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The effects of design parameters and material properties obtained with the ageing treatment on the mechanical performance of a
z-shaped esophageal-duct nitinol wire stent under the crushing tests for clinical applications are investigated with a
finite-element simulation. With 90 % crushing, low chronic outward force, high radial resistive strength and favorable
superelastic behavior are attained at the segment angle of 65° and the A; temperature of 24 °C. The performance of the stent is
seen to drastically vary with a change of only 1° in the segment angle.
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Z metodo kon¢nih elementov so bili preucevani ucinek konstrukcijskih parametrov in mehanske lastnosti materiala pri tla¢nih
preizkusih starane nitinolne Zi¢ne opornice z-oblike za klini¢no uporabo v cevi poziralnika. Z 90-odstotnim tlacenjem, nizko
stalno silo navzven, veliko radialno silo upornosti in Zeleno superplasti¢no vedenje je bilo dosezeno pri segmentu s kotom 65° in
temperaturi A 24 °C. Opazi se, da se vedenje opore obcutno spremeni Ze pri spremembi kota segmenta za 1°.

Klju¢ne besede: analiza kon¢nih elementov, cev poziralnika, nitinolna opora, staranje, mehansko delovanje

1 INTRODUCTION

Gastrointestinal disease is an important cause of
death these days. Renteln et al. have referred to the
esophageal cancer as a worldwide source of gastro-
intestinal malignancies.! The majority of patients with
esophageal cancer suffers from dysphagia and undergoes
death.! The primary aim of treating these patients is to
reduce dysphagia with a minimum morbidity and
mortality and to improve the quality of their lives.! With
respect to this type of illness, Renteln et al.? have stated
that an endoscopic stenting is better than a surgical
repair. A stent placement has, therefore, been one of the
main remedies for these types of diseases in the last
decade.

The use of a stent has two main objectives: (1) a
short-term effect of avoiding intimal dissection and an
elastic recoil and (2) a long-term effect of avoiding
restenosis caused by neointimal hyperplasia mentioned
by Stoeckel et al.> A nitinol-stent placement was deve-
loped to introduce a behavioral modality of the palliation
of malignant dysphagia. Nitinol stents for the esophageal
duct are easily implanted with a low risk of a severe
complication. They provide a successful palliation of
malignant esophageal obstructions, too. They also help
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relieve dysphagia for the patients with inoperable carci-
noma esophagus.!

A stent placement has been the major approach to
solving gastrointestinal diseases like esophageal malig-
nancy during the past decade. Nitinol superelastic stents
have been considered a solution to the problems such as
restenosis after an implantation, a low twisting ability, an
unsatisfactory radial mechanical strength and improper
dynamic behaviors associated with the ducts.

Owing to a good retrievability and flexibility, the
z-shaped wire stents are most widely used in the stent
designs.* They can be used to fabricate custom-made
stents with preselected values exerting the radial forces
for the clinical use. The Z-shaped models are also desi-
rable as, even in a laboratory, they can be easily manu-
factured by hand. The Z-shaped models also allow
various designs with different amounts of radial forces as
described by Patrick et al.> Important parameters like the
length, diameter of the wire, number of bends, segment
angle, stent inner diameter and radial contraction should
be determined with analytical equations associated with
the geometry of a stent.

The first report about a numerical study of the fatigue
behavior of a nitinol stent was presented by Whitcher et
al.> A good agreement of their numerical results, calcu-
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lated for the crushing tests, with the other researchers’
experimental data was assessed by Petrini et al.”, Klein-
streuer et al.® have offered a computational analysis of
different nitinol stent-graft combinations for the support
of the abdominal aortic aneurysm (AAA). Beule et al.’
have developed the strategies to investigate and optimize
the mechanics of braided stents. Silber et al.'® have
shown the effect of changing geometrical characteristics
on the mechanical properties of the nitinol wire stents.
The finite-element method is useful for designing the
knitted nitinol meshes utilized in a prospective external
vein reinforcement.!!

