
 

 
Abstract: Development of plaques compositions 

caused by atherosclerosis inside of coronary 
arteries is known as coronary artery disease. Its 
treatment includes the possibility of stent 
deployment through operation called 
percutaneous transluminal coronary angioplasty. 
In this procedure stent is delivered using a balloon 
catheter and then inserted across the lesion. The 
new stent design development or optimization of 
existing ones requires the performance of many 
expensive mechanical tests which are always 
followed by their time-consuming analysis. Thus, 
the possibility of those tests to be performed on 
computer, i.e., in-silico, instead of in reality, i.e. in-
vitro could remove the necessity of a greater 
number of in-vitro tests. With in-silico mechanical 
testing the analysis of all mechanical 
characteristics could be performed which would 
drastically decrease both the time and the 
expenses of the process and even gives the 
possibility to compare two or more designs. In this 
study, recently introduced material model of Poly-
L-Lactic Acid (PLLA) fully bioresorbable vascular 
scaffold and recently accredited numerical InSilc 
platform were used to perform in-silico mechanical 
tests on different stent designs that have different 
geometrical and material characteristics. In-silico 
tests include radial compression (RCI), inflation, 
three-point bending and two plate crush test 
whose results could provide well-grounded 
conclusions and thus a notable contribution in 
stent design and optimization. 
 

Index Terms: bioresorbable PLLA stent, design 
and optimization, finite element analysis, in-vitro 
mechanical test, vascular scaffold 
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1. INTRODUCTION 

oronary artery disease (CAD) is one of the 
world's major causes of mortality. 

Percutaneous transluminal coronary angioplasty 
(PTCA) can be used to treat CAD in a less 
invasive manner. The catheter balloon is used in 
PTCA to compress the arterial wall with an 
atherosclerotic plaque, allowing the stent to be 
delivered. PTCA generally results in good clinical 
success rates; nevertheless, the primary 
limitation of the procedure is restenosis of the 
treated artery in percentage of patient after 6–12 
months [2]. 

The influence of stent geometrical parameters 
on application characteristics is carefully 
investigated (artery surface ratio, strut spacing, 
cell length). The results of [3] for the Palmaz-
Schatz stent were compared to Carbostent and 
the Multi-Link Tetra stent from 2002, and 
geometric parameters revealed that deployment 
characteristics had a significant influence. 
Reduced artery surface ratio was associated with 
greater rates of radial and longitudinal reinvasion 
as well as reduced rates of dog boning. 

Because evaluation of performances of a 
coronary artery implanted stent may be 
challenging and costly, numerical computer 
methods have shown to be valuable tools for the 
evaluation of design and function of stents. All 
stents manufactured must pass standard, ISO-
compliant mechanical testing, a time-consuming 
and costly technique including several steps, 
multiple cycles of mechanical tests, and the 
modification of the underlying model is aimed at 
producing a stent design that passes all testing. 
The amount of genuine mechanical tests 
required, as well as their expenses, are reduced 
during in-silic mechanical testing. Manufacturers 
can compare the axial and radial conformance of 
their stent idea to market rivals or prior designs in 
their own portfolio using appropriate stress 
scenarios. 

Several studies have demonstrated that the 
finite element approach is an effective tool for the 
analysis of structural characteristics and 
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biomechanical impacts of stents in coronary 
arteries during deployment. The study [3] showed 
the usefulness of finite element method (FEM) for 
improving stent design. The use of FEM to 
anticipate the deterioration of a certain structure 
in response to cyclic stress can lead to significant 
advances in the design of biodegradable stent 
systems. The material model was created to 
account for the impacts of mechanical 
deformation during the accelerated biodegration 
process ([4] - [8]). In this model, material at fixed 
degradation is characterized with neo-Hookean 
purely elastic model, with energy density function 
dependent on the shear modulus and the first 
principal invariant of the right Cauchy-Green 
deformation tensor. 

We designed an Everolimus Eluting Platinum 
Chromium Stent – Boston Scientific Limited (SE) 
and subsequently an all BVS (the polymer 
bioresorbable stent produced from PLLA – [11]) 
model for a partly BