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Abstract The Finite element method was used for evaluation of the effects of material properties on the
mechanical performance of the new geometry designed for the Z-shaped open-cell femoral artery self-
expanding stent, made of Nitinol wire, by application of crushing force. The behavior of the stents, having
two sets of properties, was compared. The stents with higher A; temperature show better clinical behavior
due to lower chronic outward force, higher radial resistive strength and more suitable superelastic
behavior. Model calculations show that a large change of Ay temperature could exert a substantial effect

on the practical performance of the stent.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license

1. Introduction

Stenosis of the Superficial Femoral Artery (SFA) is one of
the well-known diseases related to the vascular system [1].
Treating this disease is complicated, owing to the involvement
of variable lengths of arteries and the divergent forces needed
for flexion, torsion and compression. Aging and atherosclerosis
have resulted in many geometric and material changes in
SFA [2].

Percutaneous Transluminal Angioplasty (PTA) has been used
as an acceptable treatment for femoral occlusive disease. Long-
term results have, however, been considered suboptimal [1,2].

Reports on utilization of stents for femoral arteries have
increased recently. Nitinol stents have superior patency for
use in femoral arteries due to their self-expandable geometry,
capacity of radial force exertion and their ability to endow
grave recovery. Superelastic Nitinol stents are used to solve
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problems like post implantation restenosis, twist/bending
limitations, inadequate dynamic behavior and insufficient radi-
al strength [3].

Previous studies have shown that Ay temperature has a sig-
nificant influence on the mechanical and clinical performance
of the Nitinol self-expanding stents [4-11]. Duerig et al. [4] have
shown that stent design has a vital influence on clinical perfor-
mance. Kleinstreuer et al. [5] have mathematically analyzed the
superelastic behavior of different NiTi-graft stents designed for
supporting Abdominal Aortic Aneurysm (AAA). Koop et al. [6]
have described how Nitinol properties affect the thermome-
chanical behavior of stents. Pelton et al. [7] have demonstrated
how superelastic Nitinol can be used for making stents. Liu
etal. [8] have assessed the effect of ageing on shape-setting and
the superelasticity of Ti-50.7% Ni. They have shown that 500 °C
and 60 min are the optimal ageing temperature and time for
achieving excellent non-linear superelasticity and maximum
recoverability at body temperature. Henderson et al. [9] have
experimentally obtained the accurate material characteristics
of Nitinol wires for use in finite element modeling. Liu and
Galvin [10] have calculated critical temperatures for the pseu-
doelastic behavior of Nitinol. Pelton et al. [11] have presented
an optimization method for the material properties of Nitinol
wires usable for medical applications.

For superelastic behavior, Ay temperature should be below
body temperature [4,6]. The amount of A; depends on the
restenosis volume of the artery and required stiffness [4,6].
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Very low As results in high stiffness and increased radial
resistive force, which may cause wall injury to the artery [4-8].
It has also a short fatigue-life, which makes it unsuitable for long
term dynamic applications [4].

Different geometries like the coil, helical spring, woven
(braided and knitted), ring (individual and sequential), cells
(closed and open) in wire form and laser cut form have
previously been used for stents [12,13]. Open-cell Z-shaped
rings have separate structural elements contributing to the
longitudinal flexibility of stents. Periodically connected peak-
to-peak designs are commonly used in self-expanding stents,
such as smart versions [12-14].

The behavior of Nitinol wire stents have been analyzed by
a few authors [15-21]. Silber et al. [15] have shown the effect
of stent geometric characteristics on the mechanical properties
of NiTi wire stents. Beule et al. [16] have optimized the
mechanics of braided stents. Petrini et al. [17] have developed
a numerical model for explanation of the crushing test results.
Whitcher [18] has numerically studied the fatigue behavior of
NiTi for use in manufacturing stents. Numerical investigation of
Z-shaped open-cell femoral artery self-expanding stents made
of Nitinol wire seems, however, missing in the literature.

No report is, however, available on open-cell Z-shaped rings
of Nitinol wire stents designed for femoral artery implantation.
The main purpose of this study is to evaluate the effect of
variations in material properties, such as Ay temperature, on
the mechanical and clinical performance of the newly designed
Nitinol stents for the femoral artery, using the Finite Element
Method (FEM).

