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Abstract

Nickel-Titanium (NiTinol) alloys exploit a typical super-elastic behavior which makes them suitable for many biomedical applications,
among which peripheral stenting, requiring the device being subjected to the high mobility of the lower limbs. Unfortunately, this
complex environment can lead to the device fatigue fracture with likely other more severe complications, e.g. restenosis. Standards
require to experimentally verify stent fatigue life behavior, without giving indications on how to select the loads to be applied for
resembling most critical in-vivo conditions. Moreover, different multi-axial fatigue criteria have been originally developed for standard
metals to predict the behavior under cyclic loads, but none of them is specifically formulated for NiTinol. This paper presents a
numerical study having two aims: i) understanding how non-proportional loading conditions due to combination of axial compression,
bending and torsion induced at each patient gait on the femoro-popliteal artery affects the implanted stent stress/strain distribution; ii)
understanding how stent fatigue life prediction may be affected by the choice of the fatigue criteria. Accordingly, two different
peripheral stent geometries, resembling commercial ones, were analysed under different sets of loading conditions. The cyclic
deformations induced over the device structure by macroscopic loads are interpreted through four different fatigue approaches recently
used in Nitinol fatigue analyses: Von Mises, Fatemi-Socie, Brown-Miller and Smith-Watson-Topper. The comparison between the
outputs highlights that they are strongly influenced by the loading path, recognizing the major role in fatigue due to the combined
torsional and bending actions. On the other hand, the choice of the fatigue criterion impacts on the fatigue life prediction.
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E, elastic modulus for the austenite phase ay material monotonic yield strength
M alternate equivalent strain Omax maximum normal stress
&q alternate normal strain Opmax ~ Maximum normal stress on the critical
plane
g maximum residual strain Ossa starting stress value for the reverse phase
transformation
Agg first principal component of the alternate Osas starting stress value for the forward phase
2 strain tensor transformation
Ag, second principal component of the alternate Orpsa final stress value for the reverse phase
2 strain tensor transformation
Ags third principal component of the alternate Oras final stress value for the forward phase
N strain tensor transformation
Agy normal strain amplitude on the critical osas® tarting stress value for the forward phase
2 plane of maximum shear strain transformation in compression
AYmax maximum shear strain amplitude on the OsAsC tarting stress value for the forward phase
T2 critical plane of maximum shear strain transformation in compression
A&pax maximum normal strain amplitude on the
2 plane of maximum normal strain

1. Introduction

Peripheral occlusive pathologies are caused in more than 90% of the cases by atherosclerosis, which can lead to a
broad spectrum of severe consequencies (Cimminiello, 2002). One recognized cause for the high incidence of
peripheral occlusions is the wide mobility of the legs leading the femoro-popliteal artery (FPA) to highly deform under
axial, torsional and bending actions (Ansari ef al., 2013; MacTaggart et al., 2014). Many efforts have been spent trying
to quantify the amount of these multi-axial loads (Cheng et al., 2006; Klein et al., 2009). The clinical scenario changes
when a stent is implanted, introducing a local stiffening and influencing the macroscopic deformations (Gokgol et al.,
2016). Endovascular stenting is actually recognized as the clinical gold standard for the revascularization. At the
peripheral level it is performed using NiTinol stents: their super-elastic behavior allows the withstanding of serios
deformations without experiencing permanent shape change and the long-term results are promising (Schillinger et
al., 2006). However, the cyclic loads experienced during gait can be responsible of the fatigue failure of the device
(Petrini et al., 2016) with possible drawbacks such as in-stent restenosis (Scheinert et al., 2005; Gokgol et al., 2016).
No specific indications are given by international agencies or standards about NiTinol fatigue life prediction, but it is
recognized that finite element analysis (FEA) can be a useful tool to have a better insight of the cyclic state of stress
and strain acting on the device under physiological conditions. Since experimental campaigns are expensive both in
terms of cost and time, the best approach is based on minimizing the experiments to the worst case scenario only,
using FE tools to examine many other possible in-vivo clinical conditions.

Hence, the results of the FEA need to be interpreted through fatigue approaches to assess the risk of failure. In
literature many criteria have been proposed for metals, either in case of applied proportional or non-proportional loads,
but none is specifically indicated for NiTinol and no previous knowledge is able to assess whether they are all
equivalent. The aim of this work is to numerically investigate the in-vivo boundary conditions acting on the stented
FPA, assessing which combination represents the worst scenario in terms of the device fatigue failure. Then, different
fatigue approaches are examined to find out if an agreement in the prediction exists.

