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Ring stent implantation has been widely used to treat coarctation of the aorta (CoA) as an

alternative to surgery. Currently adopted stents with uniform geometry may cause uneven

stress distribution and high stress concentration in curved vessels, leading to in-stent restenosis

(ISR). Inspired by functional graded material, here we propose a new ring-and-link stent,

which has graded geometry in order to achieve a reduced peak stress when deployed in curved

arteries. Numerical simulation of a single ring of the graded stent indicated that by varying the

circumferential spacing of wave crest, the maximum stress exerted on the artery was reduced

by as much as 27.86% in comparison with the uniform one. The effects of stent geometric

parameters and artery curvature were also obtained through a parametric study. Finally, a

whole stent was studied to verify the design, and a maximum stress reduction by 31.96% was

achieved. In summary, the proposed graded ring stent shows great potential in clinical

applications to reduce the risk of ISR.

Keywords: In-stent restenosis; ring-and-link stent; curved arteries; graded geometry; peak

stress.

1. Introduction

Coarctation of the aorta (CoA),1 also known as aortic coarctation (AC), is a con-

genital condition whereby the aorta is narrow.2 Clinical evidences show that CoA
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can lead to a series of vascular diseases, causing severe morbidity and mortality. In

comparison with patients with nonstenosis, the risk of subarachnoid hemorrhage for

patients with CoA is 4.8% higher, and the incidence of concurrent aneurysms is

increased by 20.8%–23.3%.3 At present, there are two types of therapies commonly

used in clinic,4 one is surgical treatment such as resection with end-to-end anas-

tomosis and bypass surgery, and the other is nonsurgical treatment including

angioplasty repair and stent implantation which uses a tubular mesh structure to

expand the arteries.5 Stent implantation is advantageous over surgical treatment in

that it has larger age range of the treatable population, ranging from infants

(25-day-old boys) to adults, smaller surgical trauma area,6–8 and less injury to the

arteries.9

The stents used for treating CoA are generally divided into three categories:

balloon stents, covered stents which have membrane on the surface to prevent

complications of vascular walls,10 and self-expandable stents.11–14 Balloon

expandable stents and covered stent grafts need to be re-expanded or removed by

surgery when the diameter of the blood vessel increases with age.15 Comparably,

self-expanding stents can deform elastically to adapt to the change in vascular

diameter without secondary surgery,16 thereby greatly reducing the trauma of the

patients. Regarding structural design, three typical stents exist: closed-cells, open-

cells, and hybrid designs.17 Closed-cells and hybrid designs have relatively stable

structure and strong radial scaffolding support compared with open-cell ones,18 but

they are not suitable for curved vessels due to the low bending flexibility.19 Open-

cells stents, on the other hand, are more prone to bending in curved arteries.20

Despite the wide clinical applications, there are still problems in stent therapy,

among which in-stent restenosis (ISR) is the biggest sequela after stent implanta-

tion.21 The pathological causes of ISR can be divided into the following four types22:

acute pathology, chronic pathology, intimal hyperplasia, and matrix formation.

Among them, intimal hyperplasia of stented vessels can be induced by stress artery

injury during radial stent expansion.23 It is worth noting that straightening of

arteries by stents may also lead to intimal hyperplasia.24 Numerous researches have

been conducted to improve the bending compliance of the stents. Wei et al.25 used

numerical simulation to analyze the mechanical response of stents with different

connector shapes implanted in vessels with different curvatures. The results showed

that the stress produced by the stent with U-shaped connector was the smallest in

the vessels with larger curvature. Han and Lu26 realized natural change in the stent

curvature in the axial direction by modifying the position and length of the stent

system connection. Wu et al.27 investigated the stress distribution of straight and

curved vessels under the same stent, which showed that the stress concentration

positions were on the inner side of the curved vessels, and the peak stress was

increased by 14.8%. Besides the straightening effect, when a stent is deployed in a

curved artery, large localized deformation and stress will be generated on the artery

wall due to contact. And the stress distribution in the circumferential direction is

not uniform, with larger stress on the inner side of the artery.28,29 Previous research
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on lowering such peak stress is very limited. Yoshino et al.28 reduced the stress at

both ends of the stent by adopting a single ring stent with thinner wire. However,

the middle portion is unchanged, and therefore the problem still exists. In addition

to stent-artery interaction, stents will also affect the local blood flow, and numerous

studies have been conducted on this aspect.30,31

Functionally graded material is a type of advanced material whose composition

and structure gradually change over the volume, leading to tailored variations in

material properties in the preferred orientation. The concept of functionally graded

materials are widely seen in nature, e.g., bamboos and bones have specifically

graded distribution of cell number or cell size to adapt to their expected service

environments.32–35 Making use of the gradient concept, engineers have created novel

materials and applied them to a wide range of engineering fields ranging from dental

implant36 to energy absorption structures.37 Inspired by functional graded material,

here we propose a new ring-and-link stent, which has graded geometry in the cir-

cumferential direction, with the aim of better suiting curved arteries so as to obtain

reduced maximum stress as well as more uniform stress distribution. The layout of

the paper is as follows. First, the geometric design of the graded stent and the finite

element modeling approach to simulate the stent-artery interaction are presented in

Sec. 2. In Sec. 3, the maximum stress generated by the new design, and the effects of

design parameters and artery curvature, are presented and discussed. Section 4

concludes the main findings and provides directions for future research.

2. Materials and Methods

2.1. Geometric design of the graded ring stent

Figure 1(a) shows the SLTLTM,38 a typical stent with open-cell design. A ring of the

stent, as shown in Fig. 1(b), can be defined by three geometric parameters, radius r

(equals to the inner radius of ring plus the wire radius), height h, and the number of

crests in a ring n. Note that n ¼ 5 for the ring in Fig. 1(b) as only the crests on one

side of the ring is counted. With the three parameters, the coordinates of all the

points on the ring can be generated according to the following equations29:

x ¼ r� cos �;

y ¼ r� sin �;

z ¼ h=2� sinð� � nÞ;
ð1Þ

where � is the circumferential angle of the point measured from the X axis in the

counter-clockwise direction.

If we cut the ring at point A, unroll it to flat, and present it in a �–Z plane,

Fig. 1(c) can be obtained. In order to describe the spacing distribution of the crests

more clearly, �i is introduced to represent the central angle corresponding to a crest

i (1 � i � 2n). For the uniform ring with n ¼ 5 as shown in Fig. 1(c), the values of
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all the �i are 36
�. This stent is named S-5-0 in which 5 indicates the stent has n ¼ 5,

and this naming convention is followed for all the stents hereafter. In order to reduce

the high stress exerted by the stent on the curved artery, a new graded stent is

designed following two schemes. Scheme one is that all the crest central angles are

varied at an equal interval. Five models of this type with n ¼ 5, S-5-1 to S-5-5 which

Fig. 1. (a) A SLTLTM stent, (b) geometric parameters of a ring of the stent, (c) unrolled configuration of

a ring of the uniform stent S-5-0, (d) unrolled configuration of a ring of the graded stent S-5-16.
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have intervals from 0.4� to 2�, are designed. Scheme two is that some central

angles are identical, whereas the others are varied at an equal interval. Models S-5-6

to S-5-9 have three identical central angles, models S-5-10 to S-5-13 have five, and

models S-5-14 to S-5-17 have seven. Moreover, all the models are designed to have a

longitudinal plane of symmetry. The unrolled configuration of model S-5-16 is

shown in Fig. 1(d) as a representative of the graded stents, for which the plane of

symmetry passes � ¼ 196:5�. And the geometric parameters of all the ring stents are

listed in Table 1. Similarly, a series of models with n ¼ 6, including a uniform one

S-6-0 and seventeen graded ones S-6-1 to S-6-17, are also designed and listed in

Table 1. Crest central angles of all the stents (�Þ.