Liu et al.”> have performed critical testing for deter-
mining the pseudoelastic behavior and transformation
temperatures of the near-equiatomic NiTi shape-memory
alloys. Duerig et al.* have compared the mechanical
performance of self-expanding stents usable for the treat-
ment of a vascular disease. It has been shown that the
NiTi As temperature has a great influence on the mecha-
nical performance of self-expandable stents. Yeung et
al.!® have shown that the A¢temperature of a nitinol alloy
can be controlled by manipulating the heat-treatment
parameters. This is important for the production of the
nitinol stents with favorable superelastic behavior. Patel
et al.'* have studied the effect of the active A; tempe-
ratures on the fatigue properties of nitinol. They have
shown that a low Ay temperature has a short fatigue-life
consequence. Liu et al.’” have evaluated the effect of age
treatment on the shape-setting and superelasticity of the
Ti-50.7 % Ni stents. They have shown that the optimum
ageing temperature for the production of the expected
shape of a stent is 500 °C with an ageing time of no
more than 60 min resulting in an excellent non-linear
superelasticity with the maximum recoverability at the
body temperature. To achieve the superelastic behavior
of a stent, A; should be lower than the body temperature.
Its optimum value depends on the stiffness needed for a
removal of a duct obstruction. A low A; causes problems
like high stiffness and augmented radial forces that can
lead to an injury and scars on the duct.

Although there is some information available on the
nitinol wire stents, to the best of our knowledge, the
z-shaped wire stents for esophageal ducts have not been

Figure 1: Geometric parameters of a Z-shaped esophageal stent
Slika 1: Geometrijski parametri Z-oblike opornice za cev poziralnika
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studied before. The purpose of this investigation is,
hence, an application of the finite-element method for an
elucidation of the effects of the design parameters and
material properties obtained from the ageing treatment
on the mechanical performance of the nitinol stents
designed for esophageal ducts. The effects of important
parameters are predicted via the model calculations and
are verified with the experimental information available
in the literature. The model is developed on the basis of
the nonlinear 3D finite-element method. An application
of the results can help diminish dysphagia, improving the
quality of patients’ life.

2 MODELING AND METHODS
2.1 Geometric models

Micro-CT can be used for obtaining the optimum
geometry of the commercial stents available on the
market. This instrument is, however, not useful for
designing innovative new designs. The geometry of the
stent used in this research was, therefore, generated by a
computer-aided three-dimensional interactive application
(Catia v.5 (Dassault Systemes, USA)) and transformed
into a finite-element-analysis code. The geometric para-
meters of the esophageal stent are sketched in Figure 1
and quantified in Table 1. The geometric parameters
shown in Figure 1 and Table 1 were based on the age
treatment of the Ti-50.7 % Ni alloy at 500 °C for
respective durations of 60 min and 30 min according to
the clinical reports given in the literature.!!3

Table 1: Geometric values for the stents of this research (unit of
length is mm)

Tabela 1: Geometrijske vrednosti za opore v tej raziskavi (enota
dolzine je mm)

5pternal Radius of| Segment | Diameter | Bending

iameter -

Sample of stent | Curvature length | of wire | angle
ol e D @@

Sample 1| 25.0 0.3 10.03 0.2 66°

Sample 2| 25.0 0.3 10.80 0.2 65°

2.2 Material properties

The properties of the nitinol stents considered for
esophageal ducts are evaluated with a crushing test.
Superelastic wire properties are merely considered in an
evaluation of the clinical behavior of the nitinol stents
used in this research. The model first developed by
Auricchio et al.'® and Lubliner et al.'” and then
significantly extended by Rebelo et al.!’® is used for the
simulation of the nitinol superelastic behavior. The
model is based on a generalization of the theory of
plasticity and the second law of thermodynamics written
in terms of Helmholtz free energy. In this theory, the
strain is decomposed into two components:

Ae=Ae® +Ae" (1)
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in which Ae® is the elastic strain and Ae" is the trans-
formation strain. The transformation of austenite to
twinned martensite occurs due to the motion of the
shear forces taking place in the stress-threshold range of
the superelastic material according to the following
equations:

FS<F<FF (2)
in which F is the transformation potential and S and F

denote the martensite transformation start and finish,
respectively;

e

£ =a CBO (3)
AL = f(0,0)AF €]

