
Journal of Biomechanics 118 (2021) 110295
Contents lists available at ScienceDirect

Journal of Biomechanics
journal homepage: www.elsevier .com/locate / jb iomech

www.JBiomech.com
A computational study of fatigue resistance of nitinol stents subjected to
walk-induced femoropopliteal artery motion
https://doi.org/10.1016/j.jbiomech.2021.110295
0021-9290/� 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail address: L.Zhao@lboro.ac.uk (L.G. Zhao).
R. He a, L.G. Zhao a,⇑, V.V. Silberschmidt a, H. Willcock b

aWolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University, Epinal Way, Loughborough LE11 3TU, UK
bDepartment of Materials, Loughborough University, Epinal Way, Loughborough LE11 3TU, UK

a r t i c l e i n f o
Article history:
Accepted 23 January 2021

Keywords:
Nitinol stent
Fatigue resistance
Femoropopliteal artery
Finite element
Peripheral artery disease
a b s t r a c t

Fatigue resistance of nitinol stents implanted in femoropopliteal arteries is a critical issue because of their
harsh biomechanical environment. Limb flexions due to daily walk expose the femoropopliteal arteries
and, subsequently, the implanted stents to large cyclic deformations, which may lead to fatigue failure
of the smart self-expandable stents. For the first time, this paper utilised the up-to-date measurements
of walk-induced motion of a human femoropopliteal artery to investigate the fatigue behaviour of nitinol
stent after implantation. The study was carried out by modelling the processes of angioplasty, stent
crimping, self-expansion and deformation under diastolic-systolic blood pressure, repetitive bending,
torsion and axial compression as well as their combination. The highest risk of fatigue failure of the niti-
nol stent occurs under a combined loading condition, with the bending contributing the most, followed
by compression and torsion. The pulsatile blood pressure alone hardly causes any fatigue failure of the
stent. The work is significant for understanding and improving the fatigue performance of nitinol stents
through innovative design and procedural optimisation.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Peripheral artery disease (PAD), narrowing of the peripheral
arteries, is caused by the build-up of plaque on the inner wall of
a blood vessel, which restricts the blood flow through the lower
limbs. PAD is most commonly found in the leg arteries, i.e., femor-
opopliteal arteries. Angioplasty and stenting are currently recom-
mended for PAD treatment. Angioplasty alone was unsuccessful
in about 50% of cases because of the acute elastic recoil, residual
stenosis and long-term restenosis (Jeans et al., 1990; Saxon et al.,
2003). Balloon-expandable stents reduced failure rates immedi-
ately after the deployment by preventing elastic recoil and scaf-
folding dissection. However, they do not perform well under
large biomechanical deformations in the femoropopliteal arteries
due to their limited flexibility and susceptibility to permanent
deformation under external forces (Heuser and Henry, 2008). The
long-term outcomes of stent deployment are also disappointing
due to the development of restenosis over time (Henry et al.,
1995). As a result, self-expandable nitinol stents were developed,
which have excellent flexibility and can recover from deformation
thanks to their unique superelastic behaviour. Superelastic nitinol
stents provide favourable safety and durability (Vogel et al., 2003;
Mewissen, 2004; Duda et al., 2006), and demonstrate superior clin-
ical outcomes when compared to conventional balloon angioplasty
(Schillinger et al., 2006; Laird et al., 2010; Fusaro et al., 2013).
However, fracture of nitinol stents was frequently observed during
follow-up examinations (dos Reis et al., 2019; Kim et al., 2020),
which is directly associated with the repetitive external forces,
i.e., fatigue loading, exerted on the stents during normal walk
(MacTaggart et al., 2014). Generally, loading conditions of stents
are very complex and include pulsatile blood pressure, bending,
torsion and axial compression that contribute significantly to the
high rate of treatment failure (MacTaggart et al., 2014).

