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FINITE ELEMENT ANALYSIS OF SHAPE MWMORY ALLOY NiTi STENT IN

CORONARY ARTERY

Amatulraheem Al-abassi
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University of Guelph, 2017

Dr. Ibrahim Deiab

The coronary artery stent is a medical device that treats different coronary diseases. Though in the
long run, there is a threat of restenosis, stent recoiling, or stent fracture. Thus, studying the behavior
of the Nitinol shape memory alloy stent within hyperelastic model of arterial tissue under different
medical conditions is necessary to predict any adverse outcomes. In this research, the stent-artery
model is tested within normal human body temperature 36.5 ̊C, and high body temperature 40.0 ̊C,
under two conditions of mean arterial pressure (MAP), normal MAP, 70-105 mmHg, and high
MAP, 105-140 mmHg. At hypertension, the artery expands to a diameter that is 0.201 mm wider
than the original diameter. In addition, the equivalent stress of Nitinol stent increased by 12% at
fever and hypertension, however, no recoiling occurred. In conclusion, the stent retracted the artery
wall without causing huge stress and safely expanded it with no penetration.
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Chapter 1: Introduction

1.1 Problem statement
The circulatory system (heart and blood vessels) is one of the vital systems of the body that
is concerned with transporting blood. The blood carries nutrients, oxygen, vital hormones and
neurotransmitters to all parts of the body. Any alteration in the normal functioning leads to
circulatory system diseases, which includes angina, myocardial infarction secondary to coronary
artery occlusions, partial or complete. The OECD, Organisation for Economic Co-operation and
Development of Health data indicated in 2011 that in North America, diseases of the circulatory
system are the most significant cause of mortality [1]. Statistics Canada reported in 2012 that in
Canada, it is the second leading cause of death after cancer and accounts for 19.7% of all deaths
[2]. National center for Health reported in 2014 that in the United States the circulatory diseases
constitutes the leading cause of death in 2014 [3].
Medical stents are one of the non-surgical ways to treat Coronary Artery disease (CAD).
Saito [4] referred that Balloon or self-expanding stent are two types of stents that are vital for the
treatment of blocked coronary artery diseases such as angina and myocardial infarction. Although
open cardiac surgery (coronary artery bypass) for treating coronary artery diseases has a better
outcome in multi vessel disease, percutaneous coronary stenting is a minimally invasive procedure,
with lower mortality and morbidity (e.g. stroke) and therefore has a better short term outcome in
the critically ill patients.
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In addition, medical stents are frequently used for treating potentially lethal vascular
diseases such as aortic dissections and atherosclerosis. Moreover, medical stents treat peripheral
vascular diseases which can cause limb ischemia and gangrene. During angioplasty, stents utilize
its scaffolding effect to reduce any pathologic remodeling. Implanting stents in coronary artery can
limit the vessel lumen shrinkage and any further restenosis [4].
Nitinol (Nickel Titanium alloy) is a shape memory alloy that started to gain interest as a
material for self-expanding (SE) stents due to its unique mechanical properties and
biocompatibility. Nitinol stents are manufactured to a size slightly larger than the target vessel size
and introduced to diseased vessels constrained in a carefully designed delivery-sheath system. The
oversizing of the stent once expanded helps to prevent migration and dislocation of the stent within
the artery. After careful positioning and deployment, the stent fit to the vessel wall with a low but
sustained outward force to dilate the diseased vessel wall and to firmly prevent its migration.
Shape memory stents have the ability to be thermally deployed in human body. Stent
insertion into the blood vessel is accomplished via a catheter that has a cold saline solution which
keeps the stent under certain temperature until it reaches the deployment site. The cold saline flow
is stopped once the stent reaches the lesion location, allowing the stent to recover the residual
strains and return to its original configuration.
In recent years, computational hemodynamics has been increasingly used to assist clinical
studies in analyzing cardiovascular disease [5-8]. Finite element analysis is the method chosen for
solving the structural analysis of complex stent designs. Auricchio reported that finite element
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method can solve both solid and dynamic structures with respect to loads applied and materials
properties [9]. Auricchio and Migliavacca The finite element method has been widely used to study
the stent expansion and stent-artery interaction, but most documented studies focused on balloonexpandable stents or modeling Nitinol stents as superelastic materials [9,10] Wu et al. [11] used
finite element method to simulate the delivery and release of Nitinol stent in a carotid artery and
their interactions. However, the modeling of thermal expansion of self-expanding stent is still under
research.
1.2 Thesis objectives
The objective of this study is to model the stent in a coronary artery and simulate the system
under different health conditions (normal body temperature, fever, ideal blood pressure, and
hypertension). To the best of the author’s knowledge, no studies have considered the effect of
temperature during the crimping or releasing process of Nitinol stent in human body. The main
objective of this thesis is to model the non-isothermal crimping and releasing processes of stent in
coronary arteries using finite element analysis. The energy equation will be solved for both Nitinol
stent and blood vessel to better understand hemodynamics (cardiovascular forces) within the blood
vessel after the deployment of the stent. Nitinol stent will be tested within normal human body
temperature 36.5 ̊C, and high body temperature (fever) 40.0 ̊C; and under two conditions of mean
arterial blood pressure (MAP). The two ranges of blood pressures are imported from LINDCO data
as; normal MAP pressure of 75 mmHg (Range 70-105 mmHg), and high MAP of 140 mmHg
(hypertension, >105 mmHg) [12], to show its effect on the inner wall of the vessel. The stress
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analysis of the oversized stent on the inner wall of blood vessel will be represented, in addition to
the elastic strain analysis and total deformation of the stent, and vessel. The overall goal is to
develop a reliable simulation tool that tests Nitinol Endeavor Stent under different operation
conditions and constraints.
In this thesis, the coronary artery stent is defined in addition to its implementation methods,
and related risks after Percutaneous Coronary Intervention (PCI). Moreover, stent materials are
analyzed, and their efficiency in PCI. The methodology chapter includes the techniques used to
analyze the Endeavor Nitinol stent, its solid modeling, and its finite element analysis in a physical
system of a blood artery. The results chapter shows the stress, strain, and displacement of applied
temperature and pressure loads. Finally, the discussion chapter will discuss the results of the Finite
element analysis.
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Chapter2: Literature review

This chapter will cover brief state of art review of the stent history, and numerical modeling
techniques of different types of coronary artery stent.
2.1 Coronary Artery and heart diseases
Coronary artery diseases are potentially lethal heart diseases if not treated. Figure 1 shows
an anatomy illustration of the artery blockage by plaque buildup. The aim of using stents as
treatment for blocked arteries is to lower the risk of having thrombus formation in the vessel wall
or its restenosis.

Figure1: Anatomical schematic of Heart attack [13].
2.2 Coronary stents in surgical literature.
Experimentally, the first coronary stent was used in medical operation in 1986 [14, 15].
Figures 2 show the difference between a blocked artery and an expanded artery after angioplasty.

5

Figure2: left, Stent is implanted through a catheter that goes through coronary artery with plaque.
Right, Xray shows where coronary artery stent is implanted in the heart [16].
Stents were the solution for two major cardiovascular issues; restenosis (narrowing of blood
vessels) and acute thrombosis (sudden blockage of blood vessels by a plaque or thrombus).
2.3 Delivery systems of stents

There are two delivery systems of stent, self-expanding stent and balloon-expanding stent.
Self-expanding stents have a small geometry at room temperature, and it expands under the effect
of shape memory alloy when it exposes to higher temperature in human body. This increases its
diameter and expands its geometry after deployment. Ballon-expandable stents are mounted at the
end of a catheter on a deflated balloon that is delivered to the lesion area. The stent expands once
the balloon is inflated against the wall of the artery in order to keep the artery open.
2.4 Risks related to Percutaneous Coronary Intervention, PCI.
There are several cardiovascular risks that threaten patients who go through percutaneous
coronary intervention (the procedure of inserting a stent in blood vessel). Examples of these risks
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are: Stent recoiling, stent fracture, In-stent restenosis, and stent thrombosis. The following sections
describe each PCI risk.
2.4.1 Stent recoiling
The stent recoiling is referring to change in stent structure due to the overlapping of stent
struts. Farb indicates that the stent structure is designed to reduce restenosis and prevent elastic
recoiling after angioplasty. Moreover, the metallic nature of stent may not support the surrounding
tissue [17]. Tanimoto, et. al have proposed a study to compare in vivo acute stent recoil for metallic
stent and a bioabsorbable polymer stent (BVS). Their results indicated that the stent recoil appears
slightly in BVS but both stents have decent radial strength [18].
2.4.2 Stent Fracture
Shin Eun Stent fracture is referring to the break down on stent struts partially or totally.
Awareness has been raised to prevent stent fracture. Figure 3 shows different fracture stages. [19].

