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Abstract: “Dogbone” deformation that the diameters of two ends are larger than the middle
diameter of the stent under the effect of the balloon expanding, is one of the important standards to
evaluate the mechanical properties of vascular stents. It is a huge challenge to simulate and
evaluate the “Dogbone” behaviors of braided stents in the curved vessels. In this study, the key
work was to investigate the “Dogbone” deformations of braided stents in the curved vessels by
designing main parameters including strut diameter, braiding angle, and the circumferential
number of unit cell. Based on the “Dogbone” stents in the curved vessels, the impact of “Dogbone”
on the fatigue properties of braided stents was analyzed under the pulsatile effect of vessels. The
influence of “Dogbone” stents on stress distribution of vascular walls was studied. To evaluate the
“Dogbone” behaviors of stents in the curved vessels, the calculation method of “Dogbone” was
improved by calculating the centerline and the bus bar of the curved vessels. Braided stents with
various parameters (strut diameter # = 100, 125 and 152 pm, braiding angle a = 30, 40 and 50°, the
circumferential number of unit cell N = 8, 10, and 12) were designed respectively. Numerical
simulation method was used to mimic the “Dogbone” deformation after stent expansion. The
results showed that strut diameter and braiding angle had more influence on “Dogbone”
deformations than the circumferential number of unit cell. “Dogbone” deformation could adversely
affect fatigue performance and vascular walls.

Keywords: braided stents; strut diameter; braiding angle; the circumferential number of unit cell;
“Dogbone” deformation; fatigue performance; stress distribution of vascular walls
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1. Introduction

The stent is a sophisticated medical device, which is used to treat atherosclerosis and other
blocked cardiovascular diseases. The braided stent is one of the earliest vascular stents used in
clinical applications to treat aneurysms and guide blood flow [1]. The braided stent can withstand
large deformation because each strut has the capacity of sliding or rotating relative to each other [2].
The braiding angle that is the angle between struts (as shown in Figure 1(a) normal expansion of
stent) affecting the mechanical behavior of braided stent is still a recent research issue. Mckenna and
Vaughan [2,3] investigated the mechanical properties of the bare-metal and covered braided stents by
changing the various angles of wires. They concluded that braiding angle was a key impact factor on
the deformations of bare-metal and covered braided stents. Similarly, Ueng et al. [4] also considered
that braiding angle influenced the braiding structure property. Apart from the braiding angle, Zhang
et al. [5] discussed the influence of the braiding strut number and strut diameter on the mechanical
characterizations, they found the braiding angle and the diameter of strut were two key design factors
for braided stents because of affecting radial stiffness and longitudinal flexibility. For bioresorbable
braided stents, Zhao et al. [6] and Sun et al. [7] researched the mechanical stability during degradation
of the poly (p-dioxanone) (PPDO) braided stents. In terms of structure, Shanahan et al. [8] designed
looped ends and open ends braided stents and used finite element analysis to evaluate the
performance of the two braided stents. But these kinds of literature on braided stents are based on
straight vessels and do not discuss the mechanics of stents in curved vessels.

It is an enormous challenge to evaluate the mechanics of stents in the curved vessels. For one
thing, due to the influence of structure and material properties, the axial “straightening” of the stent
will occur in the process of expanding, and there will be geometric nonlinear contact and
deformation between stent and the curved vessels, resulting in the non-convergence of finite element
numerical analysis. For another, it is difficult to accurately deliver and release stents in the curved
vessels in vitro experiments. However, scholars tried to study the mechanical performance after
stents expanding in the curved vessels [9—11]. Wu et al. [12] designed two stents for studying the
In-stent restenosis (ISR) in a curved vessel. However, because of the small degree of vessel curvature,
stents had a strong straightening effect on the vessels. Kasiri and Kelly [13] put forward to
deployment of multiple shorter stents instead of a longer stent in a curved vessel. They had the
conclusion that multiple shorter stents could provide higher flexibility, more conformity, and lower
recoil in comparison with a long stent. Han and Lu [14] proposed the non-uniform Poisson’s ratio
structural stent, the result showed the stent with a nonuniform Poisson’s ratio could perfectly fit into
the curved artery after expansion.

There are some important requests for a stent having good material properties and mechanical
behaviors in clinical medicine. According to Food and Drug Administration (FDA), there are some
items to evaluate the performance of stents including flexibility, radial stiffness, foreshortening,
longitudinal recoil, radial recoil, “Dogbone”, and fatigue durability. Therefore, the mechanical
behaviors of stents are worth being discussed in research kinds of literature [15—21]. Prithipaul et
al. [22] evaluated the mechanical behaviors of five different structural stents, including the
foreshortening, radial stiffness, and elastic recoil. They pointed out that it was difficult for a stent
to have multiple good mechanical properties. Maleckis et al. [23] compared and assessed the
performance of twelve stents under bending and torsion deformations quantitatively and
qualitatively in terms of force-strain behavior, stiffness, and geometrical shape. But they found
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none of the stents demonstrated superior mechanical behaviors under all deformation modes.
Among evaluation items, “Dogbone” deformation is one of the most intractable problems, which
causes serious impacts on fatigue of stent and blocked vessel. “Dogbone” deformation of stent
often occurs utilizing balloon-expanding, the expansion of the distal zone is stronger concerning to
compared to the central zone [24,25]. In Figure 1, clinical expansion of stent only opens up the
vascular vessel, but the “Dogbone” expansion of stent can result in larger deformation of the vessel
wall. “Dogbone” is extremely harmful to blood vessels, which triggers larger mechanical stress on
the vascular wall and increases the risk of ISR [26]. “Dogbone” is a very complicated deformation
during the stent expanding process. There is a small amount of papers about the “Dogbone”
deformation of stent in the curved vessels. The curvature degree of blood vessels studied in these
literatures is small, for example, a central angle 30° of the vessel designed by Wei et al. [11]. In
addition, the stress concentration of “Dogbone” stent and the damage to vascular wall have not
been studied and analyzed in detail. Therefore, the “Dogbone” behaviors of braided stents on the
curved artery need to be studied.

Rremm.f
),
Braiding angle
Blood vessel
—_— 3 e
Central zone
Vascular stent
(a) (b)

Figure 1. Expansion of braided stents: (a) normal expansion; (b) “Dogbone” expansion.

Given that most of the current studies of braided stents are based on straight vessels, it is a
challenge and difficult work to evaluate the “Dogbone” of stents in the curved vessels. Therefore,
the purpose of this paper is to investigate the mechanical properties of parameterized braided stents
by balloon-expanding in the curved vessels. In this study, the contents are as follows: 1) investigate
the “Dogbone” behaviors of braided stents based on different parameters (strut diameter, braided
angle, and the circumferential number of unit cell) in the curved vessels; ii) especially, improve the
calculation method of “Dogbone” deformations for braided stents in the curved vessels; iii) analyze
the fatigue properties of “Dogbone” stents; iv) analyze the influence of “Dogbone” stents on stress
distribution of curved vascular walls.

2. Materials and methods
2.1. Modeling braided stents and curved vessels

All braided-stent models considered in this study were built using the Kratos plugin of
open-source software GiD 15.0.2 to build braided stents [27], as shown in Figure 2. On the basis of
the previous research [2,3,5,28], given that the strut diameter, braiding angle, and the circumferential
number of unit cell are the three main factors for designing stents, therefore, strut radius ¢ was 100,
125 and 150 pum, the braiding angle o was 30, 40, and 50°, and the circumferential number of unit
cell N=8, N=10, and N = 12 was considered, respectively. The design scheme of stents was listed
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in Table 1. The inner radius R of the braided stent was 5 mm, the length L of the stent was 40 mm,
respectively. Stainless steel (AISI 316L) material was modeled using an elastic-plastic constitutive
material model for the braided stent. The material parameters in this study were obtained from
previous research [29], as listed in Table 2.

Unit cell

Figure 2. Braided stents.

Table 1. Optimal design scheme of braided stents.

Specimen Strut diameter # (um) Braiding angle o (°) The circumferential
number number of unit cell N
1 100 30 8

2 125 30 8

3 150 30 8

4 100 40 8

5 125 40 8

6 150 40 8

7 100 50 8

8 125 50 8

9 150 50 8

10 100 30 10

11 125 30 10

12 150 30 10

13 100 40 10

14 125 40 10

15 150 40 10

16 100 50 10

17 125 50 10

18 150 50 10

Continued on next page
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Specimen Strut diameter ¢ (um) Braiding angle a (°) The circumferential
number number of unit cell N
19 100 30 12

20 125 30 12

21 150 30 12

22 100 40 12

23 125 40 12

24 150 40 12

25 100 50 12

26 125 50 12

27 150 50 12

Table 2. Material parameters of the braided stents.

Young’s modulus Poisson’s ratio Ultimate tensile strength Yield strength
(GPa) (MPa) (MPa)
210 0.3 580 315

It was assumed that an ideal curved vessel was used to study the deformation after braided stent
expanding in this paper. The curved vessel was a total length of 50 mm along the axial direction, an
inner diameter of 4 mm, a wall thickness of 1 mm, and the bending angle of 60°. As Schiavone and
Zhao [30] mentioned, the vessel wall was divided into three layers, namely intima (0.27 mm), media
(0.35 mm), and adventitia (0.38 mm). The curvature of the vessel is R = 50 mm (shown in Figure 3).
Since studying vascular, the commonly used constitutive models including Neo-Hookean,
Mooney-Rivlin, the Ogden model and the Holzapfel model are proposed. Experimental studies have
shown that the mechanical properties of healthy vascular walls were completely different in the
circumferential and axial directions because of the helical collagen fibers surrounding the matrix [30].
Holzapfel et al. studied and proposed the anisotropic constitutive model for healthy vessels [31]. But
atherosclerotic plaque can affect the fiber distribution and orientation of the vascular wall, the current
analysis of atherosclerotic vessels is based on the 3rd order and Ist order of the Ogden model for
artery and plaque, respectively [32]. The constitutive model selection for a highly non-linear
behavior of artery is considered to be the most debatable. In this study, the curved vessel was
assumed to be incompressible, isotropic, and hyperelastic vascular vessels model calcified by
atherosclerosis. Considering store energy functions of the Ogden constitutive model [33,34], the
third-order Ogden hyper-elastic strain energy potential was used to capture the bulk arterial material
behavior, which is described as:

W= 3%, 22 (a8 + 5 428 -3) + L5 0 - DX (1)
Where 4: (i = 1, 2, 3) are the stretches in the three principal directions, and xi (MPa), a;, and D; were
model parameters. In this model, x4 and @ are associated with the shear modulus which can be
calculated using the equation. D; (D2 = D3 = 0) represents the compressibility. This constitutive
equation can simulate the hyper-elastic deformation of blood vessels. Values of model parameters are
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given in Table 3 for the three-layered blood vessel.

Table 3. Values of the Ogden model parameters for the three vessel wall layers [33,34].

Material p (kg/mm?) Ui u2 U3 ar a2 D

Intima 1.07E-6 -7.04 4.23 2.85 2448 25.00 8.95E-7
Media 1.07E-6 -1.23 0.88 0.45 16.59 16.65 5.31E-6
Adventitia 1.07E-6 -1.28 0.85 0.44 24.63 25.00 4.67E-6

Figure 3. The model of curved vessel.

2.2. Calculation method of “Dogbone” deformation in the curved vessels

nation

“Dogbone® def
X ~

Figure 4. “Dogbone” deformation in the curved vessel.
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For the calculation Eq (2) “Dogbone” of braided stents in a straight vessel does not fit into the
curved vessel due to different deformation behaviors of stents, because the stent will not completely
contact with the vascular wall due to different bending degrees, especially for the vessel with uneven
bending, which causes the radius Ruistar of two distal zones of “Dogbone” stent will be unequal, i.e.,
Ruaistal1 7 Raisal-i1. But the radius Raisiar of two distal zones in the straight is equal value. Therefore,
the improved formula of “Dogbone” was provided. Extracting the bus bar of the curved vessel was a
key step, and it was the Rc of the bus bar radius. When the stent generated the “Dogbone”
deformation, the two distal zones of the stent in the plane with the bus bar of the vessel were
connected and regarded as a new arc with a radius Rpogrone, Which avoided the case of unequal radius
of two distal zones, as shown in Figure 4. Finally, the “Dogbone” formula in the curved vessel was
given:

Dogbone = (Rgistar = Reentrar) / Reentrai (2)

Dogbone = (RDogbone - R)) /R, (3)

For the Eq (3), if Rpoghone — Rc = Reentrar> then stent with no “Dogbone” deformation. In
the Eq (2), Ruaiatai 1s the raduis of distal zones, and Rcenrral 1s the radius of central zone, as shown in
Figure 1(b). In the Eq (3), Rpogbon is @ new arc radius, Rc is the bus bar radius, Rcentral 1s the central
radius after stent expanding.

2.3. Numerical simulation

Numerical simulation has been widely used in analyzing stent deformation due to its accurate
results and cost-saving [35—38]. The static analysis in this study was carried out by 4baqus 2016
solver (Dassault Simulia Company). The element of the braided stent was beam B31, the balloon
element was surface SFM3D4, and the blood vessel element was C3D8RH. The contact between the
outer surface of the balloon and the braided stent was set as point-surface contact. The contact
between the inner surface of the vessel and the braided stent was also set as point-surface contact, the
sliding formulation was finite sliding in Abaqus 2016. To prevent relative slip movement during the
expansion, the penalty function was adopted for the tangential behavior of the vessel, stent, and
balloon, the friction coefficient was set as 0.2. The 5.2 mm radial displacement load was applied on
the inner surface of the balloon, and the stent expands under the action of the balloon. Based on these
simulation conditions, the stent deformation in the curved vessels was mimicked.

3. Results
3.1. Influence of strut diameters on “Dogbone” deformations

Based on the results of finite analysis, the “Dogbone” deformations of braided stents listed in
Table A1 (Appendix) were calculated by the method proposed in Section 2.2. Using Origin 2017
data software (Originlab Company), the “Dogbone” deformation data were fitted and compared, as
shown in Figure 5. Specimen numbers 1-3 stents, the “Dogbone” is 0.244 (specimen number 1
stent with 100 um), 0.294 (specimen number 2 stent with 125 um), and 0.323 (specimen number 3
stent with 150 pm), respectively. Similarly, according to Figure 5 and Table A1, the nine curves all
showed the common rule, i.e., the larger the strut diameter, the more obvious the “Dogbone”
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deformation. This regularity was very important for studying the effect of strut diameter on the
mechanical behaviors of braided stents. The precondition of analyzing the influence of strut
diameter on “Dogbone” deformations was that the braiding angle and the circumferential number
of unit cell remained unchanged. For this phenomenon, it could be explained that in the process of
stent expanding, the strut diameter affected the relative sliding between struts. Because the strut
diameter increased the contact area between struts, which made the stent generate greater friction.
When the stent expanded under the effect of the balloon, the greater friction prevented stent
deformation. Therefore, when the stent expanded radially under the action of the balloon, the
deformation between struts became smaller with the increase of diameter, and the warping
occurred at both ends of the braided stent, resulting in the “Dogbone” deformations. On the
contrary, struts with smaller diameter were easily prone to slide to each other when stents expanded
because of weak friction between struts, which made stents less tend to generate “Dogbone”
deformation.
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Figure 5. Influence of strut diameter on “Dogbone” deformations of braided stents: (a)
specimen numbers 1-9; (b) specimen numbers 10—18; (c) specimen numbers 19-27.
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3.2. Influence of braiding angles on “Dogbone” deformations