2. Material and methods
2.1. Geometric models

Geometries of commercially made stents are based on the
strictest patents. Little information has, therefore, been given by
manufacturers about the effect of geometry on the behavior of
the stents. To obtain the optimum geometry, Micro-CT should,
therefore, be used. The benefit of using this technique is the
possibility of the direct building of a 3-D stent model.

There are not enough information and clinical reports
available in the literature describing NiTi femoral stent
behavior. This paper is to introduce a newly developed design
of a SFA open-cell Z-shape wire stent usable for the treatment
of femoral occlusive disease. Two sets of material properties
obtained from previous research models [5,11,22,23] are used
to determine the performance of the newly devised geometry.
Based on the information available in the literature [1,2],
Nitinol stents with new geometry, as shown in Figure 1,
were designed for the femoral artery using a computer aided
three-dimensional interactive application Catia v. 5 (Dassault
Systéemes, USA).

2.2. Material properties

The present study is merely focused on the effect of the
properties of superelastic Nitinol on the behavior of the stents
designed for clinical applications. The two constitutive models
used in this paper are based on approaches proposed by
Auricchio et al. and by Qidwai and Lagoudas, respectively
[22-29]. The Abaqus Nitinol model used is based on the work
of Auricchio, Taylor and Lubliner, with extensive extensions
of Rebelo [22,24-29]. Nitinol superelasticity is modeled as a
predefined user material in the Abaqus 6.10 (Dassault Systémes,

Figure 1: Geometry of two-junction stent designed in this research. Different
views are shown for better understanding of the shape: (a) geometric details,
(b) full stent, and (c) exact position of the junction area of the stent
where numerical calculations (the amount of maximum in curves of junction
area) have been performed. Stent geometry at the junction as integrated is
considered. Unit of length is mm.

Providence, RI, USA). Parameters required in the Abaqus user
material subroutine for Nitinol material are summarized in
Table 1. Qidwai and Lagoudas have developed constitutive
models for superelastic shape memory materials based on the
second law of thermodynamics (Gibbs free energy calculation).
EchoBio developed a user-defined material subroutine (Umat)
based on the Qidwai and Lagoudas theory [23]. Properties
of materials used in the simulation are based on the Qidwai
and Lagoudas model (Table 2). According to Figure 2 and
Tables 1 and 2, properties of materials according to the model of
Auricchio show better agreement with experimental data than
Lagoudas. Therefore, the model of Auricchio is used in this work
for provision of the properties of the materials.

2.3. Meshing and boundary conditions

Because of the complex geometry and small wire section
of NiTi stents, hypermesh software (Altair® HyperMesh® v.
6.0) was used for meshing of the samples. Mesh parameters
of a femoral Nitinol stent undergoing a crushing test is listed
in Table 3. The crushing test is used owing to the occurrence
of bending, buckling and compression when the stent is
placed in the femoral artery. Utilizing the Abaqus/Standard
v. 6.10 (Dassault Systémes, Providence, RI, USA) only contact
between the outer stent surface and surface of the inner
planes is activated. The contact algorithm applied master
surface precedence to crushing at the same time as the stent
is set for the slave surface. Penalty, as a general method
for evaluation of contact with friction coefficients, differ
in ABAQUS/STD analysis. Such contact is used to enforce
impermeable boundaries; it is assumed hard and with no
friction. To perform the crushing test, two rigid parallel planes
apply pressure on the stent in a y direction. The distance
between planes is equal to the external diameter of the
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Table 1: Properties of materials used in simulation of femoral artery opening by Nitinol stent. The data are based on the Auricchio model [5,11,22,24].

