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Abstract: Biodegradable metal stents are potential stent candidates as they dissolve in the body
over time after fulfilling their mechanical duties and therefore do not pose a risk in the future. Fe-
30Mn-6Si biodegradable alloy was found to be successful in the previous studies in terms of
mechanical strength and biodegradability. In this study, the expansion and recoiling behavior of a
stent made of Fe-30Mn-6Si alloy was investigated using finite element analyses. L605 Co-Cr and
316L stainless steel stents were also examined for comparison. Obtained results showed that novel
FeMnSi stent exhibits lower equivalent stress than the counterparts. On the other hand, the lowest
equivalent plastic strain and the highest radial elastic recoil value were observed in FeMnSi stent.
Overall findings indicate that FeMnSi stent is moderately successful in terms of balloon-stent
interaction.

Fe-Mn-Si Biyobozunur Stentlerin Mekanik Performansinin Sonlu Eleman Simiilasyonlar:

Kullanilarak Degerlendirilmesi
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Oz: Biyobozunur metal stentler, mekanik gorevlerini yerine getirdikten sonra zamanla viicut
icerisinde ¢o6ziildiikleri ve bu nedenle gelecekte bir risk olusturmadiklari i¢in potansiyel stent
adaylaridir. Onceki ¢aligmalarda, Fe-30Mn-6Si biyobozunur alagimi mekanik dayanim ve
biyolojik olarak parcalanabilirlik agisindan basarilt oldugu goriilmiistiir. Bu ¢alismada, Fe-30Mn-
6Si alasimindan yapilmis bir stentin genlesme ve geri tepme davranigi sonlu eleman analizleri
kullanilarak incelenmistir. Karsilastirma i¢in L605 Co-Cr ve 316L paslanmaz celik stentler de
incelenmistir. Elde edilen sonuglar, yenl FeMnSi stentinin muadillerine gore daha diisiik esdeger
gerilme sergiledigini gostermistir. Ote yandan, en diisiik esdeger plastik gerinim ve en yiiksek
radyal elastik geri tepme degeri FeMnSi stentte gozlenmistir. Genel bulgular, FeMnSi stentin
balon-stent etkilesimi bakimindan orta diizeyde basarili oldugunu gostermektedir.

In recent years, as alternative to these permanent stents,

1. INTRODUCTION

Stents are used to open up coronary artery blockages by
providing a structural support. These meshed tubes are
often deployed by a balloon which is expanded with a
pressure and placed inside the diseased region of the
artery. Large plasticity is required for a balloon-
expandable stent material to minimize the elastic
recoiling effect when it is released in the vessel [1]. Co-
Cr based and 316L stainless steel are among the most
frequently used metal stent alloys owing to high
strength, plasticity and biocompatibility [2, 3].

biodegradable stents, that are resolved after providing
scaffolding and therefore, no need to further usage after
the healing is completed, have been developing by the
scientists [4-6]. These new-generation stent type does
not allow long-term complications, such as chronic
inflammation, and physical irritation caused by the usage
of permeant stents and thus, prevent the possible
secondary surgeries for stent removal [7, 8]. Among the
metal biodegradable stents, Mg-based, Zn-based and Fe-
based alloys are seen as the most popular ones. Due to
the relatively higher strength and lower degradation rate,
Fe-based alloys have several advantages over their
counterparts, such as using thinner strut thickness and
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maintaining mechanical integrity for a longer period of
time [9-11].

In the recent studies, Fe-(28-30)Mn-(5-6)Si (wt%) shape
memory alloys were seen as a potential biodegradable
stent candidate as a result of some corrosion and
mechanical tests [12-15] and thus, it would be useful to
investigate its mechanical response when it is inflated by
the balloon by comparing with the performance of other
reference stent materials.

One of the efficient methods to study and investigate the
mechanical behavior of the stents without performing
expensive tests is finite element (FE) analysis [16].
Stress evaluation and the determining the critical regions
over the entire part are also possible in this method
which are quite beneficial for designing.  Many
researchers investigated the mechanical performance of
the stents by examining the effect of different parameters
such as strut geometries, material properties and radial
pressure were investigated by utilizing from FE methods
[17-19].

In this study, it is aimed to examine the mechanical
performance of a Fe-30Mn-6Si stent involving the
deployment and recoiling stages by FE simulations.
Equivalent stress and plastic strain values during these
steps as well as recoiling ratio for this stent material
were obtained and these values were compared with
those of Co-Cr based and 316L stainless steel stents for
better evaluation.

2. MATERIAL AND METHODS
2.1. Finite Element Model

Solid model of the stent was generated by SolidWorks
software. 2D sketch was wrapped around a cylinder
whose diameter equals to the stent diameter in order to
create 3D model. The diameter and the length of the
stent are 4.07 and 15.72 mm, respectively. Strut
thickness was chosen as 60 um. 3D model and the 2D
sketch of a single unit are seen in Figure 1. The length of
the bridge that connects the single units is 0.76 mm.
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Figure 1. (a) Final 3D model of the stent, (b) Sketch for the single
repeating unit of the design

A shell balloon element with a diameter of 3.85 mm and
a thickness of 4 pm was added to the model. Since the
stent geometry is symmetrical, 1/8 symmetry of the
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whole model was used to minimize the computational
cost caused by excessive number of elements. FE model
created by Ansys/Static Structural program is shown in
Figure 2. The mesh of the stent was generated by
hexagon dominant multizone method by defining the
element size of 0.015 mm. Quadrilateral shell elements
was used to create the balloon model and element size
was chosen as 0.05 mm. The model consists of a total
65236 elements.

Balloon

5 = :V -
| g

Figure 2. 1/8 symmetric finite element (FE) model. (A portion of the
stent is magnified in the below to better view the FE mesh.)

A surface to surface frictionless contact between the
interior surface of the stent and the exterior surface of
the balloon was defined. Frictionless supports were
applied from the surfaces as shown in Figure 3 as
symmetry boundary conditions. 1 mm radial
displacement was applied from the balloon surface as a
loading and then, subsequently balloon was retracted to
initial position.

Frictionless supports
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152

\)ﬁ(—'
-»_\— —
W

Frictionless supports ‘

Frictionless support

Figure 3. Applied boundary conditions in the FE model.
2.1. Material Properties

The balloon was assigned a Mooney-Rivlin hyperelastic
material property. C10 and CO1 material constants of
Mooney-Rivlin 2 Parameter were defined as 1.06 and
0.114 MPa [20]. Multilinear isotropic hardening material
model was used to define stent behaviors. While
Mooney-Rivlin hyperelastic material model is suitable
for materials that deform substantially elastically,
multilinear isotropic hardening material model is very
useful for alloys whose stress-strain data are obtained
with experimental methods since it uses the plastic
strain/yield stress points as data input. Stent material was
chosen as Fe-30Mn-6Si, L605 Co-Cr and 316L stainless
steel alloys in three different analyses. True stress-strain
graphs in the literature (see Figure 4) were utilized to
determine plastic strain-stress values and the material
properties of the used alloys are shown in Table 1.
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Figure 4. True stress-strain graphs adapted from literature to model Fe-
30Mn-6Si, L605 Co-Cr and 316L stainless steel alloys

Table 1. Material properties of the alloys used as a stent material

FeMnSi [14] L605 Co- 316L

Cr[2] [21]

Young’s Modulus (GPa) 120 240 201
Poisson’s ratio 0.3 0.3 0.3
Yield Stress (MPa) 266 520 330

3. RESULTS AND DISCUSSION
3.1. Equivalent Stress Distribution

Von Mises (equivalent) stress distribution of three
different stents, that are made of Fe-30Mn-6Si, L605 Co-
Cr and 316L, after 1 mm radial displacement and
springback stages are shown in Figure 5.  Stress
distributions seem to be independent from the material of
the stent. While the maximum stress values are observed
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in Co-Cr stent, the minimum values are in FeMnSi stent
both after loading and unloading. Stress concentrations
occurred on the top and bottom surfaces of the crown
radius parts after loading as seen in Figure 5(a, ¢ and e).
However, after unloading, i.e. after removing the
balloon, there is no prominent stress values at the large
portion of the stents and stress concentrations are seen in
a very small region on the front and back side of the
crown radius parts as exemplified by a highlighted image
in Figure 5(b).

The stress values and distribution during the
implantation of a stent is a critical parameter for a stent
design. High stress that occurs in a large cross-section
can be serious and the stent would fail. FeMnSi and
316L stents (as observed in Figure 5(a and c)) show
lower stress values compared to Co-Cr stent. However, it
should be noted that strength of Co-Cr alloy is relatively
high and stress values do not exceed its ultimate tensile
limit. Moreover, residual stress values at the outer
surfaces of the stents are also important since high
values can trigger corrosion [4, 22]. Therefore, low
residual stress values seen in FeMnSi stent compared to
its counterparts could be an advantage for it. Even
though, biodegradable FeMnSi stent is desired to
degrade by time, corrosion induced by stress
concentration causes a non-homogenous degradation and
breaks the integrity of the stent.
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Figure 5. Equivalent stress distribution of (a, b) of Fe-30Mn-6Si, (c, d) L605 Co-Cr and (e, f) 316L stainless steel stents (a, ¢, ) after 1 mm radial

displacement (b, d, f) after springback
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Figure 6. Equivalent plastic strain distribution of (a) Fe-30Mn-6Si, (b) L605 Co-Cr and (c) 316L stainless steel stents after 1 mm radial displacement
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3.2. Equivalent Plastic Strain and Elastic Recoil

The equivalent plastic strains occurred after 1 mm radial
deformation are presented in Figure 6 for all three stents.
Since the plastic strains did not change after the
expansion recoil, those results were not added.
Plastification is found at the same regions where high
stress values as seen in Figure 5(a, ¢ and e). The highest
plastic strains occurred in 316L stainless steel stent with
a maximum value of 0.0224 mm/mm. Whereas, the
maximum values of Co-Cr and FeMnSi stents are 0.0177
and 0.0091 mm/mm, respectively. Low elastic modulus
value and the late onset of the plastic deformation in the
FeMnSi stent resulted a lower plastic strain compared to
other stents.

Plastic strains observed in the stents also influence the
radial elastic recoil (ER) responses. Radial ER values
were calculated and tabulated in Table 2 for each stent
model by utilizing the FE results according to ASTM
F2079-09 [23] as in Equation 1:

Rload - Runload

Radial ER = x 100% (1)

Rload

where R;,,q and Ry,,10q4q are the radius of the stent after
the expansion and springback, respectively.

Table 2. Radial elastic recoil values for the analyzed stents
Fe-30Mn-6Si L605 Co-Cr 316L

17.05 % 14.29 % 10.90 %

The highest elastic recoil value was obtained in the
FeMnSi stent. It means that FeMnSi stent recovers more
compared to other stents during the unloading and this
behavior shows the higher flexibility of FeMnSi stent.
Low plastic strain values seen in this stent is also related
with the high elastic recoil behavior since these two
responses have an opposite trend. Generally, a high
value of elastic recoil is unfavorable for stent designs as
the stent will not be exactly in the desired diameter in the
final situation. However, there is no big difference
between the degree of radial ER of the currently
available L605 Co-Cr and potential Fe-30Mn-6Si stents.
It should be mentioned that the radial ER values
obtained in this study are higher than the design criteria
(ER<4% [24]) of the stents. Nonetheless, a high value of
expansion was applied in this study to see the
mechanical strengths of the stents under extreme
deformation and thus, higher radial ER values were
obtained than the constraints. Therefore, it would be
more sense to compare the ER values among the
different stent materials not focusing the quantitative
values.

4. CONCLUSIONS

In this study, mechanical response of the Fe-30Mn-6Si
balloon expandable stent after the expansion and
recoiling was investigated by using FE analyzes. The
obtained equivalent stress and plastic deformation results
as well as radial elastic recoil values for this stent were
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compared with those of L605 Co-Cr and 316L stainless
steel stents.

The findings showed that lower stress values occurred in
FeMnSi and 316L stents compared to Co-Cr stent. The
lowest residual stress was seen in FeMnSi stent after
recoiling which could be beneficial for the novel design
due to the reduced risk of stress-induced corrosion.
Owing to the lowest Young’s modulus value and highest
elasticity FeMnSi stent showed the lowest plastic strain
and the highest radial elastic recoil compared to other
stents. However, radial elastic recoil of the FeMnSi stent
was found to be close to L605 Co-Cr stent. As a
conclusion, the mechanical response of FeMnSi
biodegradable stent was found to be promising by
considering the balloon-stent interaction.
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