By setting strut diameter and the circumferential number of unit cell were constant, the impact
of braiding angle on “Dogbone” behaviors was shown in Figure 6. These curves showed obviously
that the larger braiding angle improved the “Dogbone” deformation of stents. With the braiding angle
increasing, the “Dogbone” deformation became smaller. This regularity also was very important for
studying the effect of braiding angle on the “Dogbone” behaviors, which also verified that braiding
angle was a key impact factor on the deformations of stents [2—4]. In the curved vessel of this study,
the braiding angle still was the governing factor for the mechanics of braided stents. The results were
explained that the braiding angle determined the number of axial unit cell of stents, the larger the
braiding angle, and led to an intensive porosity of stent and a higher strut density, which contributed
to improving the flexibility of braided stents. Besides, individual struts could rotate relative to one
another during the radial expansion of stents. Inversely, for a smaller braiding angle, struts were less
likely to slide or rotate past one another. Consequently, in the process of stent expanding and bending
in the curved vessels, a larger braiding angle was conducive to deforming uniformly.
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Figure 6. Influence of braiding angle on “Dogbone” deformations of braided stents: (a)
specimen numbers 1/4/7; 10/13/16; 19/22/25; (b) specimen numbers 2/5/8; 11/14/17;
20/23/26; (c) specimen numbers 3/6/9; 12/15/18; 21/24/27.
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3.3. Influence of the circumferential number of unit cell on “Dogbone’ deformations

Compared with strut diameter and braiding angle, there were different results that the influence
of the circumferential number of unit cell on “Dogbone” deformations. From Figure 7(a), when the
strut diameter and braiding angle were constant values, the “Dogbone” deformations were smaller
with the circumferential number of unit cell increasing from 8 to 12. But in Figure 7(b), the
“Dogbone” deformations were first bigger, and then smaller with the circumferential number of unit
cell increasing from 8 to 12. Especially, there was no obvious regularity when braiding angle a = 50°,
although the circumferential number of unit cell increased from 8 to 12. Because the circumferential
number of unit cell had little effect on the relative slip and friction between struts, it was difficult to
change and affect the axial flexibility of stents. The finite element results showed that when the
braiding angle o was 30 and 40° respectively, the “Dogbone” deformation of stents presented totally
opposite trends. Because the circumferential number of unit cell did not affect the mutual sliding and
axial porosity of stents, when braided stents expanded radially, both ends of stents would still warp,
resulting in forming “Dogbone” deformation. Therefore, in terms of the circumferential number of
unit cell, changing the circumferential number had little effect on the “Dogbone” deformation.

The influence of design parameters on “Dogbone” of braided stents was shown by numerical
simulation. It could be concluded that the braiding angle and strut diameter had a greater influence
on “Dogbone” deformation than the circumferential number of unit cell. When designing braided
stents, three design factors including strut diameter, braiding angle, and the circumferential number
of unit cell should be fully considered, and the influence of these design parameters on “Dogbone”
deformation should be paid special attention. Especially, smaller strut diameter and larger braiding
angle should be selected to effectively improve the flexibility of stents.

This is an important work to study “Dogbone” deformation of braided stents in the curved
vessels. Although [11] also reported “Dogbone” deformation of stents in the curved vessels, they
only evaluated existing commercial stents without optimization and improvement, and the degree of
vascular bending simulated by them was small. In this study, not only do vessels with a high degree
of curvature be simulated, but the stent structure is optimized. For eliminating the “Dogbone”
deformation of stents in the straight vessels, Wang et al. [26] improved the geometry of a stent, they
increased the strut width at end rings of stents in the circumferential directions. Although this method
could minimize the “Dogbone” deformation, it required the length of balloon matching stents to
achieve good results. Furthermore, De Beule et al. [24] studied and compared the influence of
different expansion modeling strategies of the new generation balloon-expandable stent on
“Dogbone” deformation, and did not design and optimize the structure of the stent. Comparing these
existing studies on “Dogbone” of stents, this study analyzes the influence of strut diameter, braiding
angle, and the circumferential number of unit cell on “Dogbone” deformation in the curved vessels
by optimizing stents. Importantly, a more suitable method for calculating the “Dogbone”
deformation in the curved vessels has been improved.
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4. Discussion and analysis fatigue of braided stents and damage of “Dogbone” deformation to