Model �1 �2 �3 �4 �5 �6 �7 �8 �9 �10 �11 �12

S-5-0 36 36 36 36 36 36 36 36 36 36 ��� ���
S-5-1 35 35.4 35.8 36.2 36.6 37 36.6 36.2 35.8 35.4 ��� ���
S-5-2 34 34.8 35.6 36.4 37.2 38 37.2 36.4 35.6 34.8 ��� ���
S-5-3 33 34.2 35.4 36.6 37.8 39 37.8 36.6 35.4 34.2 ��� ���
S-5-4 32 33.6 35.2 36.8 38.4 40 38.4 36.8 35.2 33.6 ��� ���
S-5-5 31 33 35 37 39 41 39 37 35 33 ��� ���
S-5-6 35 35 35.625 36.25 36.875 37.5 36.875 36.25 35.625 35 ��� ���
S-5-7 34 34 35.25 36.5 37.75 39 37.75 36.5 35.25 34 ��� ���
S-5-8 33 33 34.875 36.75 38.625 40.5 38.625 36.75 34.875 33 ��� ���
S-5-9 32 32 34.5 37 39.5 42 39.5 37 34.5 32 ��� ���
S-5-10 35 35 35 36.11 37.22 38.34 37.22 36.11 35 35 ��� ���
S-5-11 34 34 34 36.22 38.44 40.68 38.44 36.22 34 34 ��� ���
S-5-12 33 33 33 36.33 39.66 43.02 39.66 36.33 33 33 ��� ���
S-5-13 32 32 32 36.44 40.88 45.36 40.88 36.44 32 32 ��� ���
S-5-14 35 35 35 35 37.5 40 37.5 35 35 35 ��� ���
S-5-15 34 34 34 34 39 44 39 34 34 34 ��� ���
S-5-16 33 33 33 33 40.5 48 40.5 33 33 33 ��� ���
S-5-17 32 32 32 32 42 52 42 32 32 32 ��� ���
S-6-0 30 30 30 30 30 30 30 30 30 30 30 30

S-6-1 29 29.33 29.66 29.99 30.32 30.65 31.1 30.65 30.32 29.99 29.66 29.33

S-6-2 28 28.66 29.32 29.98 30.64 31.3 32.2 31.3 30.64 29.98 29.32 28.66

S-6-3 27 28 29 30 31 32 33 32 31 30 29 28

S-6-4 26 27.33 28.66 29.99 31.32 32.65 34.1 32.65 31.32 29.99 28.66 27.33

S-6-5 25 26.66 28.32 29.98 31.64 33.3 35.2 33.3 31.64 29.98 28.32 26.66

S-6-6 29 29 29.48 29.96 30.44 30.92 31.4 30.92 30.44 29.96 29.48 29

S-6-7 28 28 28.96 29.92 30.88 31.84 32.8 31.84 30.88 29.92 28.96 28

S-6-8 27 27 28.44 29.88 31.32 32.76 34.2 32.76 31.32 29.88 28.44 27

S-6-9 26 26 27.92 29.84 31.76 33.68 35.6 33.68 31.76 29.84 27.92 26

S-6-10 29 29 29 29.75 30.5 31.25 32 31.25 30.5 29.75 29 29

S-6-11 28 28 28 29.5 31 32.5 34 32.5 31 29.5 28 28

S-6-12 27 27 27 29.25 31.5 33.75 36 33.75 31.5 29.25 27 27

S-6-13 26 26 26 29 32 35 38 35 32 29 26 26

S-6-14 29 29 29 29 30.33 31.66 33 31.66 30.33 29 29 29

S-6-15 28 28 28 28 30.66 33.32 36 33.32 30.66 28 28 28

S-6-16 27 27 27 27 31 35 39 35 31 27 27 27

S-6-17 26 26 26 26 31.33 36.66 42 36.66 31.33 26 26 26

A New Ring Stent with Graded Geometry for Treating Coarctation

2150014-5



Table 1. The unrolled configurations of S-6-0 and S-6-13 are displayed in Fig. 2 as

representatives. Finally, to investigate the effects of graded central angles, the stent

radius, ring height, and wire radius were fixed to 8mm, 12mm, and 0.14mm,

respectively.29

2.2. Materials

In the study, nitinol, a kind of shape memory alloy with super elasticity, was chosen

as the stent material due to its wide application and good mechanical properties.39,40

The stress versus strain curve41 and material properties42 of nitinol are, respec-

tively, shown in Fig. 3 and Table 2.

The Mooney–Rivlin model was used to describe the deformation behavior of

arterial tissue,43 and the material parameters, are listed in Table 3.44,45 According

to the selected material parameters, the stress versus strain curve of the arterial

tissue is shown in Fig. 4.

(a)

(b)

Fig. 2. Unrolled configuration of a ring of (a) the uniform stent S-6-0, and (b) unrolled configuration of a

ring of the graded stent S-6-13.
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Fig. 3. Stress versus strain curve of nitinol.

Table 2. Material properties of nitinol.

