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ABSTRACT

Introduction: Coronary stents are metallic tubular mesh like structure used to maintain patency of clogged coronary 
artery. When inflated using an external inflating device, these implants provide passage for free flow of oxygenated 
blood to heart muscles. One of the factor influencing the effectiveness of these devices is its geometrical structure, 
particularly the placement of links between stent crowns. Methods: In this numerical investigation, two commer-
cially available stents are realistically modelled and idealized geometries are used for investigating the effects of link 
placement on stress distribution and displacement pattern. Results: Results suggest that non-connected stent crowns 
are prone to open up, resulting in high stress gradient and non-uniform displacement pattern on artery. Investigation 
on modified design demonstrates that stress and displacement pattern is greatly improved upon proper placement of 
links between stent cells. Conclusion: The investigation emphasizes the idea of having closed cell stent design for 
favourable stress and displacement pattern on arterial surface and better bending capabilities.
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INTRODUCTION

Cardiovascular disease (CVD), particularly 
atherosclerotic coronary artery is a major health issue  
leading to mortality in human, as high as 30% all over 
the world (1,2) . Stenosis of coronary artery is understood 
to have caused by fatty deposit on inside surface of 
artery, which results in short supply of oxygenated 
blood to heart muscles. Stent, a mesh like tubular 
metal structure, is effectively used to treat this issue 
through Percutaneous Coronary Intention (PCI). These 
metallic implants are certain to cause non-physiological 
stress field in the vicinity which may result in adverse 
clinical complications such as intimal thickening(3).
Rogers(4)  observed  the effect of different stent designs 
on endothelium damage. In-vivo investigation of stress 
field and displacement pattern is ruled out because of 
sophistication of measuring instruments required and 
due to health risk involved. Numerical investigation is 
a promising method of  analysing the stress field and 
displacement pattern for variety of stent variables such 
as geometry, material properties of artery, inflation 
pressure and differences in stent designs(4–6). Azaouzi 
et al(7), investigated the effect of ‘link’ on bending and 
torsional capabilities and suggested influence of link 

shape. Petrini et al(8) also suggested influence of link 
on bending characteristics of different stent designs. 
Researchers also investigated the effect of stent designs 
on prevailing artery stress field(9,10). Comprehensive 
stent-balloon-artery-plaque model is investigated 
for mechanical behaviour of stent inside artery(11). 
Inspite of extensive work via the medium of numerical 
investigation on stent, work on effect of ‘link’ placement, 
an important part of stent structure, is rarely reported. In 
this work, we propose to investigate effect of positioning 
of link on arterial stress field and displacement pattern, 
and suggest an improved design based on numerical 
investigation. These parameters can qualitatively 
evaluate effectiveness of stenting.  ANSYS Workbench 
is used to numerically investigate the performance of 
two commercial stent designs, which differ in its link 
placements.  Variation in resulting stress field and 
displacement pattern is reported and rational for this 
variation is noted. Geometrical design modification is 
suggested for better stress field, displacement pattern 
and bending.

MATERIALS AND METHODS

Two commercial stent designs SupraflexTM (Stent S) and 
Yukon Choice PC (Stent T) are realistically modelled 
using 3D image reconstructed using Micro Computed 
Tomography (Xradia versa XRM500, IISc, Bangalore) and 
Materialize Mimics®(V16) Innovation suite.  Idealized 
models are constructed using the dimensions obtained 
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from realistic model (Fig 1). A modified stent (Stent N1) 
which is essentially modification of Stent S with links at 
all crown positions is used for comparison with original 
designs.

Figure 1: Idealized geometry of (a) Stent S and (b) Stent T 

and radial displacement pattern in the vicinity of stent 
link is plotted. Critical influence of link structure on the 
stress field and displacement pattern is highlighted. A 
modified conceptual design (Stent N1) is investigated 
for its performance inside same idealized artery and its 
merit against the existing designs are highlighted.

RESULTS 

Larger arterial displacement is observed on location 
along the stent-artery contact resulting in considerable 
tissue prolapse through stent struts. Along the stent-artery 
contact, the maximum radial displacement is observed 
near stent crown suggesting higher displacement of this 
region due to larger opening of stent crowns. It can be 
particularly noticed from the plots that the larger area 
of higher arterial displacements is located at the region 
where stent crowns are bound by links for Stent S and 
Stent T or in other words, uniform expansion is observed 
over larger area near link connections (Fig 2). For Stent 
S maximum displacement of 0.26mm and 0.29mm (For 
Stent T, 0.29mm and 0.34mm) is observed through two 
selected longitudinal paths. The higher value of this 
parameter for one of the paths is understood to be due 
to presence of link.