curved vascular walls

4.1. Influence of “Dogbone” on fatigue properties

The assessment of fatigue performance is the primary importance to assure the effectiveness
of the stenting procedure [39]. The fatigue prediction is of great significance for designing stent
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and clinical application. Stent fatigue is defined that the stress concentration and fracture under the
action of long-term pulsating contact from the vessel wall, which results in losing the function of
opening up the blood vessel [29,36,40—42]. The fatigue fracture risk of stents is assessed on the
basis of amplitude stress and mean stress, the amplitude stress reflects the oscillations of the stent
under the action of vascular pulsation [36], and the mean stress reflects the average deformation of
stent undergoing multiple contacts from the vessel wall. For steps of the loading cycle, the
maximum in absolute value between first and third principal stress is identified at each element and
stored with the proper sign, thus obtaining the amplitude stress and the mean stress, respectively,
the following relations are used:

_ Omax—O9min
Oamplitude = 2 (4)
_ OmaxtOmin
Umean - 2 (5)

In this section, a common way to evaluate the fatigue life of stents was to consider the
amplitude stress and mean stress. Figure 8 showed the amplitude stress and mean stress of
specimen numbers 1—9 braided stents with “Dogbone” (the rest of specimen numbers 10—27
braided stents as shown in Figures Al and A2 of Appendix), all amplitude stress and mean stress
were listed in the Table 4. To analyze the fatigue properties of “Dogbone” stents, all 27 braided stents
were divided into 9 groups, i.e., specimen numbers 1-3, 4—6, 7-9, 10—12, 13—15, 16—18, 19-21,
22-24,25-27. As can be concluded from Table 4, the fatigue resistance of stents decreased with
the increase of the “Dogbone” deformation. For example, the maximum amplitude stress 113.7
MPa and the maximum mean stress 308.4 MPa of specimen number 3 stent with larger “Dogbone”
0.323 were greater than specimen number 2 stent with 0.294 “Dogbone” (the max. amplitude stress
939.2 MPa and the maximum mean stress 268.9 MPa) and specimen number 1 stent with 0.244
“Dogbone” (the maximum amplitude stress 73.49 MPa and the maximum mean stress 231.1 MPa).
The conclusion that larger “Dogbone” deformations of stents, the more prone to fatigue failure
occurred, was also applicable to the other 8 groups. These results confirmed that the larger the
“Dogbone” deformation, the worse the fatigue resistance of stents [43]. Among the 9 groups of
stents, only the strut diameter was a variable, and the other two design parameters were constant.
Specimen numbers 1—3 braided stents were still used as examples to explain. The strut diameter
increased from 100 to 150 pum, as discussed in Section 3.1, the increase of strut diameter made the
friction worse and inhibited the relative sliding of the struts. Due to the larger diameter of the strut,
when the stent was subjected to the diastolic and systolic action of pulsation in the curved vessels,
the friction between struts hindered the relative movement of struts. The stent could not relieve the
pressure effect from the vascular wall by sliding struts, which led to changing the stress
concentration and distribution of the stent. [3,6,44,45]. On the contrary, the smaller strut diameter
could ease the pulsation effect of vascular vessels by relative slipping.

Especially, braiding angle also had an impact on fatigue performance. For instance, among
specimen numbers 1 and 4 and 7 stents, the specimen number 7 stent (braiding angle = 50°) with
smallest “Dogbone” deformation 0.162, but it was the maximum amplitude stress 172.9 MPa and the
maximum mean stress 613.8 MPa were higher than other two stents (specimen number 1 stent
(braiding angle = 30°) with 0.244 “Dogbone”, the maximum amplitude stress 734.9 MPa and the
maximum mean stress 231.1 MPa; specimen number 4 stent (braiding angle = 40°) with 0.198
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“Dogbone”, the maximum amplitude stress 154.0 MPa and the maximum mean stress 377.5 MPa,
respectively). Similarly, specimen numbers 2/5/8, 3/6/9 (in Figure 8), specimen numbers
10/13/16, 11/14/17, 12/15/18 (in Figure A1), specimen numbers 19/22/25, 20/23/26, 21/24/27 (in
Figure A2), all showed that the fatigue performance was directly related to braiding angle. The
results were explained that the braiding angle densified the struts density, the contact area
between the stent and the inner wall of the vessel increased after the stent expanded. Under the
effect of vascular pulsation, more struts were involved in the interaction between the stents and
the vascular vessels, which made the stents more prone to fatigue.