Some computational studies have previously been carried out
to investigate the fatigue behaviour of nitinol stents. For instance,
Harvey (2011) constructed a finite-element (FE) model of an artery,
generated from CT angiography to assess the fatigue performance
of a stent under pulsatile and articulation loads. The results proved
the feasibility of advanced nonlinear FE simulations in fatigue pre-
diction for nitinol stent in human arteries. A research team at
Politecnico di Milano (Italy) performed a series of numerical stud-
ies on the risk of stent’s fatigue failure, focusing on the effects of
failure criteria, loading conditions and plaque morphology
(Petrini et al., 2012; Meoli et al., 2013; Meoli et al., 2014;
Dordoni et al., 2014, 2015; Petrini et al., 2016; Allegretti et al.,
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2018). However, in their simulations, an artery and plaque were
either excluded or assumed to be isotropic elastic/hyperelastic.
Recently, Lei et al. (2019) showed the necessity and feasibility of
considering both atherosclerotic plaque and physiological loading
conditions in the evaluation of fatigue behaviours of stents, using
the FE method. However, their model consisted of only a single-
layer arterial wall, assumed to be both isotropic and hyperelastic.

To study the fatigue behaviour of implanted nitinol stents prop-
erly, it is essential to understand the biomechanical environment
of femoropopliteal artery. Ansari et al. (2013) reviewed some
studies regarding the measurements of deformation of human
femoropopliteal arteries, and torsion was regarded as the most
challenging to measure due to a lack of identifiable arterial mark-
ers that can be tracked with limb flexion. Cheng et al. (2006, 2010)
and Klein et al. (2009) used a side branch technique to quantify
bending, torsion and axial compression of femoropopliteal artery,
but their method might significantly underestimate local deforma-
tions in places where no branches could be identified. To resolve
this problem, MacTaggart et al. (2014), Desyatova et al. (2017)
and Poulson et al. (2018) deployed intra-arterial markers in femor-
opopliteal arteries of cadavers to achieve a higher accuracy of mea-
surements on bending, torsion and axial compression of
femoropopliteal artery for walking, sitting and gardening postures.
Very recently, the same technique was used to assess the effect of
stenting on arterial deformations by calculating differences in fore-
shortening, bending and twisting between unstented and stented
femoropopliteal arteries (MacTaggart et al., 2019). To the authors’
best knowledge, these measurements were not used to study fati-
gue resistance of nitinol stents implanted in femoropopliteal arter-
ies, especially under walking conditions, which is an essential
activity for patients.
(a)

(b)

(c)

Fig. 1. Finite-element models: (a) femoral artery-plaque
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In this paper, advanced FE simulations were carried out to
investigate the fatigue resistance of nitinol stents subjected to
walk-induced motion of an femoropopliteal artery. The developed
FE models simulated a diseased artery with a layered structure and
a self-expandable nitinol stent, all described with advanced consti-
tutive relationships. The study was implemented by modelling the
processes of angioplasty, stent crimping, self-expansion and defor-
mation under diastolic-systolic blood pressure, repetitive bending,
torsion and axial compression as well as their combination. The
cyclic strain in the nitinol stent was fully assessed and used to
evaluate the fatigue behaviour.
2. Methodology

2.1. Finite-element model

In our numerical studies, a two-layer femoropopliteal artery,
with an overall wall thickness of 1.15 mm, an inner diameter of
4 mm and a length of 50 mm, was modelled. Specifically, the artery
consisted of an adventitia and a media layers, with thicknesses of
0.41 mm and 0.74 mm, respectively (Wong et al., 1993). An extre-
mely thin intima layer was not considered in the simulations due
to its negligible contributions to artery deformation (He et al.,
2020a). The plaque was modelled as a symmetric layer inside the
artery, with a length of 18 mm and a stenosis of 50% (i.e., an inner
diameter of 2 mm). Hexahedral elements with reduced integration
(C3D8R) of Abaqus software were used to mesh the artery and the
plaque (Fig. 1a). In the radial direction, the adventitia and media
layers, and plaque were meshed with 2, 4 and 8 rows of elements,
respectively. In the longitudinal direction, a bias control was used
to mesh the artery, allowing for a gradual increase of the element
Plaque
Media

