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Abstract. Nickel-Titanium alloys (Nitinol) are widely used for biomedical
applications. Peripheral stents are almost exclusively composed of Nitinol,
as its superelasticity is suited for minimally-invasive insertion and durable
effect. After crimping and deployment stents undergo cyclic multi-axial
loads imposed by vascular and lower-limb motion (e.g. axial compression,
bending, and torsion). This complex mechanical environment could lead to
metal fatigue and device fracture, with possible severe consequences (e.g.
in-stent restenosis). Standard regulations require experimental verification
of stent fatigue behaviour for preclinical assessment, but no exact indications
are provided to direct the load combination. Moreover, different fatigue
criteria were developed for common metals to predict fatigue endurance, but
no criteria were specifically defined for the unique thermo-mechanical
properties of Nitinol. This study investigated the role of cyclic multi-axial
loading conditions on different stent geometries, looking at how they affect
the stress/strain distribution along the device and how different criteria may
affect the fatigue prediction (e.g. the standard VVon Mises alternate approach
and other critical plane approaches). Then, a preliminary experimental
fatigue campaign was performed in agreement with the numerical
simulations in order to compare the numerical predictions with the
experimental results. The result suggest that the critical plane approaches are
more reliable than the standard VVon Mises criterion.

1 Introduction

Peripheral stents are almost exclusively composed of Nitinol, as its super-elasticity is suited
for minimally invasive insertion and durable effect [1]. After crimping and deployment,
stents undergo cyclic multiaxial loads imposed by vascular and lower-limb motion: this
complex load combination might lead to metal fatigue and device fracture, with severe
clinical consequences which urge a clear indication of reliable methods for predicting their
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fatigue behavior [2]. Nitinol stents fatigue assessment is still an open issue and no univocal
indications are available due to the peculiarity of the material and the complexity of the
device geometry. Regulatory bodies require experimental campaign to verify the device
fatigue endurance, also known as “testing for survival”: a common threshold is set at 108
cycles, which is representative of 10-years activity [3]. Since experiments are expensive and
time-consuming, fatigue assessment based on the use of validated numerical models has been
recognized as a key procedure for predicting safety conditions of stents, in particular when a
range of in vivo-like conditions is applied. However, the results of finite element analysis
(FEA) must be interpreted through fatigue criteria to assess the risk of failure, yet no
unequivocal indication for Nitinol device failure remains available. Four different fatigue
criteria, originally formulated for standard metals, were used in this study to evaluate the
fatigue behavior of a Nitinol stent undergoing multi-axial loads and validated experimentally.

2 Materials and methods

2.1 Numerical simulations

Two FE models resembling the commercial Absolute Pro® (Abbott Vascular, Santa Clara,
CA) and Complete® SE (Medtronic Vascular, Santa Rosa, CA) stents were employed (Fig.
1a). In the text, they have been addressed as stent A and C respectively. Details regarding the
models geometry, discretization, and material properties are available in [4]. Stent crimping
and implantation into the vessel introduces a state of non-zero mean stress/strain that
influences the following stent deformations induced by vascular and lower-limb motion. In
our numerical simulations, the stent was analyzed in its expanded configuration with a
preload being applied to introduce non-zero mean stress/strain state, resembling realistic
implantation scenarios. Then, a combination of axial compression, bending, and torsion
loads, inspired from literature physiological data, was applied [5]. The choice of the analysis
in the expanded configuration allowed to avoid all the complexities related to the contact
with the artery wall that makes more difficult a reliable comparison between numerical and
experimental results. In particular, an in-phase sinusoidal path oscillating between maximum
and minimum values corresponding to 2 % axial strain, £10 mm of curvature radius, and
+3°/cm of torsion angle was applied first (P1). Then, a different load scenario (P2), with
+2.3 % axial strain, £13 mm of curvature radius, and +4°/cm of torsion angle was considered.
The results, in terms of stress/strain tensors extracted from the centroids of the elements at
each increment of the fatigue cycle, were used to predict the fatigue behavior of the stent.
Four different fatigue criteria, based on different mechanical assumptions, were considered
to compute a fatigue index (FI) based on the loads acting on the stent. The standard von Mises
(VM) criterion was compared to three critical plane approaches. The VM index is the
equivalent alternate strain, calculated from the principal alternate strain Ae,, Ae,, Ag; (EQ.1).
The Fatemi-Socie (FS)[6] is a strain based criterion for shear failure mode that utilizes the
maximum shear strain amplitude (Ay;,4,) and the maximum normal stress (o, ;nq) ON the
plane of the maximum shear strain amplitude (Eg. 2). The Brown-Miller (BM)[7] is also a
strain based criterion which combines the maximum shear strain amplitude and the maximum
normal strain amplitude (Ae,,) on the plane of maximum shear strain amplitude (Eq.3). The
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Smith-Watson-Topper (SWT)[8], [9] is an energy based approach and the Fl is given by the
product of the maximum normal stress and the maximum normal strain amplitude, both on
the plane of maximum normal strain (Eq.4).