The circumferential number of unit cell as another design variable had little effect on the
fatigue of stents. Through comprehensive comparison of specimen numbers 1/10/19, 2/11/20,
3/12/21, 4/13/22, 5/14/23, 6/15/24, 7/16/25, 8/17/26, 9/18/27 (in Figures 8, Al, and A2), it could
be found that when the other two design parameters were constant, the amplitude stress and mean
stress of stents generated relatively smaller changes though the circumferential number of unit cell
increased. Because the change of the circumferential number of unit cell had no influence on the
friction between the struts and had little influence on the density of the stents, the stress change under
the action of the vascular wall was small and the fatigue damage was not obvious.

In conclusion, the “Dogbone” deformation of stents in the curved vessels has a great influence
on the fatigue performance, and these influencing factors are mainly the strut diameter and the
braiding angle. Therefore, reasonable parameters can be designed to reduce the “Dogbone”
deformation and fatigue damage.
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Figure 8. Fatigue diagram for fully radial expansion of the braided stent in the curved
vessel: the amplitude stress and mean stress of specimen numbers 1-9 stents.
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Table 4. The maximum amplitude stress and mean stress of all stents.

Specimen  the maximum the maximum  Specimen  the maximum the maximum

number amplitude stress  mean stress number amplitude stress  mean stress
(MPa) (MPa) (MPa) (MPa)

1 73.49 231.1 15 234.4 529.3

2 93.92 269.8 16 163.4 623.4

3 113.70 308.4 17 200.9 747.0

4 154.0 377.5 18 238.5 881.6

5 196.0 453.4 19 156.8 263.1

6 238.0 529.5 20 206.4 330.0

7 172.9 613.8 21 251.9 400.3

8 220.3 756.0 22 156.5 379.5

9 251.7 851.3 23 197.5 454.4

10 156.1 259.7 24 238.0 529.4

11 211.1 342.8 25 166.2 644.0

12 262.2 420.5 26 204.9 774.8

13 153.9 378.5 27 242.6 894.7

14 194.1 452.9

4.2. The influence of “Dogbone” deformation on the stress distribution of curved vascular walls

Investigating the stresses of curved vessels is important, because stent implantation in the
vascular lumen can cause stress concentration of the vascular walls. Therefore, the effects of
different “Dogbone” stents on the vascular wall were mimicked by finite element simulation. The
stress distribution in the curved vessels was shown in Figures 9 and A3. For clear analysis and
comparison, the maximum Von Mises stresses of all vessel walls were listed in Table 5. By studying
the stress distribution in all the vessel walls, it was found that the stress distribution on the curved
vessel wall was very uniform except where it was in contact with the “Dogbone” deformation of the
stent. The “Dogbone” deformations of stents generated a huge impact on the stress of curved vascular
walls. For example, among specimen numbers 1-3, the maximum Von Mises stress of vascular vessel
was 0.09828 MPa under specimen number 1 stent with 0.244 “Dogbone” deformation, the maximum
Von Mises stress of vascular vessel was 0.1922 MPa under specimen number 2 stent with 0.294
“Dogbone” deformation, but the maximum Von Mises stress of vascular vessel was 0.5479 MPa under
specimen number 1 stent with 0.323 “Dogbone” deformation. The stress distribution of specimen
numbers 10—27 stents vascular walls also showed the same trends in Figure A3. It could be concluded
that the “Dogbone” stents in the curved vessels led to vascular stress concentration. Because both ends
of the “Dogbone” stents expanded more than other parts, and presented an upturned state, one end of
the strut directly contacted the inner wall of the vessel, which resulted in damage to the thin vascular
walls. Among the braided stents with “Dogbone” deformations, the specimen number 25 stent with
strut diameter ¢ = 100 um, braiding angle = 50° and the circumferential number of unit cell N = 12
generated the smallest “Dogbone” = 0.113 (in Table A1), which made the curved vessels generate the
minimum Mises stress 0.04009 MPa. Therefore, in terms of the damage of “Dogbone” deformations to
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vascular vessels, the parameters of braided stents should be set strut diameter # = 100 pm, braiding
angle = 50°, and the circumferential number of unit cell N = 12.
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Figure 9. Stress distribution of curved vessel walls from the specimen number 1 stents
with “Dogbone” deformation.