Property Value Definition

EA 50,000MPa Austenite Young’s modulus

EM 37,000MPa Martensite Young’s modulus

� 0.35 Austenite and martensite poisson’s ratio

"L 0.055 Transformation strain

�s
M 400MPa Start of martensite transformation stress

�f
M

650MPa End of martensite transformation stress

�s
A 350MPa Start of austenite transformation stress

�f
A

80MPa End of austenite transformation stress

Fig. 4. Stress versus strain curve of the arterial tissue.

Table 3. The material properties of the arterial tissue.

Property Value Definition

�v 1050Kg/m3 Vascular density

C10 0.174MPa Constitutive parameter of Mooney-Rivlin Hyperelastic

C01 1.881MPa Constitutive parameter of Mooney-Rivlin Hyperelastic

D1 0.0098MPa�1 Constitutive parameter of Mooney-Rivlin Hyperelastic
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Regarding the artery, a simplified geometric model with constant curvature was

adopted in the analysis. Based on the anatomical of human thoracoabdominal

aorta,46 a cross sectional radius of 6.65mm, wall thickness of 2mm47 and five dif-

ferent curvatures, 0.01mm�1, 0.015mm�1, 0.02mm�1, 0.025mm�1 and

0.0275mm�1, were selected for the analysis. The corresponding radii of curvature

were 100mm, 66.67mm, 50mm, 40mm, 36.4mm, respectively.

2.3. Finite element modeling

Finite element analysis software ABAQUS/Explicit was utilized for all numerical

simulations. The ring was meshed with beam element B3148 of 0.1mm in length,

which was determined from mesh convergence analysis. The aortic artery was

meshed with shell element S4R,44 a 4-node linear shell element with reduced inte-

gration and hourglass control, and the element size was 0.45mm. The boundary

condition of the curved artery was that both ends of it were completely fixed by six

degrees of freedom, and the stent was free of constraints during expansion. The

interaction between the ring and the artery was set to be a hard contact with a

friction coefficient of 0.2.49

To simulate the interaction between a single ring of the stent and the artery, a

two-step procedure was adopted. In step one, the ring was compressed by a cylin-

drical membrane to reach a radius smaller than the cross sectional radius of the

artery. The membrane was modeled as linear elastic with density 7800Kg/m3,

Young’s modulus 1000MPa, and Poisson’s ratio 0.3. In step two, the cylindrical

membrane was removed, and the ring was self-expanded inside the artery. As shown

in Fig. 5, the longitudinal planes of symmetry of the ring and the artery overlapped.

For the graded design, the crests with smaller central angles were placed on the

inner side of the artery. Analysis time convergence tests were also conducted to

ensure a quasi-static deployment process, from which a 0.008 s for step 1 and 0.04 s

for step 2 were determined.

In addition to the single rings, whole stents containing five rings were also

simulated in the curved artery. A slightly different procedure was developed due to

the large stent length. Two elastic membranes were successively applied to compress

and bend the stent, and then deactivated to deploy the stent inside the artery.

Fig. 5. Numerical models of the stent ring and the artery.
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3. Result and Discussion

In this section, a series of with varying geometries placed in arteries with different

curvatures are analyzed. Several key features of the graded stents are presented and

discussed. Meanwhile, the feasibility of the graded design is verified through anal-

ysis of a whole stent with five rings.

3.1. Performance of graded stents

A single-ring graded stent S-5-2 which has five crests and varied central angles with

an equal interval, is first analyzed as a representative to evaluate the performance of

the graded stents. It is deployed in an artery with a curvature of 0.015mm�1, and

the result is compared with that of a uniform ring S-5-0. The central angles of the

deformed S-5-2 after deployment is drawn in Fig. 6(a) together with those in the

initial undeformed configuration. It can be seen that the central angles of the crests

remain their designed magnitudes after implantation. Therefore, the initial central

angles of the ring can be used to build the relationship between stent geometric

parameters and the stress on the arterial wall caused by the ring.