Figure3: A. depicts a single strut fracture of Taxus stent. B. depicts multiple breaks in Cypher stent
but alignment is still present. C. depicts multiple breaks in Cypher stent. D. shows a Cypher stent
fracture of multiple breaks with transection but no gaps are present. E. shows a total separation of
Cypher stent after a fracture [19].
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Different types of stents result in various stent fracture incidences. Stents may fracture
partially, or completely. Thus, a longer fellow up after stent implantation is required to prevent
long-term consequences [20].
2.4.3 In-stent Restenosis (ISR)
The occurrence of restenosis (the condition of plaque accumulation) after stent implantation
refers to in-stent restenosis. Angiography (examination of blood vessel) is used to assess the "Instent restenosis" which is defined as the occurrence of more than 50% stenosis in the diameter of
the stent segment [21, 22].
2.4.4 Stent thrombosis
The stent thrombosis refers to the sudden closing of coronary artery due to thrombus
formation. Stent thrombosis may occur lately after drug-eluting implantation. Jensen reported that
stent thrombosis is a potential risk as it may lead to acute coronary syndrome (ACS) [23]. However,
Joner reported that drug-eluting stent may behave as metal stent when drug is eluted. Thus, vascular
healing is required [24]. McFadden and Park ensures that patients treated with drug-eluting stents
should get a prolonged antiplatelet therapy to inhibit stent thrombosis [25, 26].
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Chapter 3: The design of medical stent

3.1 Desirable characteristics of the stent

Medical stents should have some constrains such as; high strength and elasticity, small
profile structure, stent-artery biocompatibility, corrosion resistant, radial strength, and easy
deployment in the artery.
Stents should exhibit high tensile strength to achieve the necessary radial strength to prevent
fatigue after expansion with a minimum stent volume [27-30]. In fact, Carol investigation shows
that designing stents with thinner struts needs high tensile strength. Thinner struts will improve
flexibility and deliverability to smaller vessels [30]
A crucial parameter that quantifies the strength of the stent is the dimensionless ratio of
tensile strength to Young's modulus (σγs/E). Higher ratio and lower Young’s modules give material
that matches the mechanical properties of hard tissue.
3.2 Key factors that influence stent selection

The stent design should follow specific constrains that determine the operational success to
achieve safe delivery [31, 32]. The following table summarizes the key factors that influence the
stent selection.
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Table 1: Key constrain factors of medical stent designs

Key factor

Relied definition for stent design

Deliverability

The overall ease of stent delivery to the lesion site.

Trackability

The force amount needed to move the stent through coronary
artery to the lesion.

Good strut
apposition

The stent ability to expand sufficiently against the artery wall.

Radiopacity

Visibility of the stent structure under fluoroscopy (continues X-ray
beam passes through the body).

Scaffolding

The size of metal supporting the blood vessel and plaque layer.

Conformability

The flexibility of a stent to adapt to blood vessel

Placement accuracy

Accurately placing the stent in the lesion area. This depends on the
recoil of the stent and the marker band visibility.

Safety

The ability of stent to avoid restenosis.

Junya referred in 2007 [33] that the most important criteria for ideal drug eluting stent design are:
deliverability, efficacy, and safety. These parameters can efficiently determine the optimal stent
design.
3.3 Stent materials properties
There are many biocompatible materials used for medical stents. Some of these materials
are; Stainless steel, Cobalt Alloy, Platinum alloy, Titanium, and NiTi alloy. The shape memory
alloy is considered to be the best material for medical stents because of its biocompatible properties.
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The following sections will explain in details the properties of each bio-material used for
manufacturing the drug-eluting medical stent.
3.3.1 (316L) stainless steel
Stainless steel has excellent biomechanical properties and fairly good corrosion resistance.
However, the carbon forms carbides at the microstructure domain. Holton indicates that the
formation of carbides reduces the corrosion resistance of stainless steel grain boundary [34].
Moreover, Köster reports that stainless steel stents have a biocompatible issue [35]. The average
weight percentage of Ni in 316L stainless steel is 12%. This release of nickel may cause allergic
reactions in the human body [36, 37]. However, stainless steel stents of low Ni concentration (4.5%
- 9%) reduces the occurrence of allergic reactions to Ni [35].
3.3.2 Cobalt Alloy stents
Wu reports that Co-Cr alloy is known for its good biocompatibility, non-ferromagnetism,
high strength and resistance to corrosion and fatigue. It has a large radial strength that improves
the effect of thinner stent struts [38].
Table 2: Compression of CoCr stents versus 316L Stainless steel stents [38].
Advantage
Strength
Density

Material (CoCr)
Stronger
Denser

Material (316L SS)
Has less strength
Has smaller density

MRIcompatible

More MRIcompatible

Not MRI compatible

Reason of preference
Maintain good radial strength.
Design thin stent struts with
good radiopacity
Material is non-ferromagnetic,
good biocompatibility.
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As table 2 shows, Co-Cr is stronger than stainless steel. This results in creating stent struts
that can maintain a strong radial strength against the plaque of the artery. In addition, it has better
density than stainless steel.
3.3.3 Ti- Titanium stents
Holmes, et al. tested different materials that are used in constructing stents in order to
examine their ability to resist the encrustation after implanting the stent in human body. Holmes
indicates that Stainless steel and gold-plated spiral reveals less deposition than Titanium, which
indicates that these other materials have better biocompatibility than titanium [39].

Figure4: Left, Crystal deposition on Titanium Stent at increasing magnification. Right, Steel alloy
showing less deposition than on Titanium [39].

The SEM (scanning electron microscope) images in Figure 4 show the crystal deposition
on the surface of titanium stent and steel alloy stent respectively [39]. The images reveal the
deposition of calcium phosphate crystal on the surface of each stent. Testing these biomaterials is
clinically important to prevent exposure of metal surface to lumen of the vessel. Thus, titanium is

13

less favorable as a biomaterial for constructing stents since it is less capable to resist encrustation
(the obstruction of plaque).
3.3.4 NI-TI Nickel Titanium stents

Nitinol is the commercial name for Ni-Ti alloy. It consists of approximately equal atomic
weight percentage of Ti and Ni (55 wt. Nickel % Ni : 45 % Titanium). Nitinol has excellent
mechanical properties, such as good young’s modulus and high ultimate tensile strength. In
addition, it is a super elastic shape memory alloy. The effect of shape memory alloy happens when
the deformed shape of the geometry structure returns to its pre-deformed shape by going through
reversible solid-state phase transformation.
The phase transformation of the material is induced by stress or temperature that causes the
shape memory effect. The phase transformation occurs between austenite (original phase at high
temperature) and marten site (secondary phase at low temperature). As Figure5 shows, when the
temperature is greater than AF (Austenite finish temperature), the shape memory alloy go through
reverse transformation that takes it from marten site phase to Austenite phase.
Gall, et. al indicates that the shape memory alloys (e.g. NiTi) can go under large degree of
strain and elastic deformation in order to reach its yield strength [41-45]. Therefore, Nitinol is
considered to be a unique material for medical stents due to its good mechanical properties [45].
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Figure5: Stress vs. strain curve, representing the Nitinol phase transformation, Qiu [40].
Nitinol stents may corrode in some cases despite of its good mechanical properties [46, 47], in
addition, it may be toxic if there is a release of Ni particles in human body. Moreover, some
concerns may arise for medical imaging of Nitinol stents, but this has less influence on its function.
Nitinol stents’ radiopacity may have minor effect on its deployment, however, its radiopaque side
effects are not as harmful as stainless steel stents [48, 49].

Figure6: The strain range for superelastic Nitinol compared to 316 stainless steel, Buntz [50].