F=0—-ptan f+CT (5)

in which a is the coefficient of strain, ¢ is the martensite
percentage, o is the von Misses stress, 0 is the von
Misses equivalent stress, p is the pressure, 8 and C are
the material constants and 7 is the temperature. A
similar approach is applied to define the reverse
transformation which takes into account different stress

Table 2: Material properties used in the simulation of an esophageal-
duct opening with a nitinol stent. The data are based on the Auricchio
model.'%!31

Tabela 2: Lastnosti materiala, uporabljenega v simulaciji odpiranja
nitinolne opore poziralnika. Podatki temeljijo na Auricchiovem mo-
delu. 21519

Symbol Description Sampie No. Samp;e No.
Ea Austenite elasticity | 24100 MPa | 20700 MPa
a Austenite Pmsson S 0.33 0.33

ratio
Em Martensite elasticity | 17800 MPa | 11700 MPa
u Martensne.Pmsson’s 0.33 0.33
ratio

gL Transformation strain 0.054 0.055
aﬁ stress/temperature 5.32 5.32
oT |, ratio during loading | MPa T-' | MPa T"!
& E Start of lt;;gisrfgrmatlon 390 MPa | 344 MPa
o Endof transformation 4o vpy | 363 wipa
To Reference temperature| 37 °C 37 °C
% Stress/temperature 5.32 5.32
oT |, |ratio during unloading| MPa T-! | MPa T!
OISJ Start olf1 Iggg(sﬁgrgmatlon 112 MPa 58 MPa
of |Endof tmsfomation| o3 \p, | 43 ipy
oS Start of transformation| _ .

cL stress in compression

L Volumetric
Ev transformation strain 0.054 0.055
Austenite finish
As transformation 22 °C 24 °C
temperature
Segment bendin o o
¢ g angle ng 66 65
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thresholds. Equations 3 and 4 define the transformation
intensity. Any change in the stress direction generates a
martensite reorientation with a negligible additional
attempt. Furthermore, the model includes a linear shift-
ing of the stress thresholds with the temperature. In
view of the fact that there is a volume increase asso-
ciated with the transformation, less stress is needed to
generate a transformation in tension and, specifically, in
compression. This effect is modeled with the linear
Drucker-Prager approach for the transformation
potential shown in equation 5 and referred to by Rebelo
et al.!® The parameters required in the Abaqus 6.10
(Dassault Systemes, Providence, RI, USA) user-material
subroutine for the nitinol material based on the
Auricchio model for opening the esophageal duct are
summarized in Table 2.121519 The basis for the mate-
rial-property selection of the stents is the age treatment
results of the Ti-50.7 % Ni alloy at 500 °C for 30 min
and 60 min. The data given for the sample No. 1 from
Table 2 is based on the age treatment of the Ti-50.7 %
Ni alloy at 500 °C for 30 min. The data for the sample
No. 2 from Table 2 is based on the age treatment of the
Ti-50.7 % Ni alloy at 500 °C for 60 min. A typical
nitinol superelastic behavior employed in this research
is illustrated in Figure 2. Before testing, a cubic
element of nitinol is considered and its results are
compared with the experimental data. Based on the
comparative experimental and mathematical curves
plotted in Figure 3, it is recognized that the Auricchio
model is in reasonable agreement with the empirical
data and, consequently, hereafter, the properties of the
materials are defined in a subroutine based on the
aforementioned numerical model.

2.3 Meshing and boundary conditions

Hypermesh (Altair® Hypermesh® v. 6.0) is a high-
performance finite-element preprocessor that provides
highly interactive software for the performance analysis
of a product design. It is noticeable that due to the mesh-
ing problems caused by a small section of the nitinol
wire and a relatively complex geometry of the stents, the
hypermesh software is used to mesh the samples. The

t

Figure 2: Typical behavior of superelastic nitinol
Slika 2: Znacilno vedenje superelasti¢nega nitinola
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Figure 3: Comparison of the Auricchio-model calculations with the
experimental data obtained for the superelastic nitinol samples No. 1
(66°) and 2 (65°) from Table 2