Figures 6(b) and 6(c) show the von-Mises stress contour maps of the arteries in

which the two rings are respectively deployed. Roughly, a symmetric stress distri-

bution along the longitudinal plane of symmetry is obtained in both cases, and

localized high stress occurs where the ring and artery contact. Starting from the

uniform stent S-5-0, the result shows that the stress is unevenly distributed in the

circumferential direction, and the stress on the inner side is significantly larger than

that on the outer side. In order to more clearly reflect the effect of different stents

on the stress of arterial wall, we unrolled the stress contours of arterial wall in

Figs. 6(b) and 6(c) near the stent (including 3096 nodes on the arterial wall) in the

direction of angle �, and presented them in Figs. 6(d) and 6(e), respectively. The

maximum stress �max in the artery is found to be 34.16KPa, occurring at � ¼ 54�.
For the graded ring S-5-2, it can be seen from Fig. 6(c) that the local stress on the

inner side is noticeably reduced, which is due to the smaller central angles for the

crests on the inner side. Meanwhile, the stress on the outer side is slightly increased

as the cost. As a result, a more even stress distribution is also obtained. The stress

distribution on the portion of the artery in contact with the ring in Fig. 6(e) indi-

cates that the �max is 25.1KPa, 26.61% less than that in the uniform case. There-

fore, it can be concluded that the graded design is able to achieve low maximum

stress.

3.2. The effects of central angle variation

It has been demonstrated from Sec. 3.1 that reducing the central angles of the crests

on the inner side helps to achieve a smaller maximum stress as well as a more

uniform circumferential stress distribution. In this section, the effects of the central

angle variation schemes on the maximum stress and stress distribution are
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investigated. First, four rings, S-5-1, S-5-3, S-5-4, S-5-5, which have equally varied

central angles but with different magnitudes, are studied to investigate the effects of

central angle interval in design scheme one. The van Mises stress contours of the

arteries in which those rings are deployed are presented in Fig. 7, and the stress

distribution on the portion of artery in contact with the ring is shown in Fig. 8. It

can be seen that �max occurs on the inner side of the artery, but the specific location

shows certain randomness. The maximum stress in each case is presented in Table 4

Fig. 6. (a) Central angle distribution of the graded stent S-5-2 before and after arterial implantation,

(b) stress contour of the artery in which S-5-0 is deployed, (c) stress contour of the artery in which S-5-2 is

deployed, (d) circumferential stress versus circumferential angle of S-5-0, (e) circumferential stress versus

circumferential angle of S-5-2.
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and also drawn in Fig. 9. It is found out that �max first reduces with angle interval,

reaching the lowest value at S-5-2 with an interval of 0.8�. With further increase in

the angle interval, �max rises again, and even reaches that in the case of the uniform

stent, see ring S-5-5 with an interval reaching 2�.
Subsequently, three groups of rings, S-5-6 to S-5-9 with three identical central

angles, S-5-10 to S-5-13 with five, and S-5-14 to S-5-17 with seven, are studied to

Fig. 7. The Mises stress contours of the arteries in which stents (a) S-5-1, (b) S-5-3, (c) S-5-4 and

(d) S-5-5 are deployed.

Fig. 8. Circumferential stress versus circumferential angle of uniform stent S-5-0 and graded stents S-5-1

to S-5-5.
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understand the effects of the central angle variation scheme two. The maximum

stress of the rings in each group are plotted against center angle interval in Fig. 9

together with those in design scheme one. The results show that the design scheme

two achieves a similar effect with scheme one. First, for all the three groups, lower

�max in comparison with uniform ring is generally achieved. This indicates that only

the central angles of the crests on the inner side of the artery are required to be

graded so as to reduce �max, whereas those on the outer side can keep identical.

Second, at each group, as the angle interval increases, the �max of the artery first

drops and then rises again after passing the lowest value, suggesting that a proper

Fig. 9. The maximum stress caused by stents S-5-0 to S-5-17.

Table 4. Maximum stress of different stent models in arteries with different curvatures.

Maximum stress �max (KPa)