15

Figure 6 shows the stress vs. strain curves of Stainless steel versus Nitinol. This plot indicates that
the mechanical strength of stainless steel is higher compared to Nitinol, Gibbons [51]. Ritchie
indicates that Nitinol is more recommended because of its superelastic transformation. The elastic
strain percentage of Nitinol and stainless steel are 8% and 0.5% respectively. This high recoverable
elastic strain of Nitinol makes it more beneficial than other alloys [52].
3.3.5 Platinum Alloys stents
Platinum alloys are used in medical stents since they have enhanced radiopacity properties.
This results in decreasing the thrombosis incidence and the neointimal proliferation (a contributor
to restenosis inside an artery wall), and thus decreases the inflammation reactions. Pt-Ir stent for
instance, is a platinum alloy that has a percentage weight of 90% platinum and 10% iridium. The
iridium content of Pt-Ir stents enhances the radiopacity to be better than stainless steel stents. In
fact, MRI images can be taken for Pt-Ir stents [53]. However, its recoiling percentage is higher than
316L stainless steel by 11%, which is recorded as a disadvantage of these stents [54, 55].
Furthermore, it is doable to design stents with smaller strut thickness using another platinum alloy
(platinum-chromium) with high strength [56]. The Pt-Cr alloy has great tensile properties, this stent
has better radiopacity and thinner struts than stainless steel. In addition, it is a good biocompatible
platinum alloy, this has an advantage to overcome any thrombogenic issue in the artery.
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3.4 Comparison of Physical and mechanical properties of selected biomaterials.
Table 3: Attributes of different alloys used in constructing medical stents [57].
Required attribute

1st Generation Alloy
Stainless Stell (316L)

Visibility
Strength
Minimized Recoil
Flexibility

Capable
Capable
More capable
Capable

2nd Generation Alloy
Cobalt
Cobalt Nickel
Chromium(L605) (MP35N)
More capable
More capable
Capable
Capable
Less Capable
Less Capable
Capable
Capable

Different alloys have different capability to meet the attributes for designing medical stents.
Table 3 indicates that Cobalt alloys are more capable in terms of having higher strength, visibility
in medical imaging, and flexibility. However, Stainless steel stents are more capable to minimize
the recoiling of the stent struts.
Table 4: Physical and mechanical properties of main biomaterials [58].
Stent Material
𝑔
Density (𝐶𝑚3 )

SS 316L

Co-Cr (L605)

Nitinol

Elastic Modulus (Gpa)
UTS (Mpa)

7.95
193
670

9.1
243
1147

Yield Strength (Mpa)

366

629

Elongation (%)

43

46

6.45
90
1400
195
at
austenite
70
at
martensite
14

Pt10Ir

Ta

21.55
150
340

16.6 4.5
185 107
207 300

200

138

200

25

25

30

CP-Ti

Table 4 indicates that Nitinol has the highest UTS (ultimate tensile strength), 1400 MPa.
Nitinol has advantage over other biomaterials as it has better resistance to corrosions, higher value
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of elastic modulus compared with other materials, and good ductility [58]. Thus, Nitinol material
is selected as a stent material for this study as it has good biocompatible properties. This research
will show the study of Nitinol shape memory alloy stent within a system of coronary blood artery.
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Chapter 4: Numerical modeling of Stent

Researchers have analyzed different stent designs using finite element analysis, without
considering the plaque surface interaction with the stent. For instance, Haiquan, et.al [59] ran a
finite element analysis of three coronary stents constructed out of three different materials; CoCrL605, Mg-WE43 and SUS-316L. The comparison of deformation and stress analysis of the stent
shows that the stents made of stainless steel have the highest safety factor. These values met their
theoretical requirements. Thus, the finite element method was used to optimize the mechanical
behavior of stents [59].
Lally, Dolan and Prendergast [60] proposed two models of stent geometries (S7 and NIR).
They used finite element analysis to analyze the artery wall stresses and the mechanical behaviors
of stents. Their finite element results match the clinical results which indicate that NIR stents cause
higher restenosis rates than S7 stents. Thus, their model can be used as pre-clinical tool to test the
efficiency of stent designs [60]
The stent-vessel interaction can control the in-stent restenosis (ISR) in addition to other factors that
contribute to ISR. Wei, Zhi and Min [61] have done another study to decrease the in-stent restenosis.
They used finite element analysis to study the expansion of stents and the resulted interaction
effects in two models; curved vessel (CV model) and straight vessel (SV model). They used 316 Lstainless steel as a material for stent that has (yield stress of 280 MPa, Poisson ratio ν=0.3, and
Young's modulus E=201 GPa). They observed that the lumen area is decreased and tissue prolapse
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is more in CV model. Thus, this tool is efficient to study the stent mechanism in curved vessels
[62].
Finite element analysis is used for understanding the physical behavior of complex design
geometries. It is also used to predict the performance of specific designs under certain loading
conditions. General finite element principles are presented to explain the computer program used
for the case studies.
Basu, Ghoh, et. al [63] have showed computational analysis of commercial balloon stent
designs. They conducted studies at three different deployment pressures, and in all cases, the VonMises stresses were more than the ultimate tensile strengths of strainless steel 316L and Tantalum
stents.
Xu, Yang, et. al [64] have done a research to investigate the mechanical response of ballonsten vascular system. The aim of their work is to examine a balloon-stent model under vascular
bending conditions. They had L605 Co-Cr alloy as a material of the stent and isotropic elastic
material for the balloon. The results indicate that the stress distribution at half cardiac circle hits
the maximum mises stress (589.92 Mpa) at the bridges of the stent struts. At the same point, the
maximum deformations occurred. This indicated that failure happens as a result of high stress that
led to damaged bridge struts.
Ariel, Ehud, et. al. [65] have done an angiography study on patients who had self-expanding
coronary stents. They observed that the minimal lumen diameter increased in these patients after
one year of follow-up. The stent deployment and balloon dilatation expanded the diameter from
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1.07± 0.73 to 2.96± 0.62 mm. As the stent expansion increases, the late lumen lose decreases.
This is required for long-term successful clinical events for patients with high disease morphology.
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Chapter 5: Literature gabs and contributions

This research is highly important as the number of mortality increases because of coronary
diseases. In addition, statistics in section 1.0 show that many patients are going for stent
intervention instead of open heart surgery as it is done at better conditions to potentially treat lethal
vascular diseases.
The above review covered the highlights of medical coronary stents, how it prevents
cardiovascular diseases, its delivery systems, its deployment phase, and stent modeling using
various biocompatible materials. However, most of these studies analyze the stent either clinically
or numerically using the stent by itself or within the blood vessel. However, these papers do not
focus on shape memory alloy (Nitinol) under different blood pressures and different body
temperatures. In addition, it does not discuss the stress analysis of Nitinol stent deployment within
the cardiovascular system. Moreover, studies that show the selection of stents based on the
recoiling incidences of different stent designs do not cover the probability of stent recoiling
occurrence under different blood pressure and thermal conditions. Thus, this thesis will focus on
covering these gaps through analyzing simulations of the shape memory alloy Nitinol stent when
it shrinks and deploys in cardiovascular system under different blood pressure values and different
body thermal conditions.
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Chapter 6: Research Methodology

Due to the difficulties of running clinical experiments on stent while it is internally in blood
vessels, numerical techniques are used to analyze the stent through using finite element methods.
The advantage of using FEA method is to predict whether the stent is going to maintain its normal
expansion without penetrating the artery.
6.1 Research tree of the model mechanical simulations

Nitinol Stent

Finite Element
Analysis

Hyperelastic
material

low mean arterial pressure

high mean arterial hypertension

normal
temperature

normal
temperature

high
temperature

high
temperature

Figure7: research process flow chart
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The design of the stent within a vessel is imported into ANSYS for structural finite element
analysis. Loads and boundary conditions in addition to using different meshing methods and
contacting techniques are applied to test the system from two perspectives. Figure 7 shows two
case studies analyzing the behavior of hyperelastic vessel tissue model, Mooney Rivlin, and the
behavior of shape memory alloy Nitinol stent. The detailed analyses of the overall behavior of the
system are explained in the following sections.
6.2 Design Geometry

The dimensions of the coronary artery were adopted from Perry, et. al. [66] where they used
high resolution enchocardiography to detect the measurements of the wall thickness and diameter
of the coronary artery in patients with CAD. Their validated techniques gave an average coronary
artery wall thickness of 1.1 ± 0.2 mm [66].

Figure 8 shows the dimensions of the model including the inner and outer diameters of the
vessel; 10.00 mm and 13.34mm respectively, and the diameter of the stent 11.24mm. It also shows
the length of the vessel, 30.00 mm, the length of the stent (from peak to peak), 15.12 mm, and the
strut length, 3.55 mm.
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Figure8: Stent and vessel geometry dimensions.
The full model in Figure 8 is imported into ANSYS, where materials are selected for each
body, meshing sensitivity analysis is taken, loads are identified and applied, and contact surfaces
formulation is set to represents the physical reality of the model.

6.3 Finite Element modeling of Hyperelasticity
6.3.1 Energy Potential function

The density function or strain energy potential function defines the constitutive hyperelastic
behavior of the artery in the design model. The hyperelasticity of the material does not depend on
one value of Young’s Modulus and Poisson’s ratio like the isotropic material. However, it depends
on total stress versus total strain that gives the strain energy potential (W) [67].
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For elastic solids, the strain energy density is denoted as W, it is a function of principal stretch
ratios 𝜆𝐽
𝑊 (𝜆1 , 𝜆2 , 𝜆3 )

(1)

The stress-strain relation is derived from the function of principal strains.