1)
M=———/(Ag; — Ag,)? + (Ag, — Ae3)? + (Aey — Agy)?
2(1+v)\/§\/( 1 2 (Ag, 3)? + (Agg 1)
2 ay
Aymax A“En (3)
BM = S—
2 + 2
Ae 4
SWT = 0y max T" @)

The empirical constants k and S involved in the FS and BM criteria were taken as equal to
unity in the following, as suggested by literature [10], [11].

For each numerical simulation, a set of constant life diagrams was built according to each
criterion: all the Fls were calculated for each finite element of the model and their values
plotted against the first principal mean strain obtaining different point clouds.

2.2 Experimental tests

Nitinol tubes from the same batch are laser cut into several samples having the same
geometry of stents A and C (Fig.1b) and ad-hoc dog-bone specimens (Fig.1c) for mechanical
and fatigue characterization of the material. The deduced material properties were used to
feed the stent numerical models, the fatigue data were used to deduce the material fatigue
strength at 108 cycles [4]. The choice of this threshold is justified by the fact that Nitinol has
an almost constant fatigue behavior after 10° cycles [2]. The stent samples were used to
experimentally repeat the numerical multi-axial cyclic tests. The tests were conducted at 1
Hz to mimic the frequency of gait. The experimental run-out was set at 10° cycles. A
customized set-up was adapted on the dynamic testing system Instron ElectroPuls E1000
(Norwood, MA): the machine axial command was transduced into multi-axial loads (axial
compression, bending, and torsion) acting on the stent (Fig.1 d) in a temperature controlled
environment.
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Fig. 1 a) Stent FE models; b) laser cut stent samples; c) ad-hoc developed dog-bone specimen d)
experimental set-up for multi-axial loads

e

3 Results

The material fatigue strength obtained from experimental results was introduced in the
constant life diagram of each criterion (Fig. 2a and 3a) and used to calculate a fatigue risk
factor (RF), defined as the normalized distance between the point cloud and the fatigue
strength (Table 1 and 2).

The results of experimental tests on the stents were used to conform fracture induction and
to determine which criteria most correlated fracture with risk prediction (Fig. 2b and 3Db).
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Fig. 2 Cases P1 and P2 for stent A: a) comparison of the constant life diagrams obtained
computationally for each criterion and the corresponding material fatigue limit at 10® cycles deduced
from experimental results; b) numerical prediction deduced from the picture above according to the
four criteria and the corresponding experimental outcome. The same fracture location was predicted
and experimentally verified.

.10 .0 )
a)s - . . .
5 P
g 10 o 1 [
© K 5 S u
-l g e = e [
£ 3. 1, , :
P1 2 oad o ¥ E P, H a9spd’ 2
w ¢ £ . * A [ '3 g
a w [ o : M
§° ° 0 a
> 0 001 002 003 004 005 008 0 001 002 003 004 005 006 0 001 002 003 004 005 008 0 001 002 003 004 005 006
First Principal Mean Strain First Principal Mean Strain st Principal Mean Strain First Principal Mean Strain
o 10 S8
£ 2 12 . N
s N
E, " & :
K] . 2 ®
£ 3 5. o
£ Y 4 @ = o8 [
s e o S T ohy 4} 2
P2 = H < 2 = é
W 4 & 3« £ :
] = o -
EE 2 E
£ o
§° = ° R
> 0 001 002 003 004 005 008 o 001 002 003 00¢ 005 006 0 001 002 003 004 00 008 0 001 002 003 004 005 006
Firt Principal Mean Strain Fiest Pincipal Mean Strain First Princioa) Meas Strain First Principal Mean Strain
b) EXP
FEA-StentC EXP
Case VM FS(k=1) BM(s=1) SWT
P1 Fail Fail Safe Safe S-S-S
P2 Fail Fail Fail Fail F-F-F

