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Abstract: Diseases of the heart is the leading cause of mortality in the Philippines.
Coronary artery disease is the most common which, at early stages, can be treated
through angioplasty surgery and stenting. The coronary stents have a probability of
failing due to restenosis and is linked to their different characteristics. In addition,
there are hundreds of different stent designs available in the market today with each
having its own combination of design and material. Finite-element analysis (FEA) is a
widely used technique in gathering data by carrying out simulations especially in the
field of biomedical engineering where phenomena happening inside the body can be
conveniently simulated. The objective of the study is to characterize stents with
different geometries and materials with the use of FEA. The process involved creating
CAD models of the systems in contact namely the stent, balloon, artery, and blood using
a CAD software and simulating their interaction with one another through finite-
element analysis. A total of three stent designs were used taking into consideration
their varying mesh geometry and material namely stainless steel, cobalt chromium
and platinum chromium. Stent deployment in angioplasty was recreated using the
software which involves inflating the balloon which expands the stent and deflating
the balloon thereafter. Afterwards, blood was introduced and a computational fluid
dynamics simulation was carried out. The stents yielded different stresses effected on
the arterial walls which, in high values, increases the possibility of restenosis.
Stainless steel yielded the highest stress on the artery followed by cobalt chromium
while platinum chromium had the least. Blood flow profile was different as well for
each stent design depending on the mesh geometry.

Key Words: stent; finite element analysis; computational fluid dynamics

Proceedings of the DLSU Research Congress Vol 4 2016
ISSN 2449-3309


VCR
Typewritten Text

VCR
Typewritten Text
Proceedings of the DLSU Research Congress Vol 4 2016
                               ISSN 2449-3309


1. INTRODUCTION

1.1 Subsection

According to the Department of Health in the
Philippines (2006), diseases of the heart is ranked first
in the leading causes of mortality in the country with
a rate of 95.5% in every 100,000 of the population. The
most common disease of the heart is the Coronary
Artery Disease. A coronary heart disease is an ailment
that happens when fatty material and other
substances form plaque and build-up along the arterial
walls thus blocking the blood flow (Michaels et al.,
2002). Such disease happens due to tobacco smoking,
unhealthy diet, and lack of physical activity which all
add up to an unhealthy lifestyle (Banzon, 2013). At
present, there are two ways on how to treat coronary
heart disease through surgery. One way is through
coronary artery bypass surgery which involves
rerouting the pathway for the blood to flow by using a
healthy artery somewhere else in the body. Another
way is through Angioplasty Surgery wherein a small-
wire-mesh tube, called coronary stent, is inserted
through the artery which provides scaffolding to
support a damaged arterial wall.

In previous years, extensive research has been
made on coronary stents resulting in numerous design
and material use. These stents behave differently from
one another as they are subjected to a variety of
contact forces upon deployment in the artery which are
taken into account in the making of the stent. The
main problem that stents are faced with is restenosis,
which is defined as the recurrence of a blockage in the
artery after treatment. Restenosis rate is related with
arterial wall stress and can be changed by adjusting
stent design (Lally et al., 2005). Blood flow also
contributes as it exerts force along its direction of flow.
The stent should be able to withstand such forces
subjected to it and not cause vascular injury along the
arterial walls in contact with it. Thus, there is an
interplay between stent design, material, and coating.
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2. METHODOLOGY

Similar to other studies, the simulation of
stent deployment and blood flow is made to be as
realistic as possible. The conceptual approach of the
study is shown in Fig. 1.

Investigated

Coronary Artery Stents Balloon

Partial Analysis and Simulation

Blood

Complete
Analysis and
Simulation

Fig. 1. Conceptual Framework

Finite Element Analyzing software allow the
creation of steps with different boundary conditions
and loading parameters in order to carry out efficient
simulations. With the presence of a fluid, the human
blood, it is essential to have a concept built on a two-
step process. The first step consists of the interaction
between the artery, the balloon, and the chosen
investigated stents while the second step is set up
solely for fluid analysis and simulation.