Since gate provokes movements of muscles that affect in different way the FPA deformation, it is likely that the
loading components are non-proportionally applied. Moreover, even in case of a proportional macroscopic load, it is
not sure that the proportionality is guaranteed at the stent local level for the aforementioned reasons. In this way, the
standard Von Mises approach seems not to be adequated for a reliable interpretation (Auricchio et al., 2016). Other
multi-axial fatigue criteria, namely the Fatemi-Socie, the Brown-Miller and Smith-Watson-Topper, are considered:
they are based on the concept of the critical plane, which is the location of the maximum stress responsible for crack
initiation in a polar coordinate system (Pelton ef al., 2013; Mahtabi, Shamsaei and Rutherford, 2015).
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2. Materials and methods

The FE validated models of two different stents, namely stent A and C resembling commercial ones (Figure 1),
were available from the previous work of Allegretti et al. (2008): we refer to this paper for the knowledge of all the
FE model details. A multi-modal simulation is implemented into the FE solver Abaqus Standard 2017 (Dassault
Sistémes, SIMULIA, Providence, RI) using the same devices. The NiTInol material properties, considered equal for
both the geometries, are described through the ABQ SUPER ELASTIC material model, available in the solver. The
used material parameters are: EA=47000 MPa, Ey= 22000 MPa, v= 0.3, g1= 0.045, csas= 260 MPa, cras= 350 MPa,
ossa= 140 MPa, orsa= 80 MPa, osas= 516 MPa. All the simulation steps are conducted at a fixed temperature of 37
°C to reproduce the in-vivo environment.

The first preload phase is computed to mimic the stent crimping and implantation, introducing a value of mean
strain at each location of the structure from which the fatigue load pulses. The mean strain distribution changes point
to point in the stent, but it does not overcome the 3%:this guarantee initial conditions compatible with the post-
implantation scenario in terms of internal strains

The amount of axial compression, torsional and bending actions during the fatigue cycle are chosen according to
literature physiological data (Ansari et al., 2013; MacTaggart et al., 2014). In particular, the maximum axial excursion
is about 4%, while a 6°/cm torsion and a 20 mm radius of curvature bending are choosen. Different loads combinations
are examined, considering both in-phase and counterphase loads (Table 1): the nominal fatigue ratio of the applied
displacements/rotations is R=0. However, since the cyclic loads are applied starting from conditions reached after
crimping and deployment, the effective fatigue ratio could be different

/\/ﬂ b)

Figure 1 Stent A model and details of the mesh (a) and Stent C model and details of the mesh (b).

Table 1 Different loading conditions applied during the numerical analysis. Both proportional (P) and non-proportional (NP) loading conditions are explored. Caso 0:
in-phase axial compression (A), bending (B) and torsional (T) actions. Three different combinations are created for each of the three NP cases. The C apex, when
present, indicates that the load is maintained constant throughout the cycle at the value reached at the end of crimping and deployment. . The I apex, when present,
indicates that the load is applied counterphase, namely its peak is reached at the valley of the other loads.

Case 0 (P) A,B, T

Case 1 (NP) A, BS, T€ AS, B, T¢ A B, T
Case 2 (NP) A, B, T¢ A5, B, T A,BS, T
Case 3 (NP) A, B, T ALB, T A,B, T

The four fatigue approaches considered in this study are based on a different definition of the quantity measuring
the fatigue index. The von Mises (VM) criterion chooses as fatigue index the equivalent alternate strain (Eq. 1). The
the Fatemi-Socie (FS) is a strain-based critical plane model for shear failure mode materials and recognizes as the
fatigue index a function of the maximum amplitude of shear strain and the maximum value of normal stress calculated
on the maximum shear strain plane (Eq. 2). The Brown-Miller (BM) is also a strain-based approach and the fatigue
index is defined as an equivalent amplitude shear strain, given by combination of the maximum shear strain amplitude
and normal strain amplitude that occurs in a cycle on the maximum shear strain plane (Eq. 3). The Smith-Watson-
Topper (SWT) is an energy-based approach and the fatigue index 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).

VM = s (B, = B5,)? + (B, — Ae)? + (Be; — e 0

FS = A¥max (1 1+ k on,max) (2)
2 oy

BM = ge 4 532 3)

A max
SWT = Opmax —2 C)
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For each of the considered loading conditions, the stress and strain tensors at the fatigue peak and valley are
extracted from the centroid of each finite element of the stent numerical models and processed through an ad-hoc
MATLAB code (MathWorks). The value of the fatigue index according to the four criteria above at every location for
each model is plotted against the corresponding first principal mean strain. Each cloud of points is compared with a
material limit curve, specifically built for each criterion, which was previously assessed through cyclic axial tensile
tests performed on dogbone samples, as detailed in Allegretti et al. (Allegretti et al., 2018). A fatigue risk factor,
defined as the normalized distance between the points and the limit curve, is calculated for each case. A value for the
risk factor greater than 1 means a critical condition in which fatigue failure is expected before 10° cycles.