Fig. 3 Cases P1 and P2 for stent C: a) comparison of the constant life diagrams obtained
computationally for each criterion and the corresponding material fatigue limit at 10® cycles deduced
from experimental results; b) numerical prediction deduced from the picture above according to the
four criteria and the corresponding experimental outcome. The same fracture location was predicted
and experimentally verified.
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Table 1 Risk factors for stent A and C under P1 and P2 load combinations

STENT A
Load case VM FS BM SWT
P1 1.84 1.28 0.89 0.90
P2 2.61 1.81 1.34 1.33
STENT C
Load case VM FS BM SWT
P1 1.97 1.54 0.99 0.83
P2 2.47 2.02 1.31 1.09

Fatigue prediction was strongly influenced by specific criterion. However, all approaches
agreed in recognizing the most critical area of the stent and all the experimental fractures
occurred at the same locations predicted by numerical simulations (Fig. 2b and 3b). The VM
index always expresses the highest RF, being the most conservative approach.

Stent geometry is a factor greatly affecting both the macroscopic and local responses, as
proved by the points cloud morphologies: stent A is characterized by a more compliant
structure than stent C [4]. In addition, the fatigue plots confirmed this finding with stent A
exhibiting a fewer elements reaching high deformations (1.3% of the whole volume
overcomes 3% mean strain compared to the 2.2% for the stent C) (Fig. 2a and 3a).

The experimental results indicated a better prediction capability of the critical plane
approaches, in particular the BM and SWT, even if thei r fatigue indices were based on
different assumptions.

4 Discussion and conclusions

Through computational simulations, it was possible to deeply study the local response of the
stents under cyclic multi-axial loads and the interesting result was that proportional loads
applied to the whole stents induce non-proportional stress and strain at the local level (Figure
4). This finding is coherent with the fact that comparing different fatigue criteria, the VM
resulted less reliable than critical plane approaches. Indeed, it has been shown that the
accuracy of VM is commonly limited to uniaxial loading conditions whilst no insurance is
given under multi-axial and non-proportional situations [12], [13].

Moreover, it is evident that the complexity of the device geometry and the strong non-
linearity of the material do not allow to know “a-priori” the stress/strain induced during cyclic
loads, but computational analyses are necessary.

The coupling of experiments and numerical models allowed better understanding of the
fatigue behaviour of peripheral Nitinol stents, and highlighting that the standard approach for
the Nitinol fatigue assessment, i.e. employing the VM criterion, could be improved and one
solution could be the usage of critical plane approaches.

Clearly, more studies involving non-proportional loads over a broader range of conditions
have to be done to properly select the most reliable fatigue criterion.

Moreover, the following aspects have to be clarified.

The FS and BM indices depend on empirical constants (K, S), whose values could influence
the prediction: herein they were assumed to be 1, because an experimental confirmation was
not possible.

The material fatigue strength has been assessed through axial fatigue tests on ad-hoc multi-
wires samples. However, stents are mainly subjected to bending. This means that during



MATEC Web of Conferences 300, 12001 (2019) https://doi.org/10.1051/matecconf/201930012001
ICMFF12

fatigue characterization test, all sample cross-sections are subjected to the maximum strain,
while only a small portion of the cross-section (the extremities) is exercised during realistic
stent loading condition. Therefore, for the same maximum strain, the risk of fracture is higher
in the former case and using the material fatigue limit deduced from uniaxial tests may be
too conservative.
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Fig. 4 a) The evolution of the shear strain vector y on the critical plane (CP), defined by u-v axes,
during a load cycle. The point of the vector draws a non-proportional path, which is enclosed into the
minimum circumference of centre Q, whose position vector (ym) is defined as the mean shear strain
while its radius (ya) represents the alternate component of the shear strain; b) normalized shear strain
path for an element in the most stressed area of stent A (above) and stent C (below), calculated on the
critical plane of the maximum shear strain amplitude. The triangle and the circle refer to the value at
the reversals of the remote load.
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