Adventitia

assembly; (b) Zilver stent; (c) angioplasty balloon.
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size towards both ends of the artery. FE model for the Zilver Flex�

Vascular Self-Expanding Stent (Cook Medical, USA) was built using
Abaqus CAE, with a length of 20 mm, an outer diameter of 5 mm
and a strut thickness of 125 mm (Fig. 1b). The stent was also
meshed with C3D8R elements. A linear-elastic tube was created
in the numerical model to crimp and release the Zilver stent in
the diseased artery.

Clinically, blocked arteries undergo balloon angioplasty before
stenting. To simulate angioplasty, a three-folded non-compliant
balloon model was also created (He et al., 2020b), with a length
of 21 mm and a nominal diameter of 4 mm (Fig. 1c). Three-
dimensional 4-node membrane elements with reduced integration
(M3D4R) were used to mesh the balloon. We have compared the
simulation results with and without angioplasty, and the maxi-
mum stress/strain values appear to be lower for the stent when
deployed after angioplasty (10% difference). This is because angio-
plasty introduces pre-dilation to the diseased artery which facili-
tates the expansion of stent and thus lowers the stress/strain
levels in the stent after deployment (see Supplementary Materials).
Therefore, angioplasty was considered in our simulations in order
to provide a more accurate assessment of the fatigue resistance
for nitinol stents.

2.2. Constitutive models

As presented in He et al. (2020b), the modified HGO-C model
with damage (Nolan et al., 2014; Fereidoonnezhad et al., 2016)
was used to capture the anisotropic hyperelastic behaviour of the
arterial layers, especially the stress-softening effect due to tissue
damage caused by stenting. The mechanical behaviour of the pla-
que was introduced in terms of the first-order Ogden model with
Mullins effect (Ogden, 1972; Ogden and Roxburgh, 1999). The
model parameters for the artery and plaque are given in the Sup-
plementary Materials. The Zilver stent was made of superelastic
nitinol (nickel titanium), whose constitutive behaviour was
described in Azaouzi et al. (2013). The angioplasty balloon was
assumed to be made of polyethylene terephthalate, with a density
of 1.4E�9 t/mm3, Young’s modulus of 2000 MPa, and Poisson’s
ratio of 0.44 (Goodfellow, 2018).

2.3. Boundary conditions

All simulations were implemented with the Abaqus explicit sol-
ver (Abaqus, 2017); each employed 160 cores on a high-
performance computer cluster and took about one month to finish.
Mass scaling was not applied (significant oscillations would occur
in stress if mass scaling was used, giving totally unrealistic results),
but a default damping coefficient of 1.2 for quadratic bulk viscosity
was applied in our simulations to mitigate high-frequency oscilla-
tions. Angioplasty was simulated before stenting, with a peak
inflating pressure of 1.8 MPa applied to the inner surface of the bal-
loon. Interaction between the balloon and the artery was modelled
as a general hard contact with a frictional coefficient of 0.2
(Dordoni et al., 2014). The hard contact in Abaqus ensures no pen-
etration for surfaces in contact; also, there is no restriction to the
magnitude of contact pressure that can be transmitted when the
surfaces are in contact, as expected for stent deployment. The pro-
cess of stent deployment in the diseased artery consisted of crimp-
ing and releasing steps. The crimping step was performed by
applying an inward radial displacement on the tube around the
stent to gradually shrink it to an outer diameter of 2 mm. Interac-
tion between the stent and the tube was modelled using the same
properties as those used for balloon-artery interaction. Subse-
quently, the next step was modelled by applying a longitudinal dis-
placement to the tube to gradually remove the tube, thus releasing
the stent. Interaction of the stent with the artery was added in this
3

step using the same properties as those used for balloon-artery
interaction. Both ends of the artery were fixed in this step to pre-
vent the rigid-body motion.