Model 0.01mm�1 0.015mm�1 0.02mm�1 0.025mm�1 0.0275mm�1

S-5-0 28.1 34.16 26.3 23.7 26.2

S-5-1 21.4 32.5 21.5 23.3 22.4

S-5-2 23.5 25.1 21.9 24.6 24.6

S-5-3 28.5 26.0 21.1 21.4 22.1

S-5-4 26.6 31.9 22.1 22.9 21.9

S-5-5 29.0 34.1 23.6 22.1 21.9

S-5-6 20.3 33.7 25.3 20.7 20.8

S-5-7 21.9 27.6 23.4 22.4 22.6

S-5-8 23.3 25.0 23.5 19.6 20.5

S-5-9 24.8 35.6 29.3 22.8 22.8

S-5-10 22.9 32.8 21.5 23.0 21.1

S-5-11 24.5 31.0 19.1 19.2 19.6

S-5-12 22.2 26.6 25.2 19.8 20.5

S-5-13 24.1 33.4 25.0 24.3 21.5

S-5-14 22.7 30.2 22.7 22.3 22.1

S-5-15 23.4 29.6 19.8 19.2 18.9

S-5-16 22.8 26.7 23.9 21.9 22.8

S-5-17 23.3 35.6 24.0 25.4 22.5
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selection of angle interval is critical to obtain optimum �max. Finally, the lowest

�max achieved in all the groups are close to each other, indicating that both design

schemes work for the artery with a curvature of 0.015mm�1. In the optimum case,

ring S-5-8 has a �max of 25.0KPa, 26.9% lower than that of the uniform one.

3.3. The effects of the number of crests

Commercial ring stents usually adopt 5–6 crests in each ring.50 In this section, the

effect of the number of crests is analyzed through a series of uniform and graded

stents with six crests deployed in an artery with a curvature of 0.015mm�1. First

the uniform ring S-6-0 and the graded stents in design scheme one, S-6-1 to S-6-5,

are compared. The von-Mises stress contour maps of the arteries in which the six

stents are, respectively, deployed, are presented in Fig. 10, and the maximum stress

in each artery is plotted in Fig. 11. It can be seen that similar to the case with n ¼ 5,

a reduced and more uniform stress distribution in the circumferential direction is

generated by the graded design. With the increase in angle interval, �max also first

Fig. 10. The Mises stress contours of the arteries in which stents (a) S-6-0, (b) S-6-1, (c) S-6-2, (d) S-6-3,

(e) S-6-4, (f) S-6-5 are deployed.
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reduces and then rises again. In the optimum design S-6-4, the �max reaches

19.8KPa, 17.5% lower than the 24.0KPa generated by the uniform stent.

Three groups of stents according to design scheme two, S-6-6 to S-6-9 with three

identical central angles, S-6-10 to S-6-13 with five, and S-6-14 to S-6-17 with seven,

are also built and analyzed. The �max of each ring is plotted against central angle

interval in Fig. 11. All the three groups show the same trend with those graded

stents in design scheme one. Particularly, stent S-6-15 produces the lowest �max,

18.1KPa, 24.6% lower than that generated by the uniform ring. This reduction rate

is very close to the case with five crests, 26.9%, suggesting the reliability of the

graded design. To summarize, the results in this section indicate that both graded

design schemes work for stents with varying number of crests. But the optimum

geometric parameters and �max reduction need to be determined on a case by case

basis.

3.4. The effects of arterial curvature

The curvature of the artery plays a crucial role in the design of graded rings. When

the curvature is very small, a roughly uniform ring would work. When, on the

contrary, a severely curved artery is met, a highly graded stent is required to

achieve a low maximum stress. In this section, the effects of arterial curvature are

analyzed through deploying rings S-5-0 to S-5-17 in arteries with curvatures of

0.01mm�1, 0.015mm�1, 0.02mm�1, 0.025mm�1 and 0.0275mm�1.

The �max of all the rings in differently curved arteries is summarized in Table 4.

Three observations can be made from the results. First of all, within the range of

curvature studied here, a reduced �max can always be obtained, thereby further

proving the effectiveness of the graded design. Secondly, the optimum designs for all

the curvatures come from design scheme two, i.e., S-5-6 for 0.01mm�1, S-5-8 for

0.015mm�1, S-5-11 for 0.02mm�1, S-5-11 and S-5-15 for 0.025mm�1 and S-5-15

Fig. 11. The maximum stress caused by stents S-6-0 to S-6-17.

X. Yin et al.

2150014-14



for 0.0275mm�1. This result indicates that keeping a certain number of identical

central angles helps to reduce the maximum stress. And finally, with the increase in

arterial curvature, the number of identical central angles in the optimum design

tends to increase. This is reasonable because with the increase in the number of

identical central angles, the magnitude of angle interval in the stent also increases.

As expected, a ring with higher degree of grading is more suitable for the artery with

larger curvature.

