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Biocompatible cardiovascular stents are small cylindrical support structures introduced into the stenosed arter-
ies to reopen the lumen and to restore blood �ow in treating heart disease, which have revolutionized interventional
cardiology. Cardiovascular stent designers are confronted with two basic requirements, such as an �in�nite� life
and the �thinnest� wires. Pulsatile pressure, repetitive mechanical forces, within the coronary artery may result in
stent fatigue and fracture after stent implantation, particularly in patients with complex coronary disease. This
research describes the simulation analysis of cardiovascular stents, to provide designers with estimates of their in
vivo structural behavior and fatigue properties. Stent material failure or device fatigue remains major concern for
stent manufactures and researchers. The objective of this research was to simulate the mechanical behavior of the
stent using �nite element method. A �nite element analysis (FEA) of cardiovascular stent under fatigue cyclic
loading conditions is presented. Commercial software was employed to study the fatigue performance of nitinol
alloy materials in new stent systems. The e�ects of deployment, and static cyclic pressure loading on cardiovascu-
lar stent fatigue life were simulated and analyzed for nitinol alloy material. The investigation results displayed a
signi�cant correlation between material combinations, stent loading, and fatigue behavior.
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1. Introduction

A stent is a small biocompatible implant, coiled wire-
mesh tube that can be deployed into an artery and ex-
panded percutaneously, using a catheter during angio-
plasty, to open a narrowed artery. The objective of this
work was to evaluate the capability of a fracture me-
chanics life prediction methodology, to predict the per-
formance of nitinol stent material in fatigue laboratory
experiments. Nickel titanium, also known as nitinol,
is a metal alloy of nickel and titanium, where the two
elements are present in roughly equal atomic percent-
ages [1]. Nitinol is becoming more and more popular in
cardiovascular stent applications due to its remarkable
super elasticity, shape memory, biocompatibility, corro-
sion resistance, as well as fatigue resistance and durabil-
ity [2, 3]. In this research, a computational analysis [4]
of stent material and its impact on mechanical charac-
teristics under cyclic pressure loads was carried out by
employing the �nite element analysis.

Nitinol alloy has shape-memory property and high re-
coverable strain-super elasticity [4]. Such characteristics
derive from the austenite to martensitic phase transfor-
mation, resulting from the near equi-atomic nickel and
titanium content of the alloy, depicted by the stress hys-
teresis in Fig. 1. The maximum strain recovery after
plastic deformation is 8.5% [5]. The applied radial and
outward forces of expanding stent wire and the interac-
tion with the blood vessel are depicted in Fig. 2.
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Fig. 1. Stress-strain curve for stent material of nitinol.

Fig. 2. Radial and outward forces in stent wire.

2. Material and method

The realization of design, manufacturing, and testing
of a stent requires CAD/CAM/CAE software. Computer
aided tools were used to evaluate the stent material's
performance and to predict the stent's long-term fatigue
life. Three steps are taken into account for designing a

(1167)

http://dx.doi.org/10.12693/APhysPolA.127.1167
mailto:ozdogank@istanbul.edu.tr


1168 Ö. Karaçal�

better stent implant, that satis�es the material require-
ments in this research: (1) a fatigue test environment
is developed and a fatigue testing for a stent is realized
in laboratory environment, (2) distribution of Von Mises
stress [5] and maximum values, for simulation of the stent
material fatigue, were investigated by FEA model, devel-
oped to compare stress-strain of nitinol stent, (3) metal
fatigue quantitative study of the Goodman diagram, rec-
ommended by the FDA for stent analysis [6, 7]. Equation
of the Goodman diagram is given in the text below to
quantify the interaction of mean and alternating stresses
on the fatigue life of a material.
The �exural test method covered the determination of

the durability of a stent by exposing it to physiologically
relevant diametric distension levels by means of cyclic
loading in the laboratory. This testing was carried out
on a stent test specimen that was deployed into an elas-
tically simulated vessel. The equivalent duration of this
test is 20 years of use (at 72 beats per minute), or 980
million cycles. For measurements of tensile properties an
Instron Tensile Tester (5500 series) was employed. Ten-
sile properties of nitinol stent were evaluated by using
ASTM F2516, which speci�es the method to understand
the upper and lower plateau strengths, tensile strength
and elongation of the super elastic nitinol material. Fa-
tigue testing and analysis was conducted according to the
ISO standards 25539-2:2008, Part 2.
The 3D geometry of the repeatable units of the stents

was generated using SOLIDWORKS Software. Using the
repeating unit geometry of each stent design, solid models
were generated, as shown in Fig. 3. The stent designs
were analyzed with nitinol. The material properties of
nitinol are, Young's modulus � 83 GPa, Poisson's ratio
� 0.32, Yield stress � 690 MPa. The material properties
for the stent designs were assumed to be isotropic and
linear elastic. FEA is used for evaluation of the stent
acute performance and for prediction of the stent long-
term fatigue life.
Von Mises stress mathematical equation was used in

this study to check whether the design will withstand a
given load condition. Using this information, one can
say that the design will fail, if the maximum value of
Von Mises stress induced in the material is larger than
the strength of the material. It works well for most of
the cases, especially when the material is ductile, like e.g.
nitinol. Figure 3 shows the Von Mises stress contours in
the artery, resulting from contact with the stent.