2.4. Loading conditions

Following the stent deployment, its in-service fatigue behaviour
was studied under blood pressure, bending, torsion, axial compres-
sion and their combination. Each simulation ran for 3 cycles,
except for the blood pressure (20 cycles). In this step, the tube
was removed while contact between the stent and artery
remained. Blood pressure of 0.01 MPa (diastolic value) was first
applied to the inner surfaces of both stent and artery, followed
by diastolic-systolic cyclic loading. In this study, the diastolic-
systolic blood pressure was modelled in a realistic waveform with
fluctuations between a diastolic value of 80 mmHg (0.01 MPa) and
a systolic value of 120 mmHg (0.015 MPa; Qiu et al., 2018).

Previously, stenting of the popliteal artery was generally con-
sidered inappropriate due to the high mechanical stress and bend-
ing of the artery during knee flexion. However, the clinical practice
noticed its feasibility and started to perform it in popliteal artery
recently (Fargion et al., 2017; San Norberto et al., 2017; Sibé
et al., 2017; Elens et al., 2019). Moreover, in this study, the most
severe deformations in the femoropopliteal artery (popliteal
artery) were taken as the worst case of walking-induced motion
with the highest impact on fatigue failure of implanted stents
(Desyatova et al., 2017; Poulson et al., 2018; MacTaggart et al.,
2019; Fig. 2). The peak loadings of bending, torsion and axial com-
pression were measured by comparing marker positions for the
walking (110�) posture to the standing (180�) posture. Markers
were deployed approximately 2 cm apart within the in situ iliac,
femoral and popliteal arteries. We took the mean values of torsion
in Desyatova et al. (2017), and axial compression and bending in
Poulson et al. (2018) in popliteal artery in walking posture, plus
the effects of deployment of Zilver stent in MacTaggart et al.
(2019). The loadings for bending, torsion and axial compression
are shown in Fig. 3, where the blue and red colours denote the ini-
tial and deformed (peak load) conditions, respectively. The two ref-
erence points, RP1 and RP2, were used as control points to
constrain all the degrees of freedom (except the radial displace-
ment considering the radial deformation of the artery model) of
the nodes in the non-stented regions (yellow in Fig. 3), with kine-
matic coupling. Thus, the stent was not subjected to any boundary
effect. Specifically, rotations of �39.8� and �11.2� around the T-
and Z-axis were applied to RP1 and RP2 simultaneously to simulate
bending and torsion loadings, respectively. For the axial compres-
sion, displacements of ±0.78 mm along the Z-axis was applied to
RP1 and RP2 simultaneously. All cyclic loadings had a sine wave-
form (based on observation of human walking motion; Aoi et al.,
2019) with a frequency of 1 Hz (Ji and Pachi, 2005). Constraints
of artery ends were removed for these simulations.

In the crimping, releasing and cyclic loading steps, the kinetic
energy remained in orders of magnitude of 10�6 mJ, 10�3 mJ and
10�6–10�4 mJ, respectively. Hence, the quasi-static response in
the crimping step was ensured, while dynamic response was
expected for the releasing and cyclic loading steps.

2.5. Fatigue assessment

The equivalent strain (considering the multiaxial strain state for
the stent in our study) was extracted from our FE results and plot-
ted in a constant-life diagram in terms of strain amplitude versus
mean strain for each case. The fatigue limit curve was provided
in Pelton (2011) and represents a fatigue life of 107 cycles, where
the slight increase of fatigue life with increasing mean strain (also
with some fluctuations at the beginning) for mean strain below 7%



Fig. 2. Computed tomography of the limb flexion states demonstrating walking
(110�) posture (Poulson et al., 2018), with most severe deformation in stented
femoropopliteal artery during walking (not drawn to the exact positions).

Fig. 3. Schematics of (a) bending, (b) torsion and (c) axial compression (constrained re
length in mm (not to scale).