The strain energy density function is used to calculate stresses and strains
𝑆𝑖𝑗 =
-

𝑑𝑊
𝑑𝐸𝑖𝑗

(2)

Where 𝑆𝑖𝑗 is the Nominal stress, and 𝐸𝑖𝑗 refers to components of the strain tensor

The elastic volumetric deformation ratio J equals the total volumetric deformation divided by the
thermal volumetric deformation as the following:
𝐽𝑒𝑙 = 𝐽 =

𝐽𝑡𝑜𝑡𝑎𝑙
𝐽𝑡ℎ

(3)

Due to the material incompressibility, the deviatoric (subscript d) term is split from volumetric
(subscript b) which is a function of volume ratio J only.
𝑊 = 𝑊𝑑 (𝐼̅1 , 𝐼̅2 ) + 𝑊𝑏 (𝐽)

(4)

̅̅̅1 , ̅̅̅
𝑊 = 𝑊𝑑 (𝜆
𝜆2 , ̅̅̅
𝜆3 ) + 𝑊𝑏 (𝐽)

(5)

6.3.2 The polynomial model for the nonlinear strain energy function
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The strain energy potential function has a polynomial form that is based on strain invariants.
The polynomial model of the strain energy function has the following form:
𝑁

𝑖

𝑁

1
𝑊 = ∑ 𝑐𝑖𝑗 (𝐼̅1 − 3) (𝐼̅2 − 3)𝑗 + ∑ (𝐽 − 1)2𝑘
𝑑𝑘
𝑖+𝑗=1

(6)

𝑘=1

where the initial shear modulus 𝐾𝑜 (elasticity coefficient for shearing force) is:
𝐾𝑜 =

2
𝑑1

(7)

The material properties define the values of 𝑐𝑖𝑗 and 𝑑𝑖 . These values are defined from the curve
fitting of the material test data [41].
6.3.3 Hyperelastic Material Model: Mooney-Rivlin
Mooney Rivlin is the hyperelastic tissue model representing the vessel tissue. It represents
the tension of the artery in biaxial direction (longitudinal and circumferential). The derived
constants of the strain energy equation present the hyperelastic model. Mooney-Rivlin Model is
one of the phenomenological models that has polynomial form of 1st and 2nd strain invariants.
There are multiple models of Mooney-Rivlin available in ANSYS. Mooney-Rivlin with two, three,
five, and nine-term constants. These models are particular cases of polynomial form. The model
used in this study is non-linear. This model gives the stress versus strain biaxial representation of
the vessel tissue. The model has five-term Mooney Rivlin constants which is equivalent to the nonlinear polynomial form when N=2, under biaxial tension.

27

𝑊 = 𝑐10 (𝐼̅1 − 3) + 𝑐01 (𝐼̅2 − 3) + 𝑐20 (𝐼̅1 − 3)2 + 𝑐11 (𝐼̅1 − 3)(𝐼̅2 − 3)
1
+ 𝑐02 (𝐼̅1 − 3)2 + (𝐽 − 1)2
𝑑

(8)

Where the initial shear and initial bulk moduli are defined as the polynomial model.
In this study, the Mooney-Rivlin model is used as an elastic material for the vessel tissue.
Although there are many elastic models, Mooney-Rivlin is chosen as it is equivalent to the
polynomial form of hyperelastic material. The M-R model of N=2 (biaxial tension) is more
accurate as it gives tensile strain of 90-100%. Therefore, the elastomer constants of Mooney-Rivlin
that present the energy equation of vessel tissue was used as input in table 5 for the arterial material
properties required.
Table 5: Mooney–Rivlin hyperelastic constitutive equation material properties
Material
Property Density
of vessel (kg/m^3)
tissue

Elastomer
constant
C10
(MPa)

Elastomer
constant
C01
(MPa)

MooneyRivlin

0.018

0.0027

2200

Elastomer
constant
C20
(MPa)
0.085

Elastomer
constant
C11
(MPa)
0.59

Elastomer
constant
C02
(MPa)
0

Elastomer
constant
D1
(MPa^-1)
0

6.3.4 Issues of using the hyperelastic material Model, Mooney Rivlin
The behavior of hyperelastic material is complex as it is a non-linear problem that creates
difficulties during the solving process. Thus, a direct Sparse solver method was used. In the static
equation F = K*x, the spare matrix directly solves for the displacement x. This method takes
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advantage of the non-zero K value that is factorized, in order to reduce memory requirements and
consume time.
6.4 Simulation process of the model

First, the stent is compressed radially, in the absence of the vessel, inward far enough till
the entire stent exists inside the artery without interference. Then the stent is released so that it
expands the artery from inside. This requires very fine mesh on the stent. This is done manually by
defining a contact pair between the outside of the stent, and the inner surface of the artery. That
contact pair will only be made alive at the time that the stent starts to be released resembling the
result of the stent expansion. In the final third load step, temperature and pressure loads are applied,
using substeps, so that the contact between the stent and the artery is built up gradually to improve
convergence.
6.4.1 Coordinate systems
Figure 9 shows the two coordinate systems used in the model: the global coordinate
system for the model, and a local coordinate system for the stent. The global coordinate
system is a Cartesian coordinate system. The local coordinate system is a radial coordinate
system where, the x-axis presents the radial axis, y-axis presents the angular direction, and
z-axis presents the elevation.
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Figure9: Coordination systems of stent and vessel model.
6.4.2 Meshing

Various meshing types are required to enhance the computation of results, and
accommodate the complex geometry. Therefore, adaptive meshing is added to adapt the complexity
of the geometry. As Figure 10 shows, different meshing types are set for better meting quality.
Face and edge meshing method are used to produce meshing for faces and edges of the upper and
lower surfaces of the vessel. Moreover, edge sizing is used for the vessel edge circumference. These
different types are used to accurately generate mesh that validates the physical model.

Figure10: Two different meshing types, edge sizing for the stent outer wall, and sweep meshing
for the stent
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The vessel have a much more coarse mesh of high-order elements, and it should have a few
elements through the wall thickness. Moreover, Sweep method, is a thin mesh used for meshing
sweepable parts of stent and vessel at Quad automatic method.
Meshing independency test is taken to verify that the results are significantly accurate even
when mesh is refined. The results were varying slightly at course mesh, thus, meshing was refined
to achieve the grid independence. To determine the optimum point, the mesh independence study
was carried to capture the solution at a high level of accuracy. The meshing sensitivity was studied
at different meshing methods and different element sizes to analyze the results.
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Figure 11: The meshing sensitivity test plot for the stress of Nitinol stent in hyperelastic model of
vascular tissue at different numbers of elements.
Table 6: Mesh Sensitivity analysis for the stent-artery model.
# Elements
Stress (MPa)

23634
127.94

26832
100.89

102900
88.78

106388
85.77
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Meshing sensitivity analyzes was taken at the points shown in table 6. The graph in Figure
11 shows that the plot is stable as we increase the number of elements. The optimal point that was
taken for analysis has 107652 elements and 45624 nodes.

6.4.3 Contact surfaces

Contact surfaces between parts of the simulated model should be selected. A contact pair
between the outer surface of the stent and the inner surface of the vessel were set up. As Figure 12
shows, the contact surface is selected for the stent and the target for the inner surface of the vessel.

Figure12: Contact surfaces setting of the model parts, the outer surface of the stent is the contact
to the target inner surface of the vessel.

Contact pairs are determined by the target and contact bodies of the model. The contact
formulation selected in the study is Pure Penalty
𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝐾𝑛𝑜𝑟𝑚𝑎𝑙 𝑋𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛

(9)
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In a contact pair, a penalty-based contact model is used. This type is selected to build up
the reaction force where contact elements touch target elements. The accurate model should have
the minimal amount of penetration.
The detection method should be at nodes of the contact surface, with a direction
perpendicular to the target surface, with contact on the stent, and target on the interior surface of
the vessel. Using nonlinear contact requires the stiffness factor for the contact to be reduced to 0.1
or 0.05, depending on the material of the stent and the way the model behaves. These contact
settings are expected to work better with a finer mesh.
6.4.4 Loads

This model is solved in three load steps to simulate the actual physical model of stent during
crimping, deploying, and expanding stages in the coronary artery.
(1) The first load step would compress the stent to the inner surface of the vessel. The contact
elements between stent and vessel would be killed prior to solving the first load step. In the
first load step, the vessel will not move or be loaded. The stent only is compressed
depending on the alloy modulus of elasticity.
(2) Then the elements of the contact pair are activated. This is done in one load step to take
advantage of the no-interference condition with the contact pair alive and the stent
compressed. The initiation of applying loads happens at this load step.
(3) In a third load step, the stent expands slowly, letting the stent contact and expand the intima
of the artery. The substeps increase in size while applying pressure and temperature