3.5. The effects of cross section

The cross-section profile and area of the ring wire will also influence the stress

exerted on the artery. To unveil such effects, we first keep the circular cross section

profile of the wire of ring model S-5-15 but vary its radius to 0.1mm and 0.2mm,

respectively, and then deploy the stent in the artery with curvature of 0.275mm�1.

The results show that the maximum stress of 0.1mm radius is 18.32KPa, which is

only 3.07% less than the result of 18.9KPa obtained by 0.14mm radius. But when

the radius increases to 0.2mm, the maximum stress rises to 141.5KPa. This is

reasonable because the stent wires mainly undergo bending deformation, and the

larger the wire radius, the higher the force output from the stent. Therefore, a small

radius for the stent wires, when applicable, should be selected for the purpose of

reducing stress on the artery.

Next, we change the circular cross section of 0.14mm in radius to a square one

with identical area. It is found that the maximum stress of the square section is

20.26KPa, 7.2% higher than that of the circular one, which indicates that circular

cross section is favored over square one to achieve a lower stress on the artery.

3.6. Verification of the graded design in a whole stent

Only a single ring of the stent has been considered in the previous analysis. But in

clinical practice, a stent usually consists of multiple rings, as shown in Fig. 1(a).

Therefore, in this section, the graded design is verified by deploying two whole

stents with five rings, S-5-0 and S-5-11, in an artery with a curvature of 0.02mm�1.

Each ring in the stent is arranged in such a way that the crests and troughs of the

adjacent rings are aligned with each other, and adjacent rings are connected by a

link of 5.5mm long parallel to the stent axis. In order to ensure the flexibility of the

stent, the links are placed on one side of the stent in a staggered manner. The cross-

section and material of the links are the same as those of the rings. First consider a

uniform artery as in the above studies. The von Mises stress contour maps are shown

in Fig. 12. As expected, the graded geometry of S-5-11 is preserved after deploy-

ment, and the stress level is noticeably reduced in comparison with the uniform one

S-5-0. According to the numerical results, the �max caused by S-5-11 is 46.4KPa,

31.96% lower than that generated by S-5-0.

Then we replace the uniform artery with one including AC disease based on

Ref. 51. The von-Mises stress contour maps are shown in Fig. 13. According to the

A New Ring Stent with Graded Geometry for Treating Coarctation
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numerical results, the �max caused by S-5-11 is 67.5KPa, 13.57% lower than that

generated by S-5-0. Therefore, we can safely conclude that the graded stent design is

capable of lowering the stress in curved arteries.

Fig. 12. The Mises stress contours of the artery with 0.02mm�1 curvature in which (a) S-5-0 and

(b) S-5-11 are deployed.

Fig. 13. The Mises stress contours of the CoA artery with 0.02mm�1 curvature in which (a) S-5-0 and

(b) S-5-11 are deployed.
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4. Conclusion

In this paper, a graded ring-and-link stent for treating CoA has been proposed to

lower the maximum stress exerted on curved arteries so as to reduce the risk of ISR.

Two geometric design schemes have been studied to introduce varied crest spacing

in a ring of the stent, creating denser crests on the inner side of the stent when

deployed in a curved artery. A numerical modeling approach has been developed to

simulate the deployment process so as to investigate the stress distribution and

maximum stress on the arteries. The results have shown that by adopting the

graded geometry, a substantial reduction in the maximum stress, up to 27.86% can

be obtained. Moreover, the effects of stent geometric parameters and arterial cur-

vature have been investigated through a detailed parametric study. According to

the results, graded stents with large angle interval are more suitable for arteries

with large curvature. However, it is worth noting that when the number of identical

central angles is determined, the smaller the interval, the better the effect of

reducing the stress. In addition, circular stent wires with a small radius help gen-

erate small stress on the artery. Finally, the effectiveness of the graded design has

been verified through comparison of a uniform stent and a graded one, both of which

are composed of five rings, and a maximum stress reduction by 31.96% is obtained

for a normal artery. Therefore, the graded stent has great potential as a candidate

for CoA treatment.

In the future, physical specimens with radiopaque markers to facilitate posi-

tioning especially in the circumferential direction will be manufactured and their

performance will be assessed through in vitro experiments. Meanwhile, an analytical

model to correlate the geometric parameters of the graded stent and the stress

distribution in the curved artery will also be pursued.
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