R. He, L.G. Zhao, V.V. Silberschmidt et al. Journal of Biomechanics 118 (2021) 110295

4

is due to the formation of stress-induced martensite, according to
Pelton et al. (2008).
3. Results

3.1. Fatigue performance under blood pressure

The distributions of effective strain in the stent at the end of
systole and diastole pressures are plotted in Fig. 4a. The maximum
strain in the stent for a systole was higher than that for a diastole
(2.23% vs. 2.22%). Also, high-level strains (red zones) were mainly
found at the inner corner of U-bends in the stent, while low strains
(blue zones) occurred in the middle of bridging struts. The results
suggested that the inner corners of U-bends had a higher risk of
fatigue failure due to blood pressure. The evolution of effective
strain at the high-strain region (Fig. 4a) under cyclic systolic-
diastolic loading showed that the strain fluctuation tended to sta-
bilize at Cycle 18 (Fig. 4b), with a peak and valley strain of 2.23%
and 2.22%, respectively. The stabilised strain condition for all the
elements were extracted and plotted in the constant-life diagram
(Fig. 4c). Its black line illustrates the fatigue strain limit of nitinol
according to Pelton (2011), with the black markers representing
the levels of strain amplitude and mean strain of the elements.
Apparently, all the elements are in the safe zone, experiencing rel-
atively low levels of strain amplitude and mean strain caused by
the pulsatile blood pressure.

3.2. Fatigue performance under bending

In contrast, bending fatigue is a more challenging condition for
stents (Fig. 5a) with higher values of the maximum strain corre-
sponding to both the peak load (3.73%) and the unloaded condition
(2.35%). Similar to the blood-pressure loading, high (red zones) and
gions: yellow; initial condition: blue; deformed condition: red). All dimensions of



Fig.4. Fatigue performance under blood pressure: (a) contour plots of effective strain in stent at the end of systole and diastole; (b) evolution of effective strain in high-strain
region in (a) during systolic-diastolic loading process (time refers to the period of cyclic loading); (c) constant-life diagram.
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low (blue zones) strains were found at the inner corner of U-bends
and the middle of bridge struts, respectively. The stabilized (after 1
cycle) peak and valley strains for the high strain region (Fig. 5a)
were 3.73% and 2.35%, respectively (Fig. 5b). The constant-life dia-
gram (Fig. 5c) demonstrates that, most elements were still in the
safe zone, but with much higher mean strain and strain amplitude
compared to the results for pulsatile blood pressure. Some ele-
ments were even located in the dangerous zone based on the esti-
mated fatigue strain limit line, indicating an increased risk of
fatigue failure.
5

3.3. Fatigue performance under torsion

Fig. 6a shows the effective strain distribution on the stent at
peak loading and unloaded conditions under torsion fatigue. The
maximum strain in the stent varied between 2.26% (peak load)
and 2.24% (unloaded). The distributions of high and low strains
(red and blue zones, respectively) were similar to those under
the cyclic bending case. Fig. 6b shows the evolution of effective
strain at the high strain region (Fig. 6a), which tended to stabilize
after 1 cycle. It had lower peak strain (2.26%) and thus smaller



Fig. 5. Fatigue performance under bending: (a) contour plots of effective strain in stent at peak loading and unloaded conditions; (b) evolution of effective strain in high-
strain region in (a) where time refers to the period of cyclic loading; (c) constant-life diagram.
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strain amplitude (0.13%) than those for the bending case (3.73%
and 0.69%), demonstrating a decreased risk of fatigue failure. Such
tendency is also reflected in the constant-life diagram (Fig. 6c),
where elements are well within the safe zone.
3.4. Fatigue performance under axial compression