33

conditions. As the stent expands, till it touches the inner face of the vessel (Intima) on its
way out.
Boundary conditions are applied to prevent the inner bodies from siding in Y-axis and
rotating about Y, given that there is no friction in the model. In addition, the displacement
distribution plays the role of compressing and releasing the stent in the system. At time zero, the
cylindrical sheath surface starts with zero displacement in the radial direction. At time one, the
cylindrical surface has been squeezed inward, so that the stent is inside the vessel. This
displacement value is approximately the magnitude of the inward radial displacement so that the
stent would be entirely inside the plaque. At second time step, the radial displacement is hold at
constant, and turn on the contact (EALIVE) between the stent and the vessel inner surface. At third
time step, the cylindrical surface is back out at its full diameter, having the stent expand and push
outward the interior surface of the artery.
The thermal load should start at a value that is equal to the reference temperature of the
material in the program to obtain results that are corresponding to the assigned material properties.
In this study, the reference temperature for the stent is 22 𝐶 0 at room temperature, then the
temperature increases to 36.5𝐶 0 as the stent is exposed to the vessel environment in the model. In
addition, it was tested under fever temperature, 40.0𝐶 0 . The coefficient of thermal expansion for
the Titanium alloy stent is larger than the hyperelastic material. The lowest and highest blood
pressure of a patient with coronary heart disease is applied in the third load step. The contact was
not captured at the crimping load step because we are aiming for capturing it at the expanding stage
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to determine its effect once touching the vessel. Therefore, adjustments were added to the third
load step with modifications in the minimum number of substeps to facilitate the convergence.
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Chapter 7: Results and Discussion

Stent recoiling is an important factor to evaluate the stent design. It refers to the difference
between the two measurements of stent width. The best integrated stent presents the minimum
recoiling (the overlapping of stent struts).

Figure 13: The red line refers to the diameter of stent in the vessel. The change in the stent diameter
refers to the recoiling of stent expands in the artery.

Figure 13 shows the diameter of the stent. Over extension of the expanded stent may cause
recoiling (stent overlapping). The results will show if there are incidences of stent recoiling under
different blood pressure and thermal conditions. In addition, it will show if there is dislocation of
stent when it expands. On the other hand, the results display the range of equivalent stress induced
by the change in blood pressure and the body temperature at the intima (inner surface of artery
wall). Studies are carried through the simulations to show the change in stent behavior and vessel
under normal pressure and hypertension, also, it shows the difference of applying normal human
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temperature and high temperature resembling the fever. These results are discussed in eight case
studies
7.1 Comparison of NiTi stent with hyperelastic arterial tissue under normal MAP, and
normal body temperature vs. normal MAP and high body temperature.

The first case study discusses the results of two simulations with different temperatures and
arterial pressures. The Nitinol stent was simulated in hyperelastic tissue of the vessel under specific
loads including normal human temperature specified as 36.85 ̊C, and fever specified as 40.0 ̊C.
Results of each thermal condition are carried for two situations of mean arterial pressure (MAP);
normal MAP, range from 70 to105mmHg, and high MAP (hypertension, > 105 mmHg) [12].
𝑀𝐴𝑃 =

𝑆𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝐵𝑃 + 2 𝐷𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝐵𝑃
3

(10)

Where systolic blood pressure refers to contraction of heart muscle and diastolic blood
pressure happens when blood is exerting from heart.

The following results show the impact of two different body temperatures and blood
pressures on a Nitinol stent when it expands in coronary artery.

7.1.1 Equivalent total strain of Nitinol stent
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Figure14: presents the model strain after NiTi stent expansion in hyperelastic artery tissue under
normal arterial pressure and at two body temperatures. a) Shows the maximum strain of Nitinol
stent, 0.00152, at 36.5˚C and normal MAP. b) Presents the maximum strain of Nitinol stent,
0.00184, at 40.0˚C and normal MAP.
The equivalent total strain varies as the body temperature changes at normal mean arterial
pressure. Figure 14.a, shows that the artery is affected by the expansion of the stent, and the
maximum strain happens at the peaks of the stent curvatures. When the temperature increases, the
total strain of the nitinol stent increases by 17%. The maximum strain for the nitinol stent under
Normal MAP is 0.00152 at 36.5˚C and 0.00184 at 40.0˚C. The lowest value of strain happens to
be at the straight lines of the stent struts.
7.1.2 Equivalent total strain of Coronary artery
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Figure15: presents the model strain after NiTi stent expansion in hyperelastic artery tissue under
normal arterial pressure and at two body temperatures. a) Shows the maximum strain of the artery,
0.0167, at 36.5˚C and normal MAP. b) Presents the maximum strain of the artery, 0.0174, at 40.0˚C
and normal MAP.

The total strain of the arterial wall is affected by the change of body temperature. The stain
at the intima, inner wall of artery is the highest and it decreases as it reaches the outer surface of
the artery. Figure 15 shows that the comparison between the total strain under normal MAP and
normal body temperature, 0.0167 is less than the strain at normal MAP and high body temperature,
0.0174. As figure 14 shows that the maximum strain occurred in the intima around the stent location
in the treated area. However, the lowest value of strain happens to be at the outer surface of the
artery wall, the farthest area from the stent location.
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7.1.3 Equivalent Von-Mises Stress of Nitinol stent

Figure16: presents the model stress after NiTi stent expansion in hyperelastic artery tissue under
normal arterial pressure and at two body temperatures. a) Shows the maximum stress of Nitinol
stent, 88.77 MPa, at 36.5˚C and normal MAP. b) Presents the maximum stress of Nitinol stent,
111.39 MPa, at 40.0˚C and normal MAP.
Increasing the body temperature depicts a significant increment in the equivalent stress of
the Nitinol stent. Figure 16 displays the color contour of the stress at the stent struts. The figure
presents the maximum stress at the peaks of the struts, 111.39 MPa under normal MAP and normal
body temperature, while it is 88.77 MPa within the struts of a stent under normal MAP and high
body temperature. The von-Mises stress increment percentage is 20%. The change in stent
equivalent stress recorded the highest value under regular pressure and 40.0 ̊C. These equivalent
stress values are high compared to other case studies, however, this does not result in stent recoiling.
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7.1.4 Equivalent Von-Mises Stress of Coronary artery

The equivalent stress of the vessel varies slightly as the body temperature increases at
normal MAP.

Figure17: presents the model stress after NiTi stent expansion in hyperelastic artery tissue under
normal arterial pressures and at two body temperatures. a) Shows the maximum stress of the artery,
0.0490 MPa, at 36.5˚C and normal MAP. b) Presents the maximum stress of the artery, 0.0510
MPa, at 40.0˚C and normal MAP.

Figure 17 shows that the maximum stress under normal MAP on coronary artery at 36.5˚C
verses stress at 40.0˚C is 0.0490 MPa and 0.0510 MPa respectively. The increment of the VonMises stress does not affect negatively on a vessel of hyperelastic tissue. This increment is low
compared to other case studies.
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7.1.5 Directional Deformation of the Nitinol stent

Figure18: presents the model directional deformation after NiTi stent expansion in hyperelastic
artery tissue under normal arterial pressure and at two body temperatures. a) Shows the maximum
directional deformation of Nitinol stent, -0.407, at 36.5˚C and normal MAP. b) Presents the
maximum directional deformation of Nitinol stent, -0.404, at 40.0˚C and normal MAP.

Figure 18 shows that the stent directional deformation increases in the negative direction
of radial axis, from the inner surface towards the arterial wall. As the body temperature increases
under normal MAP from 36.5˚C to 40.0˚C, the directional deformation increases from -0.407mm
to -0.404mm. Despite the change of body thermal condition, the increment of directional
deformation under normal MAP is very low. This proves that there is no overlapping of the stent
struts or incidences of stent recoiling as the body temperature increases at normal MAP.
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7.1.6 Directional Deformation of the Coronary artery

Figure19: presents the model directional deformation after NiTi stent expansion in hyperelastic
artery tissue under normal arterial pressure and at two body temperatures. a) Shows the maximum
directional deformation of the artery, 0.114, at 36.5˚C and normal MAP. b) Presents the maximum
directional deformation of the artery, 0.117, at 40.0˚C and normal MAP.
The directional deformation of the inner wall of a hyperelastic artery increases in radial
direction by the expansion of Nickle Titanium stent. As figure 19 shows, the increment in
directional deformation of the arterial hyperelastic tissue is varying from 0.114mm at 36.5˚C to
0.117mm at 40.0˚C under normal MAP. The percentage of change is increasing by 44% when
blood pressure increases.
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7.2 Comparison of NiTi stent with hyperelastic arterial tissue under high MAP and normal
body temperature vs. high MAP and high body temperature
7.2.1 Equivalent total strain of Nitinol stent

Figure20: presents the model strain after NiTi stent expansion in hyperelastic artery tissue under
high arterial pressure and at two body temperatures. a) Shows the maximum strain of Nitinol stent,
0.00140, at 36.5˚C and high MAP. b) Presents the maximum strain of Nitinol stent, 0.00176, at
40.0˚C and high MAP.

