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Abstract: Coronary stents are metallic tubes inserted in coronary arteries to treat
cardiovascular diseases. The Palmaz-Schatz® Stent is the most representative
member of the family of slot stents. In this paper, the impact of the geometry
of the stent on its expansion behaviours was investigated using the ANSYS 9.0
finite element analysis (FEA) software. Several design cases, with the
presence of a certain stenosed coronary artery, were selected for our research
investigation. Results of the analysis, including expansion and radial
displacement, radial recoil percentage, foreshortening percentage and von
Mises stress distribution of various stents have been compared and discussed.
This revealed significant potential relationships between the geometry of the
stent and its expansion behaviours.
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1. INTRODUCTION

Cardiovascular diseases constitute one of the major human health
problems of modern times. Recently, the implantation of metallic coronary
stents in the coronary artery has become an integral part of most
interventional procedures for percutaneous revascularization'. The Palmaz-
Schatz® stent (Johnson and Johnson Company, Warren, NJ, USA) is the
most representative member of the family of slot stents. Much work?~* has
been done to investigate different expansion behaviours of stents with
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various geometries. To date, however, very little research work has
investigated expansion characteristics of stents with various geometries with
the presence of a stenosed artery. A methodology for studying expansion
characteristics of stents with various geometries and the presence of a
stenosed artery by the FEA method using ANSYS 9.0 will be presented in
detail. Characteristics of stents with various geometries and the presence of a
stenosed artery by the FEA method using ANSYS 9.0 will be presented in
detail.
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Figure 1. Geometric parameters of stent

2. FINITE ELEMENT ANALYSIS OF STENTS

In this investigation, seven varying designs of stent were modelled. It
was assumed that all stents were equal in whole length L, thickness T and
mean diameter D. Figure 1 illustrates the geometric parameters of the stent:
L, and W, are the slot length and slot width, L, and W, are the strut length
and strut width, D is stent thickness, N is sector angle. Case 1 is the stent
with standard geometry. Cases 2 and 3 are the stents with same stent width
W, and strut width W, as Casel. However, Case 2 has shorter slots in which
the slots were modelled to be 5% shorter than in Case 1. Slots of Case 3,
however, are 5% longer than those of Case 1. The slot length L; and strut
length L, of Cases 4 and 5 are equal to those of Case 1. The slot width of
Case 4, however, was decreased by 10%, while that of Case 5 was increased
by 10%. The number of slots of Cases 1 — 5 is 24, while the number of slots
of Cases 6 and 7 are 18 and 30, respectively, due to varying the sector angle
N. Table 1 summarises the values of geometric parameters.

According to a typical environment and structure of a stenosed coronary
artery®, a three-dimensional model of a stent, a balloon, a fibrous cap, a lipid
core and an arterial wall was created. To take advantage of these symmetric
characteristics, a basic sector (see Figure 2) of it was used in the analysis
using ANSYS 9.0 finite element analysis software. Thus, in the axial
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direction, a half sector of the model was selected, and in the circumferential
direction, a sector of the model was selected.

Table 1. Values of geometric parameters in seven cases

Stent Slot Slot Strut Strut Stent Sector Number
design length width length width thickness angle of slots
case Limm) W, (mm) L,mm) W,(mm) D@mm) N(°)

1 3.6200 0.2200 0.2200 0.1400 0.1000 45 24

2 3.4390 0.2200 0.3407 0.1400 0.1000 45 24

3 3.8010 0.2200 0.0993 0.1400 0.1000 45 24

4 3.6200 0.1980 0.2200 0.1620 0.1000 45 24

5 3.6200 0.2420 0.2200 0.1180 0.1000 45 24

6 3.6200 0.2933 0.2200 0.1867 0.1000 60 24

7 3.6200 0.1760 0.2200 0.1120 0.1000 36 24

Arterial wall

~

—~——.
Fibrous cap
Lipid core ~_ — Balloon
i " Stent

Figure 2. Finite Element Model

All five components were meshed using three dimensional 8-node solid
brick elements. The material of the stent is stainless steel 316L. The material

properties’ ~ ! of five components in the model are defined as Table 2.
Table 2. Material properties of components in model

Component ~ Material model Young's Poisson's Yield Tangent
modulus ratio stress modulus
(MPa) (MPa) (MPa)

Balloon Linear isotropic 6.9x10? 0.3 - -

Stent Bilinear isotropic ~ 2.03x10°  0.35 3.5x10? 9.15x10?

Fibrous cap  Linear isotropic 2.19 0.4999 - -

Lipid core  Linear isotropic 1.74x10%  0.4999 - -
Arterial wall  Linear isotropic 1.74 0.4999 - -
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Three consecutive displacement ramped loads were applied in order on
the inner surface of the balloon. From 0 s to 1.1 s, a ramped radial
displacement load was increased gradually from 0 mm to 1.1 mm. From 1.1
s to 1.6 s, a constant radial displacement load was maintained at 1.1 mm.
From 1.6 s to 2.7 s, a ramped radial displacement load was decreased
gradually from 1.1 mm to 0 mm.