Property Sample 1[11,24] Sample 2 [5]
Austenite elasticity E4 (MPa) 45000 40000
Austenite Poisson’s ratio (v4) 0.33 0.46
Martensite elasticity Ey (MPa) 38000 18554
Martensite Poisson’s ratio (vy) 0.33 0.46
Transformation strain (&) 0.055 0.04
Loading (80 /8T); (MPaT™') 6.7 6.527
Start of transformation loading o} (MPa) 590 390
End of transformation loading o (MPa) 640 425
Reference temperature Ty (°C) 37 37
Unloading (80 /6T)y (MPaT™1) 6.7 6.527
Start of transformation unloading ULS, (MPa) 300 140
End of transformation unloading o5 (MPa) 270 135
Start of transformation stress in compression GCSL (MPa) - 585
Volumetric transformation strain (eb) 0.055 0.04
Strain limit &5 (%) 8 12
As temperature (°C) 11 30
Table 2: Properties of materials used in simulation of the femoral artery 700
opening by Nitinol stent. The data are based on Lagoudas model [11,23,
24]. 600
Material property Value 500
Austenite elastic modulus (EA) MPa 35877 =
Poisson’s ratio (v) 0.33 & 400
X ; =
Martensite elastic modulus (EM) MPa 24462 =
. w
Density (p) kg/rn.3 . 6450 2 300 -
Thermal conductivity (KA) w/(m K) 18 & koo
Austenite specific heat (CA) J/(kg K) 320 200
Austenite thermal expansion coeff. («¢A) 1/K 11 x 1076 __
Martensite thermal expansion coeff. (M) 1/K 6.6 x 107° 100 -+ L\:::u{clllmlz ::11;:11;:
Stress influence coefficient for austenite (psA) MPa/K —0.851x10° - Ex?)(:rimculal
Stress influence coefficient for martensite (psM) MPa/K —0.452 % 10° 0
Martensite finish temperature (My) K 235 0.00 0.01 0.02 0.03  0.04 0.05 0.06  0.07
Martensite start temperature (M;) K 250 Strain
Austenite start temperature (A;) K 251
Austenite finish temperature (A;) K 284 Figure 2: Comparison of Auricchio (sample 1) and Lagoudas model calculations

Table 3: Mesh parameters of Nitinol stent for femoral artery during
crushing.

Material Element type Number of Number of
elements nodes
Stent C3D8I 12624 21720
Rigid plane R3D4 20000 20402

stent which is undergoing the crushing test. Contact surfaces
between rigid planes and flexible stents are frictionless. The
lower rigid plane is fixed in all directions. The higher rigid plane
can only move in the y direction. Four stent nodes are fixed
in x and z directions but can move in a y direction. Diameter
reductions of 70% and 90% are applied to the y direction of the
stent. The stent is unloaded completely at the end. Boundary
conditions for crushing of the femoral artery stent are shown
in Figure 3. Axis symmetry helps decrease model calculations
by 1/4 geometrical analysis. Temperature is set at 37 °C (body
temperature).

3. Results

The Nitinol stent designed for the femoral artery is
illustrated in Figure 1. This paper discusses the results of 70%
crushing (Figs. 4(c) and 5(c)), which is according to available

with experimental data obtained for superelastic NiTi samples illustrated in
Tables 1 and 2.

Unloading in y direction (step 2)

y

w

Figure 3: Schematic representation of boundary conditions for the crushing of
femoral artery stent: (a) 1/4 of the stent, and (b) full stent.
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Figure 4: Result of 70% crushing of the femoral artery stents shown in Figure 1 with material properties of sample 1 of Table 1: (a) maximum Von Misses stress, (b)

maximum principal strain, (c) displacement and (d) fraction of martensite formed.

Table 4: Result of stress, strain and fraction of Martensite of the femoral
artery stent under 70% crushing.

Stent models Maximum Maximum Fraction of
stress (MPa) strain martensite
Sample 1of Table1 ~ 673.1 0.01084 0.0
Sample 2 of Table1 ~ 591.2 0.01060 0.0

standards [17,28,30,31]. Stresses and strains corresponding
to 70% crushing of the femoral artery stents are shown in
Figs. 4(a)-(b) and 5(a)-(b). Comparing Figures 4 and 5 and
Table 4 indicates that a decrease in maximum stress from
673.1 to 591.2 MPa results in a decrease in maximum strain
from 0.01084 to 0.01067. The fraction of martensite does
not change under the same conditions. Stresses and strains
corresponding to 90% crushing of femoral artery stents are
shown in Figs. 6(a)-(b) and 7(a)-(b). This paper also discusses
the results of 90% crushing illustrated in Figs. 6(c) and 7(c).
Comparing Figures 6 and 7 and Table 5 indicates that the
increase in maximum stress from 731.1 to 746 MPa results in
an increase in maximum strain from 0.01926 to 0.02110. The
fraction of martensite increases from 0.2958 to 0.3295 under
the same conditions. By increasing the crushing level (U1) from
70% to 90%, according to Tables 4 and 5 (compare with Figures 5
and 7 for sample 2 of Table 1), the increase in maximum stress

Table 5: Result of stress, strain and fraction of Martensite of the femoral
artery stent under 90% crushing.