Figure 20 shows that the equivalent total strain caused by the expansion of Nitinol stent
under high mean arterial pressure is higher at 40.0˚C compared to total strain of high mean arterial
pressure at 36.5˚C; 0.00176 and 0.00140 respectively. At high MAP and high human body
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temperature, the strain of the artery happens to be the maximum at struts peaks. However, when
blood pressure increases, the strain increment does not cause any recoiling or fraction.
7.2.2 Equivalent total strain of Coronary artery

Figure21: presents the model strain after NiTi stent expansion in hyperelastic artery tissue under
high arterial pressure and at two body temperatures. a) Shows the maximum strain of the artery,
0.0292, at 36.5˚C and high MAP. b) Presents the maximum strain of the artery, 0.0300, at 40.0˚C
and high MAP.
The intima surface of the artery was highly strained by the increment of mean arterial
pressure at 40˚C. Figure 21 shows that the change in strain is 0.0292 under hypertension at 36.5˚C
verses 0.0300 under hypertension at 40.0˚C. To evaluate all other cases, the strain at 40.0 C
̊ and
under hypertension in hyperelastic artery, 0.0262, records the highest strain in all case studies.
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However, this study indicates that this increment is not high to cause any medical complication or
arterial rupture.

7.2.3 Equivalent Von-Mises Stress of Nitinol stent

Figure22: presents the model stress after NiTi stent expansion in hyperelastic artery tissue under
high arterial pressure and at two body temperatures. a) Shows the maximum stress of Nitinol stent,
76.992 MPa, at 36.5˚C and high MAP. b) Presents the maximum stress of Nitinol stent, 101.39
MPa, at 40.0˚C and high MAP.

Figure 22 shows that the equivalent stress of the Nitinol stent under hypertension. The vonMises stress is increasing at hypertension when body temperature increases from 36.5˚C to 40.0˚C
as 76.992 MPa to 101.39 MPa respectively. This increment happens as the Nitinol shape memory
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alloy stent expands at high mean arterial pressure and high body temperature by 24%. This records
the highest increment percentage by the change in body temperature under hypertention. The
maximum areas of stress in all cases are located on the curvatures peaks of the struts.
7.2.4 Equivalent Von-Mises Stress of Coronary artery

Figure23: presents the model stress after NiTi stent expansion in hyperelastic artery tissue under
high arterial pressure and at two body temperatures. a) Shows the maximum stress of the artery,
0.0861 MPa, at 36.5˚C and high MAP. b) Presents the maximum stress of the artery, 0.0881 MPa,
at 40.0˚C and high MAP.

The equivalent stress of the hyperelastic tissue for coronary artery is increasing as blood
pressure and body temperature increases. Figure 23 shows that the stress of the inner arterial wall
increases from 0.0861 to MPa 0.0881 MPa as the body temperature increases at high MAP. The
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change in the elasticity of the artery tissue changes the stress induced under same pressure and high
thermal load. The Nitinol stent equivalent stress under high MAP and at 40.0˚C is higher than the
stress under high MAP and at 36.5˚C which results on expanding the arterial wall by 44% compared
to the case at normal MAP and normal body temperature in section 7.1.4.
7.2.5 Directional Deformation of the Nitinol stent

Figure24: presents the model directional deformation after NiTi stent expansion in hyperelastic
artery tissue under high arterial pressures and at two body temperatures. a) Shows the maximum
directional deformation of Nitinol stent, -0.322, at 36.5˚C and high MAP. b) Presents the maximum
directional deformation of Nitinol stent, -0.320, at 40.0˚C and high MAP.

At high body temperature 40˚C and high MAP, the directional deformation of the stent
increases as the stent expands. Figure 24 shows that the increment in directional deformation
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happens about the radial x-axis. At high MAP, the Nitinol stent expands by -0.322 mm under
36.5˚C, compared to -0.320 mm under 40˚C. Further, the directional deformation does not show
high variance in stent expansion under different thermal loads.
When temperature changes, the Nickle Titanium shape memory alloy goes under large degree of
elastic deformation compared to its directional deformation, -0.407 at normal conditions, as
specified in section 7.1.5. The directional deformation of Nitinol stent increases by 21% by the
change in MAP and at high body temperature, 40.0 ̊C in hyperelastic arterial tissue.
7.2.6 Directional Deformation of the Coronary artery

Figure25: presents the model directional deformation after NiTi stent expansion in hyperelastic
artery tissue under high arterial pressure and at two body temperatures. a) Shows the maximum
directional deformation of the artery, 0.199, at 36.5˚C and high MAP. b) Presents the maximum
directional deformation of the artery, 0.201, at 40.0˚C and high MAP.
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As previous case studies, directional deformation of the inner surface of the artery wall is
increasing by the change in blood pressure from regular to hypertension. There is no significant
difference in deformation induced by the high temperature when the stent expands radially at
normal mean arterial pressures. The directional deformation of the intima layer is induced by the
change in blood pressure at 40.0 ̊C. Figure 25 shows that the maximum radial deformation under
hypertension, is 0.199 mm at 36.5˚C verses 0.201 mm at 40.0˚C. Figure 24, b records the highest
directional deformation, 0.201 mm in comparison to all other case studies.
7.3 Comparison of NiTi stent with hyperelastic arterial tissue under normal MAP and normal
temperature vs. high MAP and high temperature

This case study discusses the results of Nitinol stent expansion in hyperelastic arterial tissue
when both pressure and thermal conditions change. The following results are displayed for two
different mean arterial pressures and under two body temperatures.
7.3.1 Equivalent total strain of Nitinol stent
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Figure26: presents the model strain after NiTi stent expansion in hyperelastic artery tissue under
different arterial pressures and at two body temperatures. a) Shows the maximum strain of Nitinol
stent, 0.00152, at 36.5˚C and normal MAP. b) Presents the maximum strain of Nitinol stent,
0.00176, at 40.0˚C and high MAP.

Figure 26 shows that the equivalent total strain caused by the expansion of Nitinol stent is
slightly higher at high thermal condition and high MAP than its expansion at normal human
temperature and normal MAP; 0.00152 and 0.00176 respectively.
7.3.2 Equivalent total strain of Coronary artery
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Figure27: presents the model strain after NiTi stent expansion in hyperelastic artery tissue under
different arterial pressures and at two body temperatures. a) Shows the maximum strain of the
artery, 0.0167, at 36.5˚C and low MAP. b) Presents the maximum strain of the artery, 0.0300, at
40.0˚C and high MAP.

Figure 27 shows that the equivalent total strain caused by the expansion of Nitinol stent is
higher under hypertension and fever compared to regular blood pressure and body temperature;
0.0167 and 0.0300 respectively. At both thermal and arterial pressure conditions, the strain of the
artery happens to be around the stent location. However, when blood pressure increases, the strain
expands to cover wider area of the artery.
José and Goicolea [68] conducted a computational study about the biomechanical
factors influencing on the function of the cardiovascular system. They showed that the maximum
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strain at arterial wall is 0.3 mm. Figure 27 shows that the maximum is stress, 0.03, is still within
the acceptable range as it does not exceed the maximum value of arterial strain.
7.3.3 Equivalent Von-Mises Stress of Nitinol stent

Figure28: presents the model stress after NiTi stent expansion in hyperelastic artery tissue under
different arterial pressures and at two body temperatures. a) Shows the maximum stress of Nitinol
stent, 88.77 MPa, at 36.5˚C and low MAP. b) Presents the maximum stress of Nitinol stent, 101.39
MPa, at 40.0˚C and high MAP.
According to Mechanical Solutions Inc. [69], their stent technology obtained a maximum
stress of 385 MPa without fatigue failure. Thus, the maximum equivalent stress obtained in the
study – 101.39 MPa – is within the acceptable range.
The shape memory alloy nitinol stent is affected by the increment in temperature when it is
inserted in hyperelastic tissue. Figure 28 shows that the increment of blood pressure and human
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body temperature increases the stress caused on Nitinol stent from 88.77 MPa to 101.39 MPa as
blood pressure increases. Thus, increasing the MAP and the temperature to 40˚C increases the
stress by 12%.
7.3.4 Equivalent Von-Mises Stress of Coronary artery

Figure29: presents the model stress after NiTi stent expansion in hyperelastic artery tissue under
different arterial pressures and at two body temperatures. a) Shows the maximum stress of the
artery, 0.0490 MPa, at 36.5˚C and low MAP. b) Presents the maximum stress of the artery, 0.0881
MPa, at 40.0˚C and high MAP.
The stress of the inner wall of hyperelastic artery increases when blood pressure increases
from regular to hypertension. Figure 29 shows that the equivalent stress of the artery at regular
pressure verses hypertension is 0.0490 MPa vs. 0.0881 MPa respectively. This is still within the
acceptable range compared to 2.300 MPa as maximum stress [70]. This increment does not result
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in creating intimal thickness of the artery. Therefore, no medical complications are indicated under
the obtained stress values.