2.1 Modelling
2.1.1 Geometry Creation

A 3D computer model of each stent as well as
the artery, plaque and blood will be made using a CAD
software. The study makes use of three stent models:
Kaname, Promus, and Firebird whose geometries are
to be modelled as reported in open sources and are
named in this study as Stent A, Stent B, and Stent C
respectively. The criteria involved in the selection of
the stent models are material and geometry diversity.
Each of the stent will represent the three widely used
materials in stent manufacturing: Cobalt-Chromium,
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Platinum-Chromium, and Stainless Steel. Also, the
stent selection was restricted to stents made available
to the Philippine market as approved by the Food and
Drugs Administration. Table 1 shows the geometrical
properties of the investigated stents:

Table 1. Stent Geometry Properties

Stent A B C
Outer 1.65mm  1.65mm  1.67 mm
Diameter
Strut
Width 0.09 mm 0.08 mm 0.1 mm
Strut
Thickness 0.08 mm 0.08 mm 0.1 mm
Length 8 mm 8 mm 8 mm
316L
Material CoCr PtCr Stainless
L605
Steel
Geometry Promus L.
Reference Kaname Element Firebird

A cylindrical hollow tube will represent the
artery as an idealized vessel with an inner diameter of
2.7 mm and an outer diameter of 4.5 mm. This cylinder
is then split into three concentric layers representing
the three layers of the artery: the intima, media, and
adventitia having the thickness of 0.24 mm, 0.32 mm,
and 0.34 mm respectively. The plaque will be modelled
as calcified plaque having an internal diameter of 2.1
mm and a length of 6 mm centered along the artery
wall. A solid cylindrical tube will then represent the
blood with its outer surface contoured to the inner
surface of the stent, artery and plaque.

2.1.2 Mesh Generation

In order to determine the ideal mesh sizes for
the finite element analysis, a mesh convergence study
will be done on each CAD model. Each model will first
be subjected to arbitrary loading and boundary
conditions. Mesh sizes will then be changed on this set-
up until the corresponding output converges to a
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certain value or reaches an established tolerance
value.

2.1.3 Material Properties

The material properties of each stent material
(i.e. elastic modulus, Poisson’s ratio, mass density) will
be based on external references as the stent
manufacturers do not disclose such data readily to the
public. As for the artery, plaque and blood, the
material properties will also be referenced other
researches and references. The stents and their
corresponding materials are as follows:

Table 2. Stent Material Properties

CoC 316L
Material r PtCr Stainless
L605
Steel
9100 9900
; 3
Density kg/m? kg/m? 8000 kg/m
Young’s 243 GPa 203 GPa 193 GPa
Modulus
Poisson’s
. 2 2 .
Ratio 0.29 0.29 0.3
Elongation % 50 45 60
Tensile 1000
Strength MPa 834 MPa 595 MPa
o
0-2%Yield o0 \ipa 480 MPa 275 MPa
Strength

The arterial wall will be modelled as a
hyperelastic material following the Mooney-Rivlin
model equation using the test data in the study of the
mechanical properties of human coronary arteries by
Holzapfel et. al. (2005). Each of the three layers of the
artery will have their own material properties based
on these test data (see Appendix B). A polyurethane
material will be assigned to the balloon following an
isotropic hyperelastic model with the following
parameters:
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Table 3. Balloon Material Properties

Poi ] .
Parameters Ci10 Co1 D1 01§son S Density
Ratio
Poly- 1.03 3.692 1070
4
urethane 176 66 0 0.495 kg/m3

The plaque will be taken as a hyperelastic
material following the Ogden model equation having
the material properties of a calcified plaque.

