and 4 mm, respectively. In the model, 20 unit

cells are defined along the peripheral direction and 20 unit cells along the axial direction.
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(B) Side view
Figure 6-2 The Compression test for F-7.

The deformation result of the radial compression test for F-7 is shown in Figure 6-2,
where both axonometric and side views are utilized to present its deformation behavior.
A pressure load is applied on the stenting surface to compress the diameter to about half
size in the test. We can see the stent contracts a little small in the axial direction due to
larger axial stiffness. Thus, part of the stent will be compressed when adapting to the
various artery shapes, changing the radial sizes, but the stenting axial length is relatively
stable. It can maintain enough length of the stent to completely cover the lesion even

though the stenting radial dimension is changed.
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Figure 6-5 The geometry of G-7.
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Two more radial compression tests are performed to investigate the auxetic properties for
the other two results of cases F-8 and G-7. The geometry of F-8 can be found in Figure
6-3, while the geometry of G-7 is in Figure 6-5. The deformations of the two stents in the
tests are presented in Figures 6-4 and 6-6, respectively. From the results, we can see the
two stents share similar deformation behaviors with F-6. Both stents will contract along
the axis when they are compressed in the radial direction. The amounts of the contractions
are relatively small compared with the radial deformations. It indicates that they have
similar NPRs when performing radial compressions. Thus, on the one hand, the auxetic
properties can make them easier to adapt to the radial deformations or the various artery

shapes. On the other hand, they all can maintain relatively stable axial lengths of the stents.

6.1.2 The axial compression tests

Since the optimized stents exhibit different properties in the two main directions, the
compression tests in another direction are also needed, where three axial compression
tests are performed to validate the properties of the stents, respectively. The axial
compression test results are presented in Figure 6-7. The test result shows that the stent
obviously contracts in the radial direction when applying compression loads in the axial
direction from the right side, indicating NPR behavior, resulting in a smaller compression

volume to improve deliverability.
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Figure 6-7 The deformation results of the axial compression test.

Hence, from the results of the two compression tests, we can see the three optimized stents

exhibit significant auxetic properties and have directional differences in the deformation

behaviors in the two main directions. Moreover, the directional differences can maintain
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large NPR behavior to benefit the mechanical properties of the stent and can also exhibit
smaller vertical stuffiness to adapt to the radial deformations and various artery shapes
easily. Since the benefits of introducing auxetic properties to the mechanical properties
of the stent have been demonstrated in Chapter 4, the simulations here are only performed

to validate the NPR deformation behaviors of the stents.

6.2 Blood flow in the stented segment

The disturbance of stents on blood flow is another essential issue of stent optimization.
The simulations for blood flow through the stented segment are necessary to validate the
optimization results. Hence, the software CFX in ANSYS is utilized to perform the fluid
simulations for the optimized stents. In the validations, the distribution of WSS is used as
one metric to evaluate the stents. Besides that, this thesis aims to minimize the adverse
hemodynamic changes by reducing the disturbances induced by stents to the blood flow.
Thus, the disturbed blood flows around stents also need to be investigated, where the

streamlines generated by blood flow are extracted to present the disturbances.

6.2.1 Fluid validations for F-7

ANSYS
2019 R3

ACADEMIC

0 0.003 0.006 (m) \
1 Y
0.0015 0.0045

Figure 6-8 The CFD model for the stent F-7.

By considering the computational cost, the CFD model is established based on only 1 unit

|
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cell along the peripheral direction and 20 unit cells in the axial direction, as shown in
Figure 6-8, where the black one is the stent, and the red one is blood. The stent thickness
is 0.1 mm; the length and the diameter are 12 mm and 4 mm, respectively. By considering
the impact of the boundary conditions on flow, the distance between the inlet and the stent
struts is specified as 3mm and another 3 mm between the outlet and the stent. The blood
in the model is defined as an incompressible Newtonian viscous fluid. The density is 1050
Kg/m3; the dynamic viscosity is 3.5 mPa-s. The flow is assumed as a steady-state with
0.35 m/s inflow velocity and 0 Pa outlet boundary condition, and no-slip conditions are
applied on the fluid-solid interfaces and the fluid walls. The cylindrical symmetric

boundary condition is defined in the peripheral direction.