The artery model is idealized as a straight cylinder 
with 1mm inner radius and 0.4mm wall thickness 
(12),whereas length of artery is taken to accommodate 
unstented region into account.

Balloon expandable stent is typically made up of 
medical grade stainless steel, which can be modelled 
with a bilinear elastic-plastic model to characterize the 
mechanical behaviour during expansion. Stainless steel 
with Young’s Modulus equals to 196GPa, Yield strength 
of 205MPa, Tangent modulus of 692MPa , Poison’s 
ratio of 0.3 and density of 7850 kg/m3 is used for stent  
(13,14). Artery is highly nonlinear and anisotropic in 
nature (15). These classes of materials can be modelled 
as hyperelastic material based on constitutive material 
modelling (16). We used 5 parameter Mooney–Rivlin 
material model with constants listed in Table I for artery 
material (9).

For mesh density test, Stent S is expanded inside normal 
artery for different mesh sizes each for stent and artery. 
Based on the criterion of displacement pattern a mesh 
size of 0.05mm for stent and 0.2mm for artery is chosen 
for unbiased numerical result.

Expansion of stent inside the artery model is achieved 
by static structural analysis in ANSYS Workbench 
with a  inflation pressure of 2MPa directly applied to 
the stent inside surface (17,18). Artery ends are fixed 
at both ends. Frictional coefficient of 0.2 is used to 
define the frictional contact between stent and artery 
surface (19). Intraluminal pressure and longitudinal 
stretch is neglected for computational convenience. In 
post processing, Von Mises Stress (VMS) distribution 

Figure 2: Distribution of radial displacement of artery inside 
surface near stent links for (a) Stent S and (b) Stent T, blue 
marks highlighting displacement near link

Presence of link also resulted in more uniform VMS 
distribution on artery. The plot (Fig 3) of VMS gradient 
on artery through two selected paths suggests presence 
of higher stress gradients point. It is found from geometry 
that path 1 passes through stent crown unbound by links 
resulting in curve with higher VMS gradient. 

Figure 3: VMS gradient on artery inside surface along artery 
length at 2MPa inflation pressure for (a) Stent S and (b) Stent 
T

The plot (Fig 4) showing radial displacement of artery 
inside surface when stent is expanded inside curved 
artery qualitatively suggests alteration/distortion of 
natural curvature (circular) of luminal surface post 
stenting. This essentially points to inability of stent 
models to adapt to curvature of artery during expansion. 
This can be understood to be mainly arising due to link 
arrangement, as link is the only structural part of stent 

Table I: 5 parameter Mooney-Rivlin hyperelastic material constants

Artery

Material Model Constants (KPa)

3rd order 5 parameter 
Mooney Rivlin

C
10

18.9

C
01

2.75

C
20

85.72

C
11

590.43

C
02

0
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geometry aiding the flexibility.

Investigation on modified stent model (Stent N1) 
suggested improvement in radial displacement pattern 
and stress distribution. Fig 5 showing radial displacement 
of artery (for Stent N1) inside surface from two different 
directions suggests that modified model induced a 
symmetrical displacement about axis of artery. It can be 
noted, that though maximum displacement achieved for 
both designs are nearly identical, the modified design 
consistently maintained larger displacement over larger 
longitudinal length in comparison with original design. 
Original Stent S showed a steep fall before settling for 
a lower value of minimum displacement at other end 
of stented region (at location of 5mm on x-axis). Stent 
S showed minimum radial displacement of 0.15mm 
while Stent N1 showed minimum radial displacement 
of 0.2mm.