Fig. 3. Total deformation under static cycling load.

Fig. 4. Von Mises stress distribution by FEA model.

The stress concentrations in the contact region are due
to artery's large deformations. It was also found that the
maximum Von Mises stress of the arterial wall is the yield
stress of 1.672 Mpa. As expected, the highest Von Mises
stress occurs in the diamond cell apex as demonstrated in
Fig. 4, due to the severe local curvatures. Because of the
support via the stent, the struts experience a relatively
low wall stress near the contact area.
The FEA enables calculation of circumferential and

von Mises stress without incurring the expense of a stent.
The �nite-element material model used in the stent sim-
ulation was a Von Mises yield-criterion elastic-plastic
model using the LS-DYNA [7] element, given in Fig. 5.
It was found that the alternating strain in the stent un-
der the pulse pressure of 50�150 mmHg is 0.199 %. A
safety factor of 1.9805 was deduced from the data. Fig-
ure 5 indicates that the highest risk of fatigue fracture
is located at the strut's internal tensile side, close to the
diamond connection. It is important to note the rea-
son for a positive mean strain, even though the stent is
under compression. The nitinol is modeled as a homo-
geneous, isotropic, elasto-plastic material through a Von
Mises plasticity model. The percentage di�erence of Von
Mises stresses between the �nest and selected meshes is
of 0.3%. The artery mesh density is increased from 8050
to 340,076 elements. No appreciable di�erence in Von
Mises stresses between the �nest and the selected meshes
is observed.

Fig. 5. Von Mises stress distribution after deployment.

To evaluate the stent long-term (over 20 years) fatigue
performance under the loading conditions imposed by the
systolic and diastolic arterial blood pressure loading, a
Goodman fatigue analysis [8] was performed using the
multi-axial stress. Because of the application of an alter-
nating and reversed stresses, applied to cardiovascular
nitinol stent, Goodman's formula proved to be the best
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suited analytical tool for the calculation of the equiva-
lent stress. Goodman diagram is a graph of mean stress
vs. alternating stress, showing when the material fails at
some given number of cycles. Although Goodman anal-
ysis can provide factors of safety for highly loaded points
in a stent, these apply for a single fatigue life only. The
modi�ed Goodman equation is de�ned by formula [6]:

σa = σe

(
1− σm

σTS

)
, (1)

where σa is the alternating stress, σe is the fatigue limit
for completely reversed loading, σm is the mean stress
of loading, σTS is the ultimate tensile strength, taken at
800 MPa, the saturated stress of constitutive model. A
common way of assessing the fatigue life of alloys with re-
gard to alternating strain amplitude and the mean strain
on the designs, is to construct a Goodman diagram. The
Goodman relationship is linear and the greater the mean
strain the lower the alternating strain, required for fa-
tigue failure. Current interpretations of the fatigue re-
sults do not take into account the material response
change as a function of cycles and loading conditions.
Rather, they are all based upon nonlinear FEA, that sim-
ulates the static loading and unloading on the stent. If
the alternating strain is less than 0.4%, the fatigue life
is said to be in�nite [8, 9]. For the cyclic loading, the
mean strain and alternating strain were calculated for
the entire element set using the ANSYS Goodman for
fatigue analysis. As mentioned earlier, alternating strain
had a greater e�ect on fatigue life than the mean strain
and stress. A Goodman plot of the cardiac loading and
blood pressure loading coupled with lea�et force loading
is shown in Fig. 6.

Fig. 6. Goodman analysis after stent fatigue
deployment.

Calculated data are shown below the Goodman dia-
gram failure line, indicating that the studied new stent
was able to pass the fatigue life of 8.23×108 cycles under
such combined loading conditions. Alternating diastolic
to systolic pressures is applied to the vessel wall and the
stress history is extracted for all regions of the �nite el-
ement stent model for fatigue evaluation on a modi�ed
Goodman diagram. Additionally, the vessel is articulated
resulting in bending, extension/compression, and twist-
ing of the stented artery, and the fatigue life prediction
of the stent is repeated. The cyclic load applied to the
external surface of the stents resulted in the Goodman
diagrams of Fig. 6. All points fell below the Goodman

line. Points (362.48 MPa, 117.34 MPa) and (329.57 MPa,
110.39 MPa) were the closest to the curve and repre-
sented the worst-case fatigue area.

3. Conclusions

This research was aimed at understanding the e�ects
of material characteristics, and fatigue behavior of niti-
nol on the mechanical properties of biocompatible self-
expanding stents. From the analysis of the experimental
results, it may be concluded that the outcome of a real
fatigue test was identical to the computational simula-
tion data. The �nite-element material model Von Mises
yield criterion elastic-plastic model (using the LS-DYNA
element) developed. Nitinol stent fatigue data was col-
lected from a diamond-shaped specimen that was cycled
to a maximum life of 8.23×108 cycles. Resulting data are
presented on modi�ed Goodman diagram in order to de-
�ne regions of acceptable device life. The results revealed
a signi�cant correlation between material combinations,
stent cyclic loading, and stent fatigue.
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