Velocit
Streamline [m s*-1] Arzcosl;r"ss

!Jl!lltl

Figure 6-9 The streamlines of blood around the stent F-7.

The results of blood flow streamlines are obtained to investigate the stent disturbances,
as shown in Figure 6-9, where the lower velocities of the streamlines are printed with
darker colours. In the figure, the maximum velocity of the flow is greater than the inflow

condition, which is because the flow can be accelerated around the stent struts. Due to the
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applied no slid boundary conditions, the minimum velocity is zero. From Figure 6-9, we
can find that velocities of the streamlines are affected by the stenting struts. Since
relatively narrow spaces are formed between the horizontal struts in each unit cell, the
blood flows are obstructed around these spaces and exhibits lower velocities. Moreover,
the blood flows between each unit cell can maintain higher speeds due to fewer
obstructions and larger fluid areas. Overall, blood flow can keep a high velocity, which

can be found that many streamlines with light colours through the whole fluid region.

The overall influences of stenting obstructions can be evaluated by blood flow changes
in the upstream side and downstream side of the stent. Thus, the effects of stent design
on the blood flow are further investigated by the streamlines in the proximal and distal
unit cells of the stent. The streamlines in the proximal and distal struts are presented in
Figures 6-10 and 6-11, respectively. In the figure, the fluid region around the stent can be
divided into two kinds of spaces: one is the inner space of each unit cell; another one is
the connecting space between unit cells. When blood through these spaces, the flow can
be accelerated around the struts and may lead to recirculation zones. In the connecting
spaces of the proximal struts, the disturbances to the blood flow focus on the four corners
and cause small recirculation zones, especially for the corners behind the struts. Besides
that, a few vertical flows occur along the left struts in the connecting spacings. However,
small recirculation zones are also formed around the vertical struts in the inner spaces of
proximal struts due to the narrow fluid spaces. Compared with the proximal struts, similar
blood flow behaviors can be found around the distal struts but exhibit relatively smaller
flow disturbances and recirculation zones. Although the recirculation zones may induce
adverse effects, they only cover very few regions around different struts' connections.

Hence, the result shows that the optimization for the MFP of the stent effectively reduces

|
154



Numerical validation for the hemodynamic optimized auxetic stents
|

the vertical flow, which can essentially reduce the stenting obstructions to benefit blood

flow.

(A) Axonometric view (B) Side view

Figure 6-10 The streamlines of blood around the proximal struts of the stent F-7.

(A) Axonometric view (B) Side view

Figure 6-11 The streamlines of blood around the distal struts of the stent F-7.

As we know, the WSS is an important metric to quantify the hemodynamic impacts of
implanting stents. The abnormal WSS is usually associated with adverse effects, such as
ST (extremely high WSS) and ISR (extremely low WSS). It is investigated that the

|
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magnitude of WSS higher than 2.5 Pa poses a risk of ST, while lower than 0.5 Pa increases
ISR incidence. Based on the flow direction, the WSS magnitude is mainly determined by

the axial component, so the axial WSS is utilized to evaluate the stent.
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Figure 6-12 Axial WSS of the stent F-7.

The axial WSS of the stent is illustrated in Figure 6-12. It is easy to find that the regions
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covered with the stent have higher WSS than uncovered regions. The WSS around the
stent exhibits an increasing trend along the flow direction, except for the inlet and outlet
sides. It is caused by the acceleration of stenting struts to the blood flow. In the results,
the maximum axial WSS is 2.192 Pa and less than the high adverse stress 2.5 Pa, which
indicates a lower incidence of ST. However, the regions surrounded by the stent struts
exhibit lower and even negative axial WSS, indicating recirculation zones. The same
recirculation zones are also detected in the streamline results. Among that, the connecting
spaces between unit cells have higher WSS compared with their inner spaces due to larger
fluid regions. The average WSS in most regions of the stent is around 1 Pa and greater
than the lower bound of the threshold 0.5 Pa, but the areas close to the vertical struts
exhibit smaller, even negative WSS. It is because the struts protruding into the artery
lumen disrupt and separate the laminar flow, resulting in lower shear rates around the
struts. This kind of effect is determined by the shape and size of the strut profiles but
cannot be eliminated unless the stent is fully embedded into the artery walls. Although
the regions with lower WSS cannot be completely avoided, few areas are under the impact.
Moreover, the WSS distribution of the stent is relatively uniform, which can also benefit
the reducing the incidence of ST and ISR. Thus, the validations for the other two stents

are performed in the following to compare their results.