Fig. 7a shows the effective strain distribution of the stent at the
peak loading and unloaded conditions under axial compression
6

fatigue. Similar to the bending and torsion fatigue, the maximum
strain in the stent at the peak load was higher than that at the
unloaded condition (3.13% vs. 2.52%). The evolution of effective
strain at the high strain region (Fig. 7a) subjected to axial compres-
sion fatigue is plotted in Fig. 7b, which tended to stabilize after 1
cycle. Its stabilized peak strain and strain amplitude (3.13% and
0.31%) were higher than those for the torsion case (2.26% and
0.13%), but lower than those for the bending case (3.73% and
0.69%). In the constant-life diagram (Fig. 7c), there is a significantly



Fig. 6. Fatigue performance under torsion: (a) contour plots of effective strain in stent at peak loading and unloaded conditions; (b) evolution of effective strain in high-strain
region in (a) where time refers to the period of cyclic loading; (c) constant-life diagram.
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increased risk of fatigue failure when compared to the torsion case,
but not as risky as the bending case.
3.5. Fatigue performance under combined loadings

Fig. 8a shows the effective strain distribution of the stent at the
peak loading and unloaded conditions under combined loadings of
bending, torsion and axial compression. Similar to the other cases,
7

the maximum strain in the stent at the peak load was higher than
that at the unloaded condition (3.13% vs. 2.75%). Its evolution of
effective strain is plotted in Fig. 8b, which tended to stabilize after
1 cycle. It showed the highest stabilized peak strain (4.58%) and
strain amplitude (0.92%) among all the cases. In the constant-life
diagram (Fig. 8c), many elements are in the dangerous zone above
the fatigue strain limit line, indicating the highest risk of fatigue
failure among all loading scenarios.



Fig. 7. Fatigue performance under axial compression: (a) contour plots of effective strain in stent at peak loading and unloaded conditions; (b) evolution of effective strain in
high-strain region in (a) where time refers to the period of cyclic loading; (c) constant-life diagram.
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4. Discussion

This study is the first attempt to investigate the fatigue resis-
tance of nitinol stents subjected to walk-induced femoropopliteal
artery motion. Particularly, the bending, torsion and axial compres-
sion applied to the implanted stent were taken from measure-
ments of human femoropopliteal artery motion using the intra-
arterial markers (Desyatova et al., 2017; Poulson et al., 2018;
MacTaggart et al., 2019). Similar computational studies were
8

reported in the literature, but limited to two-dimensional data,
which gave inadequate information of bending and axial compres-
sion (Early and Kelly, 2011; Harvey, 2011; Petrini et al., 2012;
Dordoni et al., 2014; Lei et al., 2019). Some studies even applied
unrealistic loading frequency, such as 50 Hz in Lei et al. (2019),
in simulations; while the realistic one was measured to be 1 Hz
(Ji and Pachi, 2005). In dynamic analysis, this may result in higher
levels of mean strain or strain amplitude in the stent due to inertia,
leading to overestimated risk of fatigue failure. Also, the simulated



Fig. 8. Fatigue performance under combined loadings: (a) contour plots of effective strain in stent at peak loading and unloaded conditions; (b) evolution of effective strain in
high-strain region in (a) where time refers to the period of cyclic loading; (c) constant-life diagram.
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strain in the stent normally took some cycles to stabilize in this
study, as also reported in Dordoni et al. (2014). However, some
studies only simulated one cycle (Lei et al., 2019) or just a loading
phase (Early and Kelly, 2011; Harvey, 2011), which might result in
erroneous assessment of stent’s fatigue failure.
9

Walking predisposes stent fracture in patients with nitinol
stents implanted in the femoropopliteal arteries (Iida et al.,
2006), especially if implanted at or near the flexion points in the
femoropopliteal arteries (Babalik et al., 2003). Since stent fracture
is associated with in-stent restenosis or lumen reocclusion
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(Scheinert et al., 2005), it is important to understand the fatigue
behaviour of nitinol stents implanted in femoropopliteal artery
under physiological and biomechanical loading conditions. Our
results showed that the pulsatile blood pressure did not contribute
much to stent’s fatigue failure (Fig. 4c), agreeing with the experi-
mental results in Pelton et al. (2008). Thus, it was not considered
in the combined loading case. Similar to the work of Lei et al.
(2019), the combined loading imposed the highest risk to stent’s
fatigue failure. The main contribution was bending, followed by
axial compression and torsion, in contrast to the works of Early
and Kelly (2011) and Dordoni et al. (2014). However, no study
investigated the effect of torsion fatigue on stent failure. Our sim-
ulations predicted a lower risk of fatigue failure of the nitinol stent
when subjected to torsion when compared to axial compression
and bending.