Table 5. Stress distributions of all vessel walls.

Specimen the maximum Specimen the maximum Specimen the maximum
number Von Mises stress  number Von Mises stress  number Von Mises stress
(MPa) (MPa) (MPa)

1 0.09828 10 0.10420 19 0.11920

2 0.19220 11 0.31230 20 0.26420

3 0.54790 12 0.54610 21 0.61300

4 0.05725 13 0.05770 22 0.06691

5 0.12090 14 0.09528 23 0.09900

6 0.12010 15 0.13570 24 0.13790

7 0.03555 16 0.03688 25 0.04009

8 0.04267 17 0.04437 26 0.04660

9 0.04457 18 0.04666 27 0.04901

5. Conclusions

In this study, the “Dogbone” of braided stents with different parameters including strut diameter,
braiding angle, and the circumferential number of unit cell are evaluated and investigated in the
curved vessels. Besides, because “Dogbone” deformation in the curved vessel is different from that
in the straight vessel, the equation to calculate the “Dogbone” is improved. The numerical results
showed that the larger strut diameter could cause more serious “Dogbone” deformations. The larger
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braiding angle could improve the “Dogbone” deformations of stents. The effect of the circumferential
number of unit cell on “Dogbone” deformation was less than that of strut diameter and braiding angle.
In addition, the fatigue performance of braided stents and the stress distributions of curved vascular
walls caused by “Dogbone” deformations were also analyzed. Stents are implanted to stay in the body
for a long time to support blocked blood vessels. Therefore, clinical applications should be considered
comprehensively and evaluated when designing braided stents. “Dogbone” deformation not only
results in great stress and fatigue fracture of stents, but also causes the stress concentration of the
vascular walls, and finally triggers intimal hyperplasia and ISR.

There are still some limitations in this paper, some factors affecting stent properties and behaviors
in the curved vessels, such as hemodynamics, have not been fully considered. In future studies, the
premise of stent design should be patient-specific, and pathological vessels should be taken as the
target deformation of the stent, to ensure that the stent can maintain the same shape as the vessel and
have good mechanical properties.
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Appendix

Table A1. “Dogbone” deformations of braided stents.

Specimen “Dogbone”  Specimen “Dogbone”  Specimen “Dogbone”

number number number

1 0.244 10 0.238 19 0.217

2 0.294 11 0.291 20 0.233

3 0.323 12 0.318 21 0.247

Continued on next page
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Specimen “Dogbone”  Specimen “Dogbone”  Specimen “Dogbone”
number number number
4 0.198 13 0.214 22 0.192
5 0.208 14 0.244 23 0.211
6 0.215 15 0.261 24 0.223
7 0.162 16 0.171 25 0.113
8 0.168 17 0.182 26 0.201
9 0.172 18 0.191 27 0.215
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Figure Al. The amplitude stress and mean stress of specimen numbers 10—18 of braided

stents. From the Figure A1, the strut diameters and braiding angles of specimens 10—18
stents have similar influence on the fatigue with specimens 1-9 in Figure 7.
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Figure A2. The amplitude stress and mean stress of specimen numbers 19—27 of braided

stents. From the Figure A2, the strut diameters and braiding angles of specimens 19—27
stents have similar influence on the fatigue with specimens 1-9 in Figure 7.
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Figure A3. Stress distributions of all curved vessel walls: (a) and (b) showed the
influence of “Dogbone” on the stress distributions of vascular vessels, i.e., the larger of
“Dogbone” stent, the more serious stress concentration of the vascular vessels.
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