6.2.2 Fluid validations for F-8

The blood flow streamlines around the stent F-8 are presented in Figure 6-13. It is easy
to find that the blood flow streamlines located at the lower position of the unit cells can
still retain higher velocities, exhibiting the streamlines with light colours through the

whole fluid region. Most of the fluid regions with high flow velocities are located at the
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connecting spaces of the stent due to the relatively large fluid fields. The streamline
results of F-8 are similar to F-7. It indicates that the opening locations of the stenting
microstructures cannot induce too many differences in the obstructions. That is because
the openings of these structures are located at the inlet side and outlet side. Both openings
orient the flow direction. Moreover, the maximum velocity of the flow around the stent

F-8 is a little faster than the stent F-7.

Velocit ANSYS

Streamline [m s”-1] 2019 R3

Figure 6-13 The streamlines of blood around the stent F-8.

The streamlines in the proximal and distal struts of the stent F-8 are shown in Figures 6-
14 and 6-15, respectively. Although the opening location in F-8 is different from F-7, their
distributions of the disturbed flows are very similar. The disturbances to the blood flow
are also mainly located at the inner spaces of the unit cells and forming recirculation zones
in the narrow upstream spaces. However, recirculation zones are formed at both ends of
the inner spaces in F-8, compared with only one side in F-7. Because of thinner struts, the

recirculation zones and impact regions are smaller than the results of F-7.

158



Numerical validation for the hemodynamic optimized auxetic stents

(A) Axonometric view (B) Side view

Figure 6-14 The streamlines of blood around the proximal struts of the stent F-8.

(A) Axonometric view (B) Side view

Figure 6-15 The streamlines of blood around the distal struts of the stent F-8.

The axial WSS of F-8 is calculated to investigate the fluid behaviors in the stent regions,
and the distributions are presented in Figure 6-16. The WSS distributions and changes are
similar to the results of F-7, but with higher values. However, the maximum WSS in F-8
i1s 2.550 Pa, a little larger than the upper bound of the threshold. Although the regions

with WSS greater than 2 Pa only exist in a narrow band around the outlet side, they still
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pose risks of ST and may affect the hemodynamic environment behind the stent. Thus,

the design of F-8.
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Figure 6-16 The distributions of WSS of the stent F-8.

6.2.3 Fluid validations for G-7

The geometric characteristics of G-8 are very similar to F-7, but with a thinner vertical
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strut to connect the horizontal struts in each microstructure. Parts of the blood flow
streamlines around the stent G-7 can also retain high velocities through the whole fluid
domain, same as the stent F-7 but with a little faster maximum flow velocity, as shown in
Figure 6-17. Additionally, more details of the streamlines in the proximal and distal struts
of the stent G-7 can be found in the enlarged view in Figures 6-18 and 6-19, respectively.
From the results, we can see that recirculation zones are formed at both ends of the inner
spaces due to the concave boundaries of the vertical struts. However, the recirculation
zones generated around the downstream sides of the inner spaces become smaller than

the results of F-7.
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Figure 6-17 The streamlines of blood around the stent G-7.
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(A) Axonometric view (B) Side view

Figure 6-18 The streamlines of blood around the proximal struts of the stent G-7.

(A) Axonometric view (B) Side view

Figure 6-19 The streamlines of blood around the distal struts of the stent G-7.

The axial WSS distributions of the stent G-7 is presented in Figure 6-20. The distributions
are very similar to F-7. A similar maximum WSS value results in a lower incidence of ST.
As for the lowest WSS, the magnitude of the minimum negative WSS in G-7 is less than
F-7. It indicates that the recirculation zones are reduced, which is the same as the
streamlines results, we discussed. The lower WSS occurs around the stent struts, and the

recirculation zones are mainly formed in the inner spaces of the unit cells. Overall, the
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stenting structures with openings at the inlet side exhibit better WSS results.
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Figure 6-20 The distributions of WSS of the stent G-7.