3. RESULTS AND DISCUSSION

3.1 Radial displacement

Figure 3 illustrates the radial displacement of various stents at the distal
end at the corresponding simulation time obtained from the FEA. The radial
displacement of the balloon is also shown as a reference.
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Figure 3. Radial displacement of various stents and balloon

In Case 1, opposite radial displacement characteristics were observed
compared to Cases 2 and 3. The magnitude of the ultimate radial
displacement of Case 2 was more than that of Case 1, while the magnitude of
ultimate radial displacement of Case 3 was less than that of Case 1. It was
revealed that decreasing the slot length enlarges the ultimate radial
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displacement, while increasing the slot length results in the reduction of the
radial displacement.

Similar conclusions were observed in the impact of the changes of the
slot width and slot length upon the radial displacement. It was shown that the
change of the slot width has an opposite influence on the change of the
ultimate radial displacement. The wider the slot was, the less the ultimate
radial displacement.

Similar conclusions were also revealed in the influence of the number of
slots on the radial displacement characteristic. The less the number of slots
was, i.e. the larger the angle of the basic sector of the stent, the better radial
displacement characteristic the stent had. The number of slots has a much
more significant influence on radial displacement than other factors beyond
the same displacement loading of the balloon.

3.2 Radial recoil percentage

By comparison of Cases 1, 2 and 3, increasing or decreasing the slot
length has the same impact trend on the magnitude of the recoil percentage,
which resulted in reduction of the recoil. This revealed that the radial recoil
percentage of Case 1 was near the extremum with the corresponding slot
length. It was also concluded that the impact of the slot length on the recoil
was less notable than other factors, because the slot length was the
measurement along the axial direction, and the deformation and stress of the
axial direction were far less than that of the radial direction.

From Cases 1, 4 and 5, it was seen that increase of the slot width
enhances the recoil of the stent, while decrease of the slot has negative
impact on the recoil. Because the slot width was a circumferential
measurement, it played a more crucial role in the recoil characteristic than
the slot length.

From Cases 1, 6 and 7, it was observed that the number of slots was an
important factor in the recoil characteristic of the stent. The recoil
phenomenon in Case 7 was stronger than in Cases 1 and 6. More slots lead
to small plastic deformation of the stent in a single slot under the same
diameter of expansion, and as the major part of its deformation is elastic, so
the stent was able to recover from the deformation easily.

33 Foreshortening

Figure 4 illustrates the radial displacement, i.e. foreshortening, of various
stents at the distal end at the corresponding simulation time obtained from
the FEA. The radial displacement of the balloon is also shown as a reference.
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Figure 4. Axial displacement of various stents and balloon

By comparison of Cases 1, 2 and 3, both increasing and decreasing the
slot length enhanced the foreshortening of the stent. This revealed that the
value of the foreshortening of Case 1 was near the extremum with the
corresponding slot length. Because the slot length was an axial measurement,
it played a more crucial role in the recoil characteristic than the slot width.

From Cases 1, 4 and 5, it was seen that variety of the slot width has no
significant impact on the foreshortening of the stent, because the slot width
is the measurement along the conferential direction.

From Cases 1, 6 and 7, it was observed that the number of slots was a
crucial factor in the foreshortening of the stent. The foreshortening
phenomenon of Case 6 was stronger than in Cases 1 and 7, because fewer
slots resulted in more axial deformation of the stent in a single slot under the
same diameter of expansion.

34 von Mises stress distribution

As shown in Figure 5 (a) (b) (c), from Cases 1, 2 and 3, it was revealed
that there are more high stress areas in the stent with the longer slot. The low
stress area in Case 2 was more than that of Case 1, especially at the end of
the stent. The minimum stress of Case 2 was about half as much as that of
Case 1. In Case 2, the slot was shorter and the strut was longer, which
decreases the stress concentration and was propitious to decentralization of
the stress. In Case 3, the high stress area occurs at the end of the stent as well.
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The minimum stress of Case 3 was in excess of twice of that of Case 1. The
longer slots and shorter strut meant that much stress was focused at the end
and middle of the slots in Case 3. The results revealed that reducing the slot
length, i.e. increasing the strut length, was able to significantly eliminate the
concentration of stress and lessen its value.

As shown in Figure 5 (a) (d) (e), from Cases 1, 4 and 5, lower stress was
found in the stent with a wider slot. In Case 4, with decreasing the slot width,
the minimum value of stress was increasing notably. Narrower slots and a
wider strut made the stent stiffer, which required more energy to deploy the
stent. In Case 5, by increasing the slot width, both minimum and maximum
values of stress were reduced because of the improvement of flexibility of
the stent. Even so the high stress area in the middle of the slots was enlarged
to some extent. The results revealed that increasing the slot width was able
to reduce the value of stress.

As shown in Figure 5 (a) (f) (g), from Cases 1, 6 and 7, the stress was
dramatically decreased by adding the number of slots. In Case 6, both the
maximum and minimum values of stress were the largest in all cases,
respectively. It required much more deformation for the stent with fewer
slots, which resulted in the appearance of higher stress during the
deformation. On the contrary, in Case 7, both the maximum and minimum
values of stress were smallest in all cases, respectively. The results revealed
that increasing the number of slots was able to reduce the value of stress.

(d) © ® (®

Figure 5. Distribution of von Mises stress of Stent
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4. SUMMARY

In this paper, a parametric model of a certain Palmaz-Schatz® stent has
been developed by varying the slot length, slot width and number of slots.
The expansion characteristics have been investigated by the FEA.
Comparisons and discussions of these characteristics have revealed potential
relationships between the geometry of the stent and its expansion
characteristics. This study will provide better understanding of the structural
characteristics of metallic stents from design and deployment points of view.
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