Table 4. Plaque Material Properties
Parameters Hi a Di

Calcified

Plaque 93000 8.17

4.3e7

Blood will be modelled as an incompressible
viscous fluid governed by Navier-Stokes equations
with values taken from the study done by Dehlaghi et
al (2007) as follows:

Table 5. Blood Material Properties

Parameters Density Dynamic Viscosity

Blood 0.056 kg/m?®  0.00345 Pa-*s

2.1.4 Boundary Conditions

A total of four contact pairs is established
namely: balloon and stent, stent and plaque, stent and
artery, and blood and artery. A surface-to-surface hard
contact will be set between all contact pairs to
represent the normal behavior while a penalty with a
Columb frictional coefficient of 0.1 is set for the
tangential behavior along the interior arterial wall as
well as along the surface of the plaque. The stent is
then to be imposed on the balloon with a frictionless
surface contact and all three models, artery, stent and
balloon, are to be coaxially constrained. For the fluid-
interaction interaction
surface will be set on the interior arterial wall, the
plaque surface, and on the exposed parts of the stent

structure simulation, an
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as blood flows through the system. The corresponding
interaction surface pair will be the outer surface of the
modelled blood. Zero pressure value will be set at the
inlet and a velocity profile will be set at the outlet
using the data used by Martin et al (2014) in
simulating the pulsatile flow behavior during a cardiac
cycle represented by a varying profile with a peak
value of 0.43 m/s.

Blood Velocity Profile
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© o
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Time ()

Fig. 2. Blood Velocity Profile (taken from Martin et al,
2014)

2.2 Simulation

Blood will be modelled as an incompressible
viscous fluid The simulation is divided into two steps:
stent deployment and blood interaction which will be
done on each stent model.

2.2.1 Stent Deployment

The first set-up will contain the artery, stent,
and balloon. A uniform constant pressure is applied
along the inner surface of the balloon to simulate its
inflation. When the stent has been fully deployed, the
aforementioned applied pressure is then deactivated,
a built in feature of the software, and a negative
pressure is then applied in place of it to simulate the
deflation of the balloon and to allow the recoil of both
the artery and the stent. The output deformed mesh
geometry of the artery and the stent are then exported
and saved to different files which are to be used in the
other half of the simulation.
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2.2.2 Blood Interaction

The second set-up will be between the artery,
stent, and blood. The resulting geometries of the
previous step will be imported onto the set-up. The
CAD model of the blood is to be made here as a cylinder
whose outer surface is following the deformed
geometry of the resulting inner surface made by the
merging of the stent and the artery. The simulation
that will be done is a Fluid Structure Interaction which
is a widely used method involving a deformable or
movable structure interacting with an internal or
surrounding fluid flow.

The study will make use of the in-house coded
algorithms provided by the finite element software
together with the governing equations that will be
solved on the mesh.

3. RESULTS AND DISCUSSION

Reaching the full deployment diameter marks
the end of the simulation and the visualization
techniques and features of the software are used to
show the resulting deformed geometries of each model.
Sufficient pressure was applied on the balloon such
that the percentage blockage of the plaque is reduced
to < 0.1%. Having different designs, each stent model
needed different deployment pressures to reach full
deployment. 1.2 MPa was used as deployment
pressure for Stent A, 1.5 MPa for Stent B, and 1.3 MPa
for Stent C. A time increment of le® was set for the
simulation step. Fig. 3 illustrates the how the Mises
stresses are distributed on the stent models as well as
the peak
experienced. As can be observed, the results show that
high stress values are concentrated on the curved, U-
shaped, joints. This high concentration is particularly
located at the point where the curved geometry comes
in tangent with the stems being joint together.

the location where stress value is
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Fig. 3. Stent Contour Plots (from top: Stent A, B, C)

Fig. 4 shows the behavior of the stress values
experienced per change in displacement. The behavior
of the graph is akin to each material’s behavioral
properties. Stent C has relatively smaller stress levels
experienced with a maximum value of approximately
540 MPa compared to stent A and B having
approximate maximum stress values at 1067 and 984
MPa respectively. This is due to the fact that Stainless
Steel has a lower yield stress than CoCr or PtCr. The
percentage difference between the stress values of
stent A and B resulted in 7.78% and stent B and C
yielded 45% difference.
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Fig. 4. Displacement vs Stress Graph