7.3.5 Directional Deformation of the Nitinol stent

Figure30: presents the model directional deformation after NiTi stent expansion in hyperelastic
artery tissue under different arterial pressures and at two body temperatures. a) Shows the
maximum directional deformation of Nitinol stent, -0.407, at 36.5˚C and low MAP. b) Presents the
maximum directional deformation of Nitinol stent, -0.320, at 40.0˚C and high MAP.
Figure 30 shows a section view of the artery-stent model, where x-direction is negative
inwards. At high human temperature 40˚C, the directional deformation of the stent increases as the
stent expands. Figure 16 shows that the increment in directional deformation happens about the
radial x-axis. The Nitinol stent expands by -0.407 mm under regular pressure, compared to -0.320
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mm under hypertension at 40˚C. Further, the directional deformation does not show high variance
in stent expansion under different thermal loads.

7.3.6 Directional Deformation of the Coronary artery

Figure31: presents the model directional deformation after NiTi stent expansion in hyperelastic
artery tissue under different arterial pressures and at two body temperatures. a) Shows the
maximum directional deformation of the artery, 0.114, at 36.5˚C and low MAP. b) Presents the
maximum directional deformation of the artery, 0.201, at 40.0˚C and high MAP.

As previous case studies, directional deformation of the inner surface of the artery wall is
increasing by the change in blood pressure from regular to hypertension. Figure 31 shows that the
maximum value of directional deformation at normal MAP and at 36.5˚C is 0.114 compared to
0.201 mm at high MAP and at 40.0˚C.
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There is a significant change observed in directional deformation of hyperelastic tissue
under fever condition compared to normal condition. At high MAP and at 40.0˚C, the maximum
value of directional deformation at intima, 0.201mm is higher by 43%, compared to 0.114 at normal
MAP and at 36.5˚C
7.4 Discussion
This section presents summary discussion of studying Nitinol stent in hyperelastic arterial
tissue under two different body pressure and thermal conditions.

Table 7: Summary result values of Nitinol stent expansion in hyperelastic arterial tissue at different
thermal and pressure loads.

Specifications of Nitinol stent
and hyperelastic artery
Elastic stent
artery
Von-Mises
Stress stent
(Mpa)
artery
stent
Directional
deformation (mm)
artery
Equivalent
Strain

Normal MAP mmHg

High MAP mmHg

(36.5˚C)

(40.0˚C)

(36.5˚C)

(40.0˚C)

0.00152
0.0167
88.77
0.049
-0.407
0.114

0.00184
0.0174
111.39
0.051
-0.404
0.117

0.0014
0.0292
76.992
0.0861
-0.322
0.199

0.00176
0.03
101.39
0.0881
-0.32
0.201

Comparing the results of Nitinol stent strain show that changing the MAP does not effect
on changing the strain at normal body temperature, 36.5˚C. However, the results of hyperelastic
model of arterial tissue strain show that the change in MAP at 36.5˚C, increases the strain by 57%
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and the change in MAP at 40.0˚C increases the strain by 58%. The stress of hyperelastic model of
arterial tissue increases by 57% when body temperature increases at low MAP and increased by
58% when body temperature increases at high MAP. Changing the MAP of hyperelastic model of
arterial tissue does not change the directional deformation of the arterial wall at 36.5˚C. However,
at 40.0˚C, the directional deformation increases by 58% from low MAP to high MAP.
Table 7 shows that as the body temperature increases, the directional deformation of stent
and the artery increase when mean arterial pressure increases from normal to hypertension. The
highest deformation for the stent is 0.32 in radial direction. According to Antonio, et.al [71], the
smallest crossing profile deformation is 0.84 in stainless steel stents, which may result in recoiling
of stent struts. The Nitinol stent did not approach this deformation at high MAP and high body
temperature. Thus, it will not cause any complications in the arterial wall. The increment
percentage obtained in this study is not high enough to cause any recoiling or struts overlapping.
This proves the functionality of stent expansion to an extent that does not harm the stent-artery
model. To compare the increment in arterial directional deformation at 40˚C, the two values are
subtracted. At fever condition, the directional deformation of the intima layer increases by 0.117
mm under normal MAP, and it increases by 0.201 mm under hypertension, which is higher by is
higher by 43% but still less than the maximum value of deformation that changes the profile
structure.
Increasing the mean arterial blood pressure does change the stress induced on stent and
artery wall. This results in increasing the stress significantly when the stent expands against the
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inner surface of the artery wall. This process does increase the strain of the stent and artery model,
however, it does not result in artery rupture.
The high human body temperature, 40˚C leads to deploy the stent faster and increases the
stress created at the intima of the artery. Thus, having a fever does impact on the affectivity of the
stent. In addition, the increment in stress at the nitinol stent, about 12%, is significant at fever
condition. Thus, it is better to reduce the temperature of a patient before implementing the stent
operation. However, the equivalent stress of the artery at normal MAP verses hypertension is
0.0490 MPa vs. 0.0881 MPa respectively. This is still within the acceptable range compared to
2.300 MPa, the maximum stress [70].
This study shows that the maximum strain of the artery, 0.03, is still within the acceptable
range as it does not exceed the maximum value of arterial strain, 0.3 [68].
Overall, the affectivity of using Nitinol stent in hyperelastic tissue of coronary artery shows
better results at extreme conditions. When the stent is inserted, it faces high blood pressure, and
under deployment, the stent expands till it reaches the intima layer of the lesion in the coronary
artery successfully. At regular blood pressure and at 36.5 ˚C, the stent behaves normally with no
excessive stress and without dislocating as result of increasing the mean arterial blood pressure.
The overall comparison of all case studies show that the behavior of the stent in all cases is within
the acceptable range as the stress under these conditions is less than the extreme high stress value
of 2.300 MPa.
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The innermost surface of the artery wall, tunica intima, is radially displaced when blood
pressure is changed in the artery by the heart muscle contraction. Increasing the blood pressure and
human body temperature induce greater deformation in the radial position. However, this radial
deformation is not significant as it does not displace the stent from its location. Thus, it helps to
expand the blocked artery.
Overall, the behavior of Nitinol stent in hyperelastic tissue of artery show acceptable results
within normal and high blood pressure and body temperatures. This results in preventing the
dislocation and overextension of the Nitinol stent in the artery.
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Chapter 8: Conclusion and recommendations

In summary, the expansion of stent induces higher stress on the intima layer of the artery
tissue. The results in radial deformation show that the artery widens up the blockage occurred. In
addition, the artery expands to a diameter that is 0.201 mm wider than the diameter of the original
artery without stent placed at extreme health conditions. The intima layer holds up the highest stress
as the stent expands, leaving the outer surface of the artery with less stress. Moreover, the stress
induced at the intima layer of the artery is within the acceptable range as it is less than 2.3 MPa.
As a result, the modeling of hyperelastic vessel and Nitinol stent gave a realistic representation of
the physical model. The stent purposely retracted the artery wall without causing huge stress and
safely expanded it with no penetration.
The best medical condition of stent insertion in these case studies is indicated by the
insertion of Nitinol stent in hyperelastic artery at normal blood pressure and thermal condition,
where less deformation and stress will be caused on the inner wall of the artery. This resembles the
normal medical condition of a patient with no medical complications in the following months of
the surgery.
Struggles were found in modeling and simulating this system. Some of these problems
occurred due to excessive element distortion, contact element issues, computational time, and rigid
body motion. The simulation was complex, yet it converged after many adjustments.
Results should be checked carefully after solving the technical issues encountered. And
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further studies are required to present more case studies of stent designs in hyperelastic artery. The
results presented may help the medical staff to consider the optimal patient conditions for stent
deployment. Retrospective clinical studies may be required to compare the outcome of patients
stented under optimal conditions of normal body temperature and arterial pressure with patients
stented at high temperature and blood pressure. Optimal stenting conditions may help apply the
proper stent safely and prevent any dislocation or other complications in the treated vessel.
Manufacturing companies of medical stents are looking at two main aspects to predict the
efficacy of stents. First, they look at stent ability to stay in position after deployment with no
dislocation in the artery. Second, they look at the deformation and expansion effect on the intima
of the artery. These two main aspects were analyzed in this research and the final comparison shows
that inserting medical stent in normal pressure and at normal human temperature potentially results
in a safer and more efficient expansion of the stent, with less chance of vessel rupture or stent
displacement.
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9.0 Appendix

9.1 Study of Stent Geometry models (Top coronary drug-eluting stents geometry designs
clinically)

Literature review analyzes different types of coronary stents using its actual parameters and
geometry models. The following sections discuss the top coronary drug-eluting stents including
Promus, Cypher, Endeaver, Xience, Nobori, and Taxus, in addition to a comparison of their
deformation under various clinical tests.
9.1.1 Promus - The top drug-eluting stents

A comparison study of multiple stent designs was established to compare the efficiency of
each stent with respect to its biomechanical properties. Promus stent of platinum chromium proved
its efficacywith enhanced visibility and deliverability.