Slika 3: Primerjava izratunov po Auricchiovem modelu z eksperimen-
talnimi podatki za superplasti¢ne vzorce nitinola §t. 1 (66°) in §t. 2
(65°) iz tabele 2

mesh parameters for the esophageal stent during crush-
ing are listed in Table 3. Using the Abaqus contact
module, only the contact between the outer stent surface
and the inner plane surfaces is activated. In this contact
algorithm, the master surface for the rigid planes and the
slave surface for the stent are concurrently applied. A
penalty interaction property is employed to enforce the
impermeable boundaries. Two inflexible similar plates
are applied for the pressure on the stent. The distance
between the two planes is 25 mm (equal to the stent
nominal diameter value in the expanded configuration).
The rigid-flexible contact pairs are formed between the
planes and the surfaces of the stent and no friction is
considered for any contact pair. According to Petrini et
al.,” the lower plane is fixed in all directions and the
higher plane can just move in the Y direction. Four stent
nodes close to the planes are fixed in the X and Z direc-
tions. As a result, the stent can be compressed just in the
Y direction. Displacement loading is thus applied on the
higher plane: the higher plane compresses the stent and
reduces the distance between the two planes to 7.5 mm
(a 70 % reduction in the diameters of the stents) and 2.5

|
Rigid plane  ¥=*

Figure 4: a) Schematic representation of the boundary conditions for
the crushing of the esophageal stent, b) exact position of the stent, for
which numerical calculations have been performed

Slika 4: a) Shematski prikaz robnih pogojev za tlacenje opore poziral-
nika, b) tocen poloZaj opore, kjer so bili izvrSeni numeri¢ni izracuni
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Stent is crushed for insertion

Stress

Low Chronic Outward Force
(COF)

Strain

Figure 5: RRF and COF of a typical superelastic hysteresis loop!?
Slika 5: RRF in COF znacilne superelastiéne histerezne zanke!>

mm (a 90 % reduction in the diameters of the stents).
The higher plane then moves back to its first location and
recovers the stent. The reaction force on the plane is
collected during the compression and recovers the
process. The boundary conditions for the crushing of the
esophageal-duct stent are shown in Figure 4. To de-
crease the calculation time and use the benefits of the
axis symmetry, only one-quarter of the geometrical
model is analyzed. The temperature is adjusted to 37 °C
(the body temperature) during the simulation.

3 RESULTS AND DISCUSSION

Duerig et al.* have shown a favorable clinical perfor-
mance of the nitinol stents used for esophageal appli-
cation due to a complete superelastic hysteresis loop, the
lowest chronic outward force (COF), the highest radial
resistive force (RRF) and the long plateau stress. Gideon
et al.?’ have shown that a lower stress and a higher strain
on the critical points of a stent allow a suitable clinical
performance. COF and RRF are related to the super-
elastic behavior of a nitinol stent. A typical superelastic
stress—strain curve for a self-expanding stent is shown in
Figure 5. The stent is crushed by two rigid planes (path
a-b) and later deployed, reaching stress equilibrium with
the duct at point c. The force against the duct is
controlled with the unloading curve (COF) and the force
resisting deformation is controlled with the loading
curve (RRF). Generally, stent designers aim for as high
an RRF as possible, with as low a COF as possible.*
Furthermore, two particular points should be considered
so that the stents are never in the elastic region. In
addition, the stents are known for having a satisfactory
superelastic behavior. Moreover, the stents should be in
the failure-safe domain from mechanical strength and
strain.?! Beule et al.” have shown that an increase in the
segment angles, radial contraction of the stent and
decrease in the length of the segments improve the
performance of the stent. Their study indicates, however,
that due to the transformation-temperature (Ay) effects, in
the case of a lower angle and longer segments, a better
superelastic performance is gained with the nitinol stent.

