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Abstract:

As stent technology moves forward, there’s a growing need for fast and accurate stent
deployment visualizations. To that end, the Finite Element Method was used for quasi-static
analysis of a balloon expandable stent. A model was created, which includes a stent, balloon,
artery and a plaque. In order to achieve faster computation, various approximations have been
included, especially considering the balloon, artery and plague. Some non-linear problems are
assessed, like the contact between different parts of the model. Arterial tissue and plaque are
modeled as isotropic hyperelastic materials. The balloon was specially designed and discretized to
avoid the computational difficulties during inflation. Thanks to the complexity of this model,
useful results can be obtained in a reasonable time frame. The software used for FEM analysis
was ABAQUS.

Key words: stent, FEM, ABAQUS, mechanical analysis, angioplasty, plasticity, contact
problems

1. Introduction

Coronary stents have a major role in treating atherosclerosis, a common disease which leads
to narrowing and blocking of various blood vessels. This occurs due to the formation of a plaque
in the arterial wall. A plaque is a hard bump consisted of cholesterol, dead white cells and
minerals. As a result, the blood flow is restricted, which puts a great burden on the heart. If the
plaque ruptures, blood cloths are formed inside the damaged artery and may be carried off to the
brain or heart, which often leads to a stroke, or a heart attack.

The preferred treatment is angioplasty, a very non-invasive procedure that’s proved to be a
much better option in comparison to the traditional bypass surgery. A catheter carrying a stent is
navigated through the blood system, so that the stent can be positioned and deployed in the
narrowed artery. During the deployment the stent is expanded radially, so that it comes in contact
with the plaque, and creates a pressure which makes the artery wider.

Introducing a foreign object inside the human body is very complicated in itself, and many
problems may occur. This leads to various restrictions which have to be overcome during the
design process. The dimensions, proportions and geometry of the stent are “tuned” to prevent
accidental damaging of healthy tissue during the medical procedure. Every change requires new
calculations. Thus the importance of creating such models, which can give adequate results in a
short period of time. In this way, not only time, but valuable investments and equipment are
spared. The idea is for the actual experiment to be the last resource, which is used for the final
validation.
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The created numerical model includes a stent, balloon, artery and a plaque. The geometry of
the stent is what, above all, makes one stent different from the other. Hence, this information is
protected as intellectual property and is not available. The geometry created for this model has all
of the general characteristics of stents, but it’s simplified and regular. The artery and plaque have
an idealized form, since their purpose in the model is only to present a certain obstacle during the
expansion of the stent.

Special attention was dedicated to the geometry of the balloon. In reality, the balloon is
folded on the catheter in a very precise way, in order to achieve uniform and gradual inflation.
The folded configuration of the balloon is also a manufacturer’s secret, so a simplified
configuration was created.

FEM was used to calculate stresses and deformations, as well as contact pressures. This
resulted in a frame sequence which provides a good visualization of stent deployment.

2. Model

The parts and the assembly were made in ABAQUS and SOLIDWORKS. The approximate
dimensions and guidelines, as well as material properties can be found in [1], [5] and [8]. The
assembly is shown in Fig. 1, while the geometry of the stent can be seen in detail in Fig. 2. Only a
quarter of the model is used because the entire model is symmetrical. The stent is supposed to be
made of stainless steel 316L, which is commonly used in manufacturing of stents. The artery is
partitioned into 3 layers, with different material properties as suggested in [5]. The material of the
artery and plaque is considered to be isotropic hyperelastic, with specific properties given in [5].