6.3 Discussion and conclusion

The compression tests demonstrate that the three optimized stents exhibit significant

auxetic properties in both radial and axial directions. Besides that, the relatively smaller
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radial stiffness can benefit the flexibility of stents and help keep a stable axial length of
the stents during the deformation. In order to investigate the hemodynamic effects of the
three stents, two kinds of results are utilized: blood flow streamlines and the axial WSS
distributions. From the streamlines results, we can find that the streamlines through the
connecting spaces of the three stents can still retain higher velocities than other locations,
indicating fewer obstructions. The disturbances of stents to blood flow mainly occur

around the struts, especially in their inner spaces, resulting in recirculation zones.

Table 6-1 The WSS results of the three optimized stents

Optimized stents WSS(MAX Pa) WSS(MIN Pa)
F-7 2.192 -0.313
F-8 2.550 -0.257
G-7 2.195 -0.257

As listed in Table 6-1, the results of the axial WSS distributions show that maximum WSS
magnitudes of F-7 and G-7 are around 2.2 Pa less than the upper bound of the threshold
2.5 Pa, indicating lower risks of ST. However, the maximum WSS of F-8 is 2.55 exceed
the upper bound of the threshold. It indicates that the stenting structures with openings at
the inlet side can prevent extremely high WSS to some extend in these cases. On the other
hand, due to the stenting obstructions, the lower WSS occurs around the struts. The
disturbances or lower WSS regions cannot be eliminated unless the stent is fully
embedded into the artery walls but can be reduced by changing the structures of stents.
Besides that, the conventional stent designs are usually hard to consider all the geometric
factors of the induced hemodynamic changes. Thus, most of them exhibit extreme WSS
higher than the threshold, while the WSS values in the recirculation zones are usually

much lower than the optimized stents.

164



Numerical validation for the hemodynamic optimized auxetic stents
I ———

In this chapter, a homogenized effective MFP is proposed to measure the disturbances of
the stenting periodic microstructures on the blood flow. Based on the parametric level set
method, a multi-objective multiscale optimization model is then established for the design
of SE stents. In the model, three design objectives are defined: the first one is to introduce
auxetic properties to enhance mechanical properties of the stent and benefit deliverability
and flexibility; the second one is to minimize the vertical MFP of the stenting
microstructure to reduce the adverse hemodynamic changes caused by implanting stents
and finally decrease the incidences of ST and ISR; the third one is to maximize the
stiffness of the macroscopic stent. The numerical examples and simulations show that the
topologically optimized structures exhibit significant auxetic properties and higher radial
stiffness of the stents and show the effectivity of the MFP optimization on reducing blood
flow disturbances, which can benefit blood flow and finally reduce the risks of ST and
ISR. Additionally, the material distributions of the stenting microstructures are
successfully associated with the adverse blood flows via the MFP. Thus, the topology
optimization can be easily applied for the related stent designs to obtain new structural
layouts and eliminate the dependencies of initial designs, which is the limitation in most
optimization designs for stents. In other words, all the structural characteristics of the
stent can be taken into account to reduce the adverse hemodynamic effects of implanting
stents. In future studies, the pulsatile blood flow state will be considered to get more

accurate fluid behaviors.
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Chapter 7 Conclusion and prospect

7.1 Summary

This thesis develops systematic topology optimization methods for coronary artery stent
designs to reduce the risks of ST and ISR by preventing mechanical failures and adverse
hemodynamic changes. Among that, auxetic metamaterials are applied to enhance the
mechanical performances of stents to prevent mechanical failures. On the other hand, the
proposed MFP efficiently quantifies the obstructions of stents on the blood flow and is

applied in the optimization to reduce the stent induced adverse hemodynamic changes.

In Chapter 2, a comprehensive literature review is provided for coronary artery stents and
topology optimization. At first, the developments of different coronary artery stents are
reviewed to show their advantages and existing problems. Then, the mechanical failures
and adverse hemodynamic changes caused by stenting structures are discussed to explain
the associations between the structural characteristics and complications. Besides that,
the current structural optimization design methods for stents are summarized. The issue
of highly initial design-dependent in current stent optimization methods are discussed as
well. In the aspect of topology optimization, different approaches are reviewed and
discussed. Moreover, the application of topology optimization design in artificial
functional cellular composites is also discussed. Finally, the review of auxetic

metamaterials and their unusual properties are presented.
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In Chapter 3, the PLSM and the involved interpolation based on CSRBFs are introduced.
After that, the X-PLSM is developed to transform the level set function from the cartesian
coordinate system to a curvilinear system. Thus, the X-PLSM can implicitly represent the
boundaries of shell structures efficiently rather than using the 3D PLSM models, which

can benefit the design of stents.