Figure 4: Arterial distortion due to non-symmetric radial 
displacements of artery inside surface for (a) Stent S and (b) 
Stent T. (legend unit in mm)

Figure 5: Symmetrical radial displacement of artery inside 
surface about artery axis for Stent N1(legend unit in mm) 
and graph of radial displacement of artery inside surface in 
normal for Original Stent S and modified Stent N1. (legend 
unit in mm)

Figure 6: Comparison of radial displacement of artery surface 
for normal expansion for (a) Original Stent S and (b) modified 
Stent N1. Closer looks showing misalignment of stent crowns 
in normal artery expansion for (a) Original Stent S and (b) 
modified Stent N1. (legend unit in mm)

A comparison of radial displacement of artery inside 
surface for original Stent S and Stent N1 (Fig 6) suggests 
a uniform displacement all along stent-artery contact 
region for modified designs. A closer look on artery 
displacement revealed a substantial misalignment of 
stent crown for Stent S due to absence of link (Fig 6a). 
This major drawback is eliminated in modified design 
(Fig 6b) due to bound stent crowns.

DISCUSSION

Radial displacement of arterial inside surface is a metric 
which expresses effectiveness of stent expansion. Larger 
area of higher displacement is comparatively more for 
Stent T in comparison with Stent S as link covers a larger 
area for former design. It is also revealed that radially 
more uniform expansion observed in the central region 
of stent cell, which is devoid of ‘link’ and least difference 
between maximum, and minimum radial displacement 
is observed in region   of stent structure, which is bound 
by ‘link’.

High VMS gradient points are found to be on location 
of artery, which is in line with the stent crown unbound 
by links. This essentially suggests that unbound link is 
prone to open up during expansion. This result suggested 
that link plays a major role in inducing a diffused stress 
pattern on artery.

It is noted from the investigation that stent crown is 
the region contributing to higher stress and higher 
displacement on artery segments. More importantly, 
it is observed that stent crown unbound by links can 
induce higher stress and stress gradient on artery due to 
higher penetration. Also, VMS and displacement pattern 
on artery surface are observed to be more uniform near 
stent crown bound by links hence suggesting the critical 
importance of link structure. Flexibility/conformability of 
stent structure is greatly affected due to link arrangement 
as suggested by simulation inside curved artery, which 
showed considerable distortion of natural curvature of 
artery.
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Symmetrical expansion for Stent N1 is arises from the 
symmetrical expansion of modified design, which is 
essentially brought about, by modified link placement 
which exhibits a direction independent bending thus 
adapting to the curvature of artery thereby minimizing 
the distortion. Symmetric displacement of arterial 
inside surface qualitatively signifies the flexibility/
conformability of the modified stent design. Fig 5 also 
shows variation of radial displacement of artery inside 
surface for original Stent S and all link design through 
paths, which passes through stent crowns.

Results of analysis are validated by comparing the 
maximum VMS on stent surfaces (280 MPa for Stent S, 
486 MPa for stent T) and artery surfaces (0.65MPa for 
Stent S,1.6MPa for Stent T) which are relatively closer to 
the values reported in (7,9,20).

CONCLUSION

This study investigates the performance of two stent 
models, which differs in its geometrical arrangements of 
struts and links, under expansion. Investigation of Von 
Mises Stress (VMS) distribution and radial displacement 
pattern revealed that stent crown is the region 
contributing to higher stress and higher displacement 
on artery segments. Higher stress above 475KPa may 
result in in-stent-restenosis (ISR) prone region(20). Most 
importantly, it is observed that stent crown unbound 
by links can induce higher stress and stress gradient 
on artery due to higher penetration. In addition, 
VMS and displacement pattern on artery surface are 
observed to be uniform near stent crown bound by 
links hence suggesting the critical importance of link 
structure. Flexibility/conformability of stent structure is 
greatly affected due to link arrangement, as suggested 
by simulation inside curved artery which showed 
considerable distortion of natural curvature of artery. 
Concluding, it is understood beyond doubt that link 
connections between stent crown is a major contributor 
in developed stress field and for flexibility. The results 
of numerical investigations on all link model suggested 
a substantial improvement in terms of flexibility as it 
exhibited directional independency while bending. This 
directional independency resulted in minimal arterial 
distortion when it expanded inside curved artery due 
to its enhanced conformability. It is also noted that 
link connecting the stent crowns prevented it from 
tangential movement, unlike in original Stent S, which 
can minimize endothelium damage. Modified designs 
not only resulted in better arterial displacement pattern 
in terms of uniform radial displacement all along stent-
artery contact surface but also achieved larger area of 
higher displacement compared to original Stent S. With 
these preliminary investigation, we can recommend 
more closed design (like Stent N1) for better stress 
field and displacement pattern and also  for direction 
independent bending.
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