Fig. 1. Assembly, a quarter of the model

Fig. 2. A symmetrical quarter of the stent
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The folded configuration of the balloon is designed as shown in Fig. 3. The material it’s made
of is a type of nylon, so it’s obvious that, in reality, it would not be possible for the balloon to
retain this configuration around the catheter. However, this is not an issue, since the only purpose
it has in this model is to convey and evenly distribute the load on the stent. The only difference in
the results will be the absence of “dog boning” — the occurrence of initial disproportional
widening of the ends of the stent, which can result in damaging of the arterial wall. The nylon is
supposed to have linear elastic and isotropic properties.
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Fig. 3. Cross section of a quarter of the balloon (a) and a detailed view of the 3D model (b)
3. Calculation parameters

The stent was discretized using C3D8 brick elements, which are recommended for strain and
stress analysis in such cases when non-linearity occurs [13]. A finer mesh is defined through the
thickness of the stent. Linear geometric order of elements is chosen to avoid volumetric locking
thanks to selective reduced integration [13]. The created mesh is consisted of 101710 elements.

The balloon has in-plain stiffness only, which causes it to act as a membrane. Despite this
fact, shell elements were used. This was done to avoid the snap-through effect which would occur
due to the specific geometry of the balloon coupled with membrane’s zero bending stiffness.
51840 S4 elements with linear geometric order were created.

The artery and plaque were discretized using C3D8H brick elements with linear geometric
order and hybrid formulation. This is recommended [13] because of the hyperelastic properties of
the material. The mesh consists of 21032 elements.

Contact was defined between the balloon and the stent, as well as between the stent and the
artery and plaque. In order to do so, Surface to surface discretization was performed between:

o the inner surface of the stent and the outer surface of the balloon and

e the outer surface of the stent and the inner surface of the artery and plaque.
Recommendations [13] were followed while defining the properties of these contacts. Finite
sliding was chosen in the case of the first pair, and Small sliding in the second. The surface of the
stent was selected as the Slave surface in both contacts. Tangential behavior between the contact
surfaces was defined as recommended in [9]. Normal behavior was defined as exponential
Pressure-Overclosure.

The symmetry boundary conditions were used to account for the absence of three quarters of
the model. Uniform pressure was applied to the inner surface of the balloon. A multiple-step
analysis was performed, in order to remove this pressure when the original radius of the artery is
restored.
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4. Results

The analysis was performed on a PC with the maximum CPU speed of 2.5 GHz and 8 GB of
RAM. The computation lasted around 8 hours. The obtained results are in accordance with the
ones in existing publications [4], [6], [9] and [12].

The deformation sequence can be seen on Fig. 4 and Fig. 5. As the balloon inflates, it comes
into contact with the stent and causes its expansion (Fig. 4.b and Fig. 5.b). This leads to the
contact of the stent and the plaque which is pushed in a radial direction, and the previous radius of
the artery is restored (Fig. 4.c and Fig. 5.c). Due to large deformations of the stent, it undergoes
plastic deformation. As the balloon deflates, elastic deformation of the stent is removed, which
results in a small relapse of the radius, both of the stent and of the artery (Fig. 4.d and Fig. 5.d).
Thanks to the plastic deformation of the stent, the blood flow is restored through the damaged
artery as the circulatory path remains open.

(a) (2)

(b) (b)

(d) (d)

Fig. 4. Deformation sequence, side view Fig. 5. Deformation sequence, front view
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The sequential deformation of the stent itself can be seen on Fig. 6. The wire-like structure of
the stent allows for its characteristic expansion and contraction. In Fig. 6.b the stent is at its
maximum radius (the balloon is completely inflated). After the deflation of the balloon and the
removal of elastic deformation, the residual plastic deformation can be seen (Fig. 6.c).

(2)

(b)

Fig. 6. Deformation sequence of the stent

Contact pressure to the inner surface of the artery and plaque is presented in Fig. 7.
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Fig. 7. Contact pressure visualization
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5. Conclusions

The described multi-body and multi-step FEM analysis of stress, deformation and contact
pressure, has a relatively small computation period and yields some very useful results. This
model provides a good visualization of stent deployment, even though many approximations were
included. It can be assumed that, if a realistic geometry of a stent was present, the results would
have high resemblance to the true process of deformation.

However, if the true configuration of the folded balloon was introduced, the model would
advance in terms of being able to result in some of the finer details of deformation, such as the
dog boning phenomenon. Other materials used for manufacturing of stents, such as shape
memory alloys, should also be considered in further work.
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