In Chapter 4, the abilities of SE stents on addressing the mechanical failures are explained.
Then, the benefits of auxetic metamaterials to SE stents are presented. Thus, the purpose
of optimizing the stenting structures to prevent mechanical failures is transformed to
introduce auxetics in SE stents to enhance the mechanical performances and improve the
applications. After that, a multiscale topology optimization based on X-PLSM is
developed to introduce auxetics into the design of SE stents. The numerical validations
in ANSYS show that the optimized auxetic SE stent exhibit significant auxetic properties
and good flexibility, and the new stent can help overcome the drawbacks of conventional
SE stents. Additionally, the optimized stent is prototyped using additive manufacturing

techniques.

In Chapter 5, by adopting the Darcy-Stokes coupling system, the MFP is proposed to
quantify the obstructions of stents to the blood flow. It successfully transforms the
optimization of reducing stent induced adverse hemodynamic changes into a model to
minimize the MFP in other directions except for the blood flow direction. On the other
hand, we intend to utilize the auxetics to enhance the mechanical performances of the

stent. Thus, a multiscale multi-objective topology optimization based on PLSM is
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developed for SE stents to introduce auxetics, maximize macroscopic stiffness, and
minimize the stent induced obstructions quantified by MFP. The contribution of each
design objective to the optimization result is determined via the investigations of the
relevant three weight factors. The properties of optimized stents exhibit directional
differences in the structures. They have larges MFP in the axial direction to facilitate
blood flow and smaller MFP along the circumference direction to reduce the obstructions.
As for the mechanical properties, the structures exhibit relatively smaller radial stiffness,
resulting in good flexibility. Simultaneously, the large axial stiffness can maintain smaller
changes in stent length when generating radial deformations. It can ensure the stent to

cover the lesions efficiently.

In Chapter 6, the numerical validations in software ANSNS and CFX demonstrate the
directional differences of the stenting properties. Besides that, the WSS distributions of
the stents are also simulated, whose results illustrate the efficiency of the MFP in

hemodynamic optimization.

Overall, this project successfully realizes the stent structural design by using level set
based topology optimization method. In the respect of stent mechanical performances,
the design of auxetic metamaterials overcome the drawbacks of SE stents and enhance
the mechanical properties. In the respect of stent induced adverse hemodynamic changes,
the proposed MFP associates all the stent structural features to a single design objective,
and significantly reduces the amount of design variables and optimization objectives. And

the numerical validations present the efficiency of the proposed optimization methods.
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7.2 Prospect for future works

Although the project shows the efficiency of the proposed methods, some limitations are
still needed to be addressed in the further works, such as including pulsatile blood flow
state, improving the accuracy of the optimization model, considering more design

objectives. The future works mainly focus on the following aspects:

In the thesis, the blood flow is assumed as a steady-state. Although some research works
have already demonstrated that the steady-state is a reasonable assumption and acceptable
in the stent design, the pulsatile blood flow state can get more accurate fluid behaviors.
Thus, pulsatile blood flow behaviors will be considered in the optimization model in

future works.

The auxetic metamaterials can enhance the mechanical performances for SE stent, but
they can also be applied to the BE stent to address the foreshortening and improve
flexibility. Moreover, the BE stents by using auxetic designs can also lead to a smaller
initial structure before the expansion to improve the deliverability. Thus, the application

of auxetics in BE stents will be investigated in the future.

The proposed X-PLSM can efficiently reduce the computational cost for stent design.
However, when performing fluid optimization for stents, the X-PLSM is hard to take into
account the effects of the thickness. Thus, in the next work, we will extend the X-PLSM
to 3D curved elements to include more layers. And then, the optimization for stents will
be directly performed for the 3D model. Among that, the MFP will also include the blood
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flow in the radial direction.

There are many design requirements for stent structures. In current work, the applications
of topology optimization methods in stent designs show the efficiency. Hence, in the

future, we will utilize topology optimization to improve other properties of stents, such

as recoil, fatigue, and drug release.
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