Figure 32: Promus stent shows less recoil by resisting the highest radial force [72].
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As Figure 32 shows, Promus stent has 40% less recoil than cobalt alloy stents; this is
demanded to prevent thrombosis. Promus stent has almost double the strength of cobalt alloy stent
[72] . Figure 33 shows that it has88% less bending moment than cobalt alloy stents. This prevents
it from over locating in the artery.

Figure 33: Promus stent is highly conformable as it has a low bending moment [72].
Johan Bennet [73] presented standing results of Promus stent to prove its efficiency when
it is in contact with human body. Figure 34 shows an actual design of the Promus stent, and it
reveals some of its modeling properties.

Figure 34: Promus Element stent structure [73]
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Thus, Promus Element stent has exceptional mechanical properties that enhance its
mechanism when inserted in human body. Its high strength and conformability show the unique
biocompatible properties of Promus Stent.

9.1.2 Cypher - The top drug-eluting stents

Cypher stent is made of metals that are coated with a sirolimus combined with synthetic
polymers. A research by McKeage, Murdoch, and Goa reveals that sirolimus stents reduce
incidences of thrombosis [74]. Comparison of Promus, Cypher and Xience stents in an American
Heart Association research shows the efficacy of these drug-eluting stents in patients after
12months of percutaneous coronary intervention [75].

Figure 35: Stent Appearance of 7 geometries after 5-mm stent [76].
Figure 35 displays different designs of stents, and their appearance after shortening them
for 5 mm. The sinusoidal connecters of Cypher Select stent shorten and become less aligned with
the long axis of struts. However, the deformation of Vision and Multilink8 Xience stent designs is
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outstanding. The connectors of these two stent models were less aligned and the loops of the struts
were pushed along the axis of the stent, indeed some of them had a close up of struts [76].
9.1.3 Endeavor/Resolute - The top drug-eluting stents

The Endeaver stent is one of the second-generation drug-eluting stents. However, it has a
controversial of limited long-term safety. The second-generation os stents conversely, shows a
promising better clinical results. A 4 months study of clinical and angiographic research of
Endeavor stents reveals the success of this device. The clinical results of Engeavoe Resolute
carriers prove the success of developing the stent in up to 27mm lesion. In addition, the Endeavor
stent was associated with reducing the in-stent lumen loss and neointimal hyperplastic growth [77].
9.1.4 Xience - The top drug-eluting stents

A research by John, Ormiston, Bruce, et.al. discusses the effect of compressive force (N)
against stent shortening (mm) in well-known drug eluting stents. Experiments show that when force
is applied on stents, they shorten by various lengths. The most hardly compressed stents are Vision
(XienceV) and MultiLink 8(Xience prime). Cypher stent however, can handle the highest amount
of force against the least displacement of its struts. Stents with the highest number of connectors
appear to be the strongest among the other stent designs [76].
The independent and standardized researches of different stents in literature review may
assist in selecting the best geometry model of stent based on the efficacy in clinical situations. In
addition, the longitudinal integrity and comparison is needed for future design improvements. The

65

main constrain factors that assist the design developments are; stent strength, its ability to resist
shortening, avoiding incidence of late thrombosis or late restenosis, and maintaining the shape of
struts and the number of connectors between hoops [76].
9.1.5 Nobori - The top drug-eluting stents

The euro PCR run a real life study to evaluate the efficacy and safety of Nobori stent. The
study proved thatNobori stent with hydrophilic M-coating exhibits excellent flexibility and
scaffolding optimal delivery system, and indicated its high efficacy as treatment for patients with
coronary artery disease [78].
Centre of Cardiologique du Nord in France constructed a study of patients who undergo
percutaneous coronary intervention in up to two coronary arteries. They were divided into two
groups, one group was assigned to receive Nobori stent, and the other group received Taxus stent.
In fact, the two groups have similar baseline patient characteristics. The rate of lesion
revascularization was 2.95 for Taxus stents and 0% for Nobori stent. However, the long term safety
indications is not proved till they analyze future tests [79].
9.1.6 Taxus/Taxus Element - The top drug-eluting stents

Eberhard, et.al, [80]conducted a study on randomize 61 patients who have restenotic lesions.
Clinical outcomes compare between 31 patients caring TAXUS stent and 30 patients caring control
stents. Intravascular ultrasound reveals an improvement in neointimal hyperplasia (proliferation of
muscular cells) in TAXUX more than the controlled stents [80].
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Table 8: Summary comparison of stent types.
Radial force
by
flat
compression
test (N) [68]

Radial
force for
recoiling
(N/mm)

0.81 ± 0.08 N
May cause 0.66 ± 0.03 N
inflammatio
n
reliable
1.14 ± 0.04 N

2.89 ± 0.28 N
3.89 ± 0.34

0.26
--------

3.71 ± 0.31

0.15

0.06

moderate

2.73 ± 0.24

0.12

0.34

Stent type

safety

Promus
cypher

Endeaver/Resulo
te
Xience

Flexibility,
force by 3
point pending
test [68]

1.07 ± 0.04 N

Bendin
g
momen
t
(N/mm)
0.04

Nakazawa, et. al, mentioned that Taxus struts may overlap after 28 days of implementing
it [82] thus it is eliminated from the top stent types list. Since Nobori and Taxux stent have limited
advanced perspectives, they will not be included in the final compression between the top drug
eluting stents. Conversely, Promus stent has up to 40% less recoil than cobalt alloy stents in bench
testing. It has less bending moment, and around 88% less than the cobalt alloy stents. The
compression test results of BAE et. al [81], indicate that the radial force values was the greatest for
Cypher stent. However, Xience has the lowest level of performance among the relative competitor
stent designs. Therefore, the rating of best drug eluting stents indicate that the first is Cypher,
second is Promus, and third is Endeavor stents. FEA Simulations will be applied using these stents
in order to predict their performance in a system of blood vessel with plaque layer.
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9.2 Program Commands
At the beginning, the EKILL or EALIVE commands were not used. The model was run
with all elements and contacts alive. The sudden birth and death of some of the elements may cause
difficulty with interference changes. Thus, 1/16 segmental model was used since the quarter model
would not converge before the solution. The only elements need to have killed at the start of the
analysis will be those of the contact pair between stent and the artery. Then bring it to life once the
stent is fully compressed, and prior to its expansion.
9.3 Contact surfaces background
The contact surfaces should be selected carefully as it is critical for solving the simulation
accurately. The contact pair setting is different for each contact type. There are many basic contact
types such as; bounded, no separation, frictionless, rough, and frictional. The main types used in
this study are the bounded, frictionless and frictional contact surfaces. Bonded contacts, are used
when there is no sliding between the surfaces, and no contacts can lift off. However, frictionless
contact is used, as it does not cause penetration between surfaces, so they can slide and separate
without resistance.
9.4 Challenges
The following chart summarizes the convergence issues of simulating the stent within
hyperelastic tissue. The chart also shows the solutions to overcome these problems.
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Figure36: Simulation convergence problems and solutions.
The methodology section explains in details the procedures used in the simulation,
problems and solving techniques taken at each step in the simulation.
9.5 Limitations to the stet design, and blending curvatures for better results.

There are limitations to modeling the stent in hyperelastic tissues. A normal stent may
penetrate the artery intima, and to avoid this issue, some assumptions should be defined. Modeling
this design should accept the behavior of the stent when it interact with hyperelastic tissue without
damaging it. One of the modifications added is refining the surfaces of the stent. A proper
convergence of the model is difficult with the original design due to the curvatures of the stent.
Thus, blending these curvatures is applied to prevent the projection of the stent edges into the
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intima layer. Blending the struts curvatures will refine the stent design, and give a better meshing.
Rounding the outside corners on the stent is done in the DesignModeler. This gives better behavior
along the contacted elements between the outside surface of the stent and the inside surface of the
vessel. Contact surfaces should be adjusted to capture the gaps occurred due to adding the rounded
filet to the corners of the stent. This variation achieves a better convergence.
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