Fig. 5 shows a graph of the relationship
between the radial displacement of the stent and the
equivalent stress experienced by the artery. Artery A
experiences a maximum von Mises stress of 0.182 MPa
which is located at the point where a curved edge of
the U-shaped strut is in contact with the plaque.
Artery B, meanwhile, has a maximum von Mises stress
of 0.136 MPa located at an area in between two U-
shaped struts. Artery C resulted with a maximum von
Mises stress of 0.306 MPa which is located also at an
area in between opposing struts.
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Fig. 5. Stent Displacement vs Artery Stress

From the results of the blood interaction, it was
observed that the maximum stress was experienced at
the peak of the velocity profile of 0.43 m/s after
approximately 0.28 seconds. These stresses were
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located at surfaces normal to the direction of the
velocities. Stent A has a maximum von Mises stress
value of 1.034e3 MPa, stent B has a value of 9.885e*
MPa, and stent C meanwhile has 1.745e¢* MPa.
Consequently, stent A had the lowest total surface
area normal to the velocity vector at 12.64 mm2. Stent
B comes second with a total surface area of 15.38 mm?2
and stent C had the highest with 18.61 mm2. Getting
the percentage differences of the stress values, stents
A and B had a 4.4% difference and stents B and C
resulted in an 82% difference.

In summary, the results show that Stent C, made of
Stainless Steel, has the lowest yield stress and has the
least von Mises stress value but affected the arterial
wall the most. Having high stresses on the arterial
wall increases the risk of vascular injury which results
in an increased probability of restenosis. Stent A,
made of CoCr, has the highest yield stress and von
Mises stress value at full deployment but had the least
effect on the arterial wall. Stent B, made of PtCr, has
yield stress and von Mises stress values in between A
and C but has the lowest effect on the arterial wall
before reaching 4.8 mm radial displacement. The
maximum von Mises stress experienced by the stents
was commonly found concentrated on the U-shaped
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joints. Upon the introduction of blood, Stent A has the
highest stress value followed by B and then by C. The
stresses were concentrated at the surfaces normal to
blood flow and low blood velocities are gathered at the
spaces in between the stent struts. The resulting
stresses brought by the flow of blood had the same
behavior as the stresses from stent
deployment with the use of the percentage differences
presented earlier. Stent C has a noticeable difference
as compared with A and B.

resulting

4. CONCLUSIONS

The characterization of different stent
designs in this study affirmed that it is a vital factor
in the reduction of the rate of failure of coronary
The yield stress value of a stent is
proportional to the von Mises stress that it
experiences upon deployment and is inversely
proportional to the stress that the artery is affected
with. Subsequently, high artery stresses increase the

stents.

chance of vascular injury resulting in restenosis.
Thus, one way of decreasing this restenosis-inducing
stress

is by reducing rigidity and increasing

conformity of the stent. The stents made from L605

of the process of angioplasty surgery which is the
deployment of the stent as well as conducted a
characterization of different stent designs.

Although the aim of the study was to bring
the simulations close to the actual system, possible
room for improvements were seen in the creation of
the models. The accuracy of the results can be
increased by making use of a micro-computed
tomography (Micro-CT) scans in creating the models.
This allows the creation of more detailed geometrical
models especially the artery and plaque which are
irregularly shaped. A broader range of stent designs
can be included to capture more stent categories. This
includes biodegradable stents as well as self-apposing
stents, just to name a few. In this study, blood was
modelled as having a constant dynamic viscosity. A
more accurate blood model can be made by setting
fluid viscosity as a function of shear strain.
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Cobalt-Chromium and Platinum-Chromium have
roughly similar stress values experienced as well as
effected due to the small difference in material
properties.
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them. Numerical modelling and simulation is an
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