Stent models Maximum Maximum Fraction of
stress (MPa) strain martensite
Sample 1of Table1  731.1 0.01926 0.2958
Sample 2 of Table 1 746 0.02110 0.3295

from 591.2 to 746 MPa results in an increase in maximum
strain from 0.01067 to 0.02110. The fraction of martensite
increases from 0.0 to 0.3295 under the same conditions. Results
of numerical calculations performed for the curved junction
areas of Figure 1(c), which are crushed under high pressure, are
demonstrated in Figure 8.

4. Discussion

The complete mechanical hysteresis loop related to supere-
lasticity, lowest Chronic Outward Force (COF), highest Radial
Resistive Force (RRF), longest plateau stress, lower stress dis-
tribution, maximum strain distribution and the maximum per-
centage of martensite are useful conditions for improvement of
the performance of the Nitinol stent designed for the femoral
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Figure 5: Result of 70% crushing of the femoral artery stents shown in Figure 1 with material properties of sample 2 of Table 1: (a) maximum Von Misses stress, (b)
maximum principal strain, (c) displacement, and (d) fraction of the martensite formed.

artery [3-6,32-38]. COF and RRF are related to the superelastic
behavior of the Nitinol stent. A typical superelastic stress-strain
curve for the self-expanding stent is shown in Figure 9. The
stent is crushed by two rigid planes (path a-b), then later de-
ployed, reaching a stress equilibrium with the artery at point c.
The force against the artery is controlled by the unloading curve
(COF) and the force resisting deformation is controlled by the
loading curve (RRF). Usually, stent designers attempt to get as
high an RRF as possible, with as low a COF as possible [4].
Two particular points should be considered:

(1) The stents should observe the Stress Induced Martensite
(SIM) region of the stress-strain curve to demonstrate
suitable superelastic behavior.

(2) The stents should be used in the failure-safe domain of the
stress—strain curve [31,35].

On the other hand, based on studies in this field, A; tem-
perature has a great effect on the good performance of the
superelastic Nitinol stent [5-11,36-38]. Every Nitinol stent with
high Ay temperature (close to body temperature) will be in the
lower range of the COF and have a better fatigue life. Nitinol
stents of acceptable performance with low restenosis of the
femoral artery do not require high RRF. The Ay temperature of
Nitinol should be much lower than body temperature owing

to the high restenosis of the femoral artery and high RRF
required for opening of the femoral artery. Previous studies
have shown that lowering of A; improves the mechanical and
clinical performance of the femoral artery stents [36-38].

4.1. Evaluation of the effect of 70% crushing on the mechanical
performance of femoral artery stent

According to Figures 4 and 5, Table 4 and material properties
given in Table 1 for samples 1 and 2 (minimum strain to initiate
martensite transformation are 0.08 and 0.12), and without the
formation of martensite (Figs. 4(d) and 5(d)), the superelastic
behavior of the stent is impossible. As mentioned before,
the stents should observe the SIM region of the stress-strain
curve to demonstrate suitable superelastic behavior [31,35].
A femoral artery stent crushed with 70% deformation did not
show SIM transformation and was not suitable for the intended
application.