Materiali in tehnologije / Materials and technology 47 (2013) 4, 453-459
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Table 3: Mesh parameters for the esophageal stent during crushing
Tabela 3: Parametri mreZe za oporo poziralnika med stiskanjem

Material Element type Nelfgln?grrngf Nurrlggzrs of
Stent C3D8I 3600 14400
Rigid plane R3D4 20000 20402

Table 4: Results for stress, strain and displacement of the esophageal
stent under 70 % crushing

Tabela 4: Rezultati napetosti, raztezka in radialnega raztezka opore
poziralnika pri 70-odstotnem stiskanju

Stent model | Maximum Maximum Radial
stress (MPa) strain displacement
Sample 1 from
Table 2 269.9 0.00862 0.00642
Sample 2 from
Table 2 229.9 0.00850 0.011

Table 5: Results for stress, strain and displacement of the esophageal
stent under 90 % crushing

Tabela 5: Rezultati napetosti, raztezka in radialnega raztezka opore
poziralnika pri 90-odstotnem stiskanju

Stent model | Maximum Maximum Radial
stress (MPa) strain displacement
Sample 1 from
Table 2 486.8 0.0152 0.00246
Sample 2 from
Table 2 373.5 0.0146 0.00340

This advantage is consistent with the observations of
Beule et al.® Every nitinol stent with a high Ay tempe-
rature (close to the body temperature) will be in the
lower COF range with a better fatigue life. A nitinol
stent of an acceptable performance does not require a
high RRF for a low obstruction of esophageal ducts.
With a high obstruction of esophageal ducts, the Ay
temperature of nitinol should be much lower than the
body temperature due to the need for a high RRF.

With respect to the nitinol stents illustrated in Figure
1 and quantified in Table 1, this paper first discusses the
results of the 70 % standard crushing according to
Petrini et al.” and then the results of the 90 % crushing.
According to Table 4, the maximum stress, strain and
displacement during the 70 % crushing show an elastic
behavior of the esophageal stents. A comparison of
sample No. 1 from Table 2 and sample No. 2 from Table
2 indicates that a decrease in the maximum stress from
269.9 MPa to 229.9 MPa results in an insignificant
reduction in the maximum strain from 0.00862 to
0.00850. The maximum radial displacement increases
from 0.00642 to 0.011 under the same conditions. This
increasing ratio is about 71.3 %. Also, these stents,
owing to the non-superelastic behavior, are not suitable
for esophageal applications. According to the stent
shown in Figure 1 and Table 1 (sample No. 1 from
Table 2), the minimum stress to initiate a martensitic
transformation is 390 MPa. The stress level of this stent
is not sufficient for achieving the superelastic behavior.

Materiali in tehnologije / Materials and technology 47 (2013) 4, 453-459

Consequently, this stent is not appropriate for an
esophageal application. Therefore, discussing other test
results of the stent has no meaning. As a result, the
desired superelastic behavior is not achieved. Finally,
considering the non-superelastic behavior, the stent
would not be suitable for an esophageal-stent appli-
cation. With the material properties of sample No. 2
from Table 2, the minimum stress to initiate a martensite
transformation is 344 MPa. Discussing the test results
for the stents with unacceptable stress levels is not
necessary, even if they can provide a normal spring
behavior. As a result, the desired superelastic behavior is
not achieved with the stents that have very low stresses.
According to Table 5, a comparison of sample No. 1
from Table 2 and sample No. 2 from Table 2 indicates
that a decrease in the maximum stress from 486.8 MPa
to 373.5 MPa results in a insignificant reduction in the
maximum strain from 0.015 2 to 0.014 6. The maximum
radial displacement increases from 0.002 46 to 0.003 40
under the same conditions. This increasing ratio is about
38.2 %. The maximum stress on the internal curvature of
the stent of sample No. 2 from Table 2 is lower than that
of sample No. 1 from Table 2. The former is, hence,
preferred to the latter. The maximum strain on the
internal curvature of the stent of sample No. 1 from
Table 2 is slightly higher than that of sample No. 2 from
Table 2. Consequently, the former helps the dynamic
motion of the stent to be in harmony with the duct. In
summary, despite the fact that the standard crushing level
is 70 %, the stents showed no superelastic behavior at
this crushing level. An increase in the crushing from
70 % to 90 % results in an appearance of the superelastic
behavior and produces a favorable condition for fabri-
cating esophageal stents. This indicates that the designed
stents are capable of withstanding higher strain forces of
up to 90 % while preserving the superelastic behavior. In
addition, a failure of a stent with this value is safe.?! With
90 % crushing, the stent shown in Figure 1 and quan-
tified in Table 1 (sample No. 2 from Table 2) exhibits a
more acceptable mechanical performance as far as the
material properties are concerned. Considering the pro-
perties of the materials used in Table 2 (samples 1 and 2)
at 22 °C and 24 °C, respectively, there should be a
different range of loading and unloading plateau stress.
A lower Ay temperature of nitinol and extensive loading
and unloading stress levels of the mechanical hysteresis
are related to the superelastic behavior. Duerig et al.*
have shown that a difference of 7 °C in the A; tempera-
ture results in about a 50 % variation in the stress level.
Patel et al.'* have shown that a decreasing A, temperature
results in a higher upper plateau stress. Figure 6 shows
an increase in the upper plateau stress due to the
difference between the A; temperatures of 22 °C and
24 °C. For a difference of 2 °C, the expected 15 %
variation has been confirmed with the experimental and
numerical results*. The angular difference between the
stent geometries illustrated in Figure 1 and Table 1 is
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Figure 6: Comparison of the superelastic behavior of the 90 %
crushed esophageal-duct stent with the material properties of sample
No. 1 (66°) and 2 (65°) from Table 2

Slika 6: Primerjava superelastiénega vedenja 90-odstotno stisnjene
opornice poziralne cevi z lastnostmi materiala vzorca §t. 1 (66°) in §t.
2 (65°) iz tabele 2

only 1 degree. The basis for the aforementioned geo-
metric design results from the age treatment of the
Ti-50.7 % Ni alloy at 500 °C and the time intervals of 30
min and 60 min.!"> However, the stent shown in Figure 1
and Table 1 (sample No. 2 from Table 2) reveals a more
acceptable mechanical and practical performance in
comparison with that illustrated in Figure 1 and Table 1
(sample No. 1 from Table 2). Nevertheless, according to
Figure 1 and Table 1 (sample No. 1 from Table 2) and
considering the short segments of the stent and a wider
angle between the stent segments, better geometric
conditions for the crushing test are achieved and a more
reasonable mechanical performance is expected as
described by Beule et al.” The acceptable mechanical
performance of the stent from Figure 1 and Table 1
(sample No. 2 from Table 2) is mainly rooted in its
material properties obtained by the ageing treatment of
the Ti-50.7 % Ni alloy at 500 °C, the time interval of 60
min and the optimum angle of 65°.° The results of the
numerical calculations performed for the curve of the
stent in Figure 4b obtained with crushing under a high
pressure are demonstrated in Figure 6. Consequently,
based on the desired mechanical standards of the stents
and according to Figure 6, the stent shown in Figure 1
and quantified in Table 1 (sample No. 2 from Table 2)
with a low COF, high RREF, superelastic behavior related
to the hysteresis loop and no stress concentration at the
internal curvature of the stent is preferred to the other

types.

4 LIMITATIONS

This simulation is complex because of the contacts,
non-linear geometry, the material nonlinearity, large
deformation, additional buckling and bending of the
stent. On the other hand, during crushing, the self-con-
tact phenomenon (the contact between the edges of the
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stent) is anticipated and it can cause additional stress at
the contact points. However, according to Wu et al.,”
owing to the superelasticity behavior of the stent, these
types of stress can be neglected. The crushing tests have
only been performed in the longitudinal orientations. It is
obvious that more experiments and simulation results
related to the stenosis degree of ducts are needed to
reach to a comprehensive conclusion.

S CONCLUSIONS

The effects of design parameters and material pro-
perties obtained from the ageing treatment on the
mechanical performance of the z-shaped nitinol stents
for esophageal ducts are investigated. A nitinol stent
shows a better mechanical and practical performance
owing to only a 1-degree angular difference between the
segments of the stent. The material is the Ti-50.7 % Ni
alloy, age treated at 500 °C for a 30 min to 60 min time
interval. The nitinol stent with the segment angle of 65°,
crushing of 90 % and the A; temperature of 24 °C having
a low COF and high RRF shows a favorable superelastic
behavior and a low stress concentration on the internal
curvature. The superelasticity and hysteresis behavior of
nitinol are proven to be promising properties for the
z-shaped wire stents used for fabricating esophageal
ducts.
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