3. Results

For each stent under the same loading condition, the choice of a specific multi-axial fatigue criterion strongly
influences the prediction. From the load case 0 is it immediately clear how the approaches give different interpretation
of the internal state of the devices. In particular, the VM tends to overestimate the fatigue risk compared to the other
criteria, showing many points overcoming the limit curve (Figure 2a and 2b) and a higher risk factor with respect to other
approaches, the stent being equal (Figure 2c left). However, all the criteria are indicating the same most critical area. The
stent geometry is a factor which affect the macroscopic response, so the clouds morphology: stent A is characterized by
a more compliant structure than stent C (Allegretti e al., 2018). This is confirmed by the fatigue plots: stent A has a
fewer number of elements subjected to high deformations since the structure itself accommodates for the major part of
the macroscopic load. On the other hand, the stiffer stent C transmits an higher deformation to the whole structure,
resulting in a major number of elements subjected to high loads. Accordingly, the risk factor considering the same
criterion (Figure 2c right) is higher for stent C (2.03) than for stent A (1.96).

As expected, by switching to the other load cases (NP) the cloud of points and the risk factor change accordingly. For
simplicity, only the results regarding stent A are summarized in this section. From the load case 1, where only one load
components is cycled, it is easy to address the major causes for fatigue fracture to the bending and torsional ones Figs.
3b-3c, respectively. In particular, under cyclic bending load all the criteria show a cloud of points at least close to the
limit curve, with VM (1.69) and FS (1.33) predicting failure. When the cyclic load is purely axial, Fig. 3a, all the criteria
agree in computing a risk factor far below the unit. As expected, load case 2 highlights how the combination of bending
and torsional loads lead to high risk factors, specifically 3.1 for VM, 1.85 for FS, 1.57 for BM and 1.64 for SWT, Fig.
3e. For the other combinations, only the VM predicts a risk of failure (Figure 3d and 3f), even if very low (1.07 and 1.01
respectively). Also for NP loads the same critical area is identified by all the criteria. At last, the load case 3 suggests how
the presence of a counterphase axial load increase dramatically the level of criticality for the stent endurance, Fig. 4.

4. Discussions and conclusions

This study performed a numerical analysis aimed at inspecting different multi-axial loads combinations, mimicking
the FPA environment. Four different fatigue criteria were implemented to give an interpretation of the severity of the
conditions according to different indices. VM criterion indicates high risk factors in the majority of the cases. FS, BM
and SWT predictions are more influenced by the loads combination and their predictions usually agree, even if their
fatigue indices are based on different mechanical quantities. All the approaches recognize the same most critical area for
fracture in all the combinations. This is motivated by the geometrical characteristics of the stent, resulting in more weak
areas especially in the double V-strut of the stent A and the simple strut of stent C. Moreover, all of them agrees in stating
that the axial load in counterphase (second combination of case 3) is the most dangerous one.

Despite the encouraging results toward a better understanding of the fatigue behavior, some limitations need to be
accounted: FS and BM indices are dependent on material empirical constants herein taken as 1(Socie, Waill and Dittmer,
1985; Shamsaei and Fatemi, 2009). A preliminary sensitivity analysis has been performed showing how the prediction
can slightly vary by changing their value. The structural limit curve was derived from axial fatigue tests on dogbone
samples, since other multi-axial components would have been impossible to test with such material specimens. More
tests should be addressed to the more accurate characterization of the limit curve. This is a numerical only study from
which we can conclude that the VM gives a different interpretation compared to the critical plane approaches. Some
experimental tests are mandatory to finally conclude which fatigue criterion is the most accurate treating NiTinol devices
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Figure 2 Results of the load case 0 (P) for stent A (a) and C (b). The clouds of points are representative of the output of each criterion at every centroid of the stent mesh.
Points overcoming the fatigue limit curve for 10 cycles (red line) are considered critical for fatigue failure. Risk factor color maps (c): comparison among all the criteria
for stent A (left) and between the two stents for the Von Mises criterion (right).
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Figure 3 Results of the load case 1 and 2 (NP) for stent A under different loading combinations. (a) constant bending and torsion, cyclic axial compression, (b) constant
axial and torsion, cyclic bending, (c) constant axial and bending, cyclic torsion, (d) constant torsion, cyclic axial and bending, (e) constant axial, cyclic bending and
torsion, (f) constant bending, cyclic axial and torsion.
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Figure 4 Results of the load case 3 (NP) for stent A under different loading combinations. (a) cyclic axial and torsion, alternating bending, (b) cyclic bending and torsion,
alternating axial, (c) cyclic axial and bending, alternating torsion. Risk factor color maps (d) are given for the case showed in (b)
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