It is well known that the bending, torsion and axial motions are
at a rate of 106 cycles per year (Silva et al., 2002). In this study, the
fatigue limit was assessed against a life of 107 cycles obtained from
fatigue testing of diamond-shape nitinol specimens (Pelton, 2011),
and, therefore, the predicted life in service is at least ten years. The
manufacturing process of these diamond-shape specimens fol-
lowed the actual process of commercial stents, representing the
material properties and relative geometry of the actual product
as close as possible, and tested at a temperature of 37 �C. However,
it should be noted that different medical device companies use dif-
ferent manufacturing and thermo-mechanical processes which can
induce different fatigue properties in nitinol. Thus, for proper eval-
uation of the fatigue behaviour of the Zilver stent studied in this
paper, ad hoc fatigue testing should be performed. In particular,
specimens of similar size to the Zilver stent struts, subjected to
the same manufacturing route, should be used.

This study showed the feasibility of predicting stent fatigue fail-
ure and establishing its relationship with femoropopliteal environ-
ment using the FE method. By managing the fatigue behaviour of
nitinol stents, better and safer stents with innovative designs could
be developed to optimise clinical outcomes. Nevertheless, there are
some limitations of this study. In addition to normal walking,
Desyatova et al. (2017) and Poulson et al. (2018) measured defor-
mations of femoropopliteal arteries in sitting and gardening pos-
tures. Their results showed that these postures caused increased
deformations in the artery, which may result in higher levels of
mean strain and strain amplitude in the implanted nitinol stent.
However, as most people usually do not change from sitting or gar-
dening to standing postures frequently, they may not cause so high
risk of stent’s fatigue failure as daily walk. Additionally, different
stents showed varying levels of resistances to different loadings
in mechanical testing (Maleckis et al., 2017; MacTaggart et al.,
2019). Hence, it may be also interesting to investigate the effect
of different stents implanted in femoropopliteal arteries on their
fatigue behaviours subjected to respective deformations. Obvi-
ously, in the simulations, the nitinol stent was considered ideal
without any defects, but it is widely recognized that some cracks
or defects exist in materials. For instance, laser-cutting used to fab-
ricate stents invariably leaves a distribution of small cracks (5 to
20 lm) on the surface (McKelvey and Ritchie, 1999). As the
fatigue-limit analyses are unable to assess the fracture risks of
stents with pre-existing defects/cracks, other approaches such as
fracture mechanics with a damage-tolerance concept is required
in the future work.

Also, it was found that, due to high axial stiffness of nitinol
stents, the stented femoropopliteal artery was compressed in knee
flexion less than the unstented one (MacTaggart et al., 2019). The
increased axial stiffness may reduce the ability of arteries to
accommodate foreshortening, resulting in kinks of the transition
zone between the stented and unstented regions. This may affect
the fatigue behaviour of nitinol stents. In addition, the plaque
10
model was idealized as a single, uniform and symmetric layer;
while, in reality, the plaque normally has a complex morphology
and often not concentric with varied mechanical properties. There-
fore, the contact between the plaque/artery and stent may be very
different from the current model, which may increase local strain
concentration and shorten the fatigue life of the deployed nitinol
stent. Hence, to gain a better understanding of the effect of arterial
kinks and to apply the current approach to clinical conditions,
patient-specific models are recommended in future studies, based
on high-resolution medical imaging of actual diseased artery (He
et al., 2020c).
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