4.2. Assessment of the effects of 90% crushing on the mechanical
performance of femoral artery stent

The superelastic behavior of a stent begins with crushing
of 70%-90%. It reveals that the designed stents are capable
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Figure 6: Result of 90% crushing of the femoral artery stents shown in Figure 1 with material properties of sample 1 of Table 1: (a) maximum Von Misses stress, (b)
maximum principal strain, (c) displacement, and (d) fraction of the martensite formed.

of standing high strain forces of up to 90% and still main-
tain superelastic behavior. In addition, the stents are safely ap-
proached during the crushing test. According to Figures 6 and 7
and Table 5, comparing samples illustrated in Figs. 6(a) and 7(a)
with maximum stress distribution on the stents internal cur-
vature shows that there is a lower stress level on the internal
curvature of the stents (sample 1 of Figure 6(a)); the former is
preferred to the latter when considering the mechanical and
clinical property aspects of designing these stents for appli-
cation to the femoral artery. Moreover, comparing maximum
strain distributions on the internal curvature of the stents in
Figs. 6(b) and 7(b) indicates a higher strain level on the internal
curvature of the stents (sample 2 in Figure 7(b)); the latter pos-
sesses better dynamic motion and is in greater harmony with
the femoral artery circumstances. Comparing Figs. 6(d) and 7(d)
about distribution of the fraction of martensite formation on the
internal curvature indicates that the stents show a higher frac-
tion of martensite formation on the internal curvature of the
stents (sample 2 in Figure 7(d)).

The Ar temperature of both samples introduced in Table 1
is below 37 °C. Low A; temperatures result in high stiffness
and increased RRF, which may cause wall injury to the femoral
artery [4-8]. In this case, fatigue-life would become short,
which makes the stent unsuitable for long term dynamic

application [4]. Every Nitinol stent with A; close to human
body temperature will be used in the lower COF and can show
better fatigue life. According to Figure 8, the stent with material
property 1 shows poor performance from the point of view
of mechanical and clinical application, owing to very low Af
temperature, small martensite fraction, and narrow hysteresis
loop related to weak superelastic behavior.

On the others hand, the lower A; temperature of Nitinol
alloys and extensive loading and unloading stress levels of
mechanical hysteresis are related to the superelastic behavior.
For Ay temperature difference of 7 °C, there should be approxi-
mately 50% variation in stress level [3,4]. Moreover, decreasing
A; temperature resulted in an increase in upper plateau
stress [37]. Figure 8 shows an increase in upper plateau stress
due to the difference between Ay temperature of 30 °C and Ay
temperature of 11 °C. For A; temperature difference of 19 °C,
a variation limit of 150% is anticipated, which is confirmed
by experimental and numerical results [36-38]. Consequently,
based on the desired clinical and mechanical standards, the
stents - according to Figure 8 - with material property
2, with less COF, higher RRF, higher fraction of martensite
formation, mechanical hysteresis loop related to superelastic
behavior, higher A; temperature and more strain, show better
performance from a mechanical and clinical point of view.
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Figure 7: Result of 90% crushing of the femoral artery stents shown in Figure 1 with material properties of sample 2 of Table 1: (a) maximum Von Misses stress, (b)
maximum principal strain, (c) displacement and (d) fraction of the martensite formed.
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Figure 8: Comparison between superelasticity behaviors resulted from 90%
crushing of the femoral artery stent shown in Figure 1(c) with material
properties of samples 1 and 2 of Table 1.

4.3. Limitations

Crushing simulations are too difficult because of contact
points, non-linear geometry, large deformation, sample buck-
ling, stent bending and stress—strain non-linearity. On the other
hand, according to Wu et al. [30], the self-contact phenomenon
is assumed only during contact between the edges of the stent

in the crushing test. Owing to the superelastic behavior of the
Nitinol stent, these contacts do not cause additional stress on
the edges of the Nitinol stent.

In Refs. [17,28,30,31], crushing tests have only been per-
formed in longitudinal orientations. The reference temperature
(To in Table 1) has been selected by Refs. [4,6-8], as equal to
37 °C (approximate body temperature) for crushing tests. It is
obvious that more experiments and simulation results related
to blood pressure, friction, type and gender of plaque, stenosis
degree of arteries and residual stresses are needed to reach a
comprehensive conclusion.

5. Conclusions

Effects of variations in material properties on the mechanical
and clinical performance of the open-cell, Z-shape femoral
artery Nitinol wire stent is studied using a crushing test. Results
show that Nitinol stents with higher A; temperature have low
COF, high RRF and large transformation strain. These are related
to the greater martensitic phase transformation and wider
mechanical hysteresis loop of the alloy. Complete superelastic
behavior reveals a desirable performance from a mechanical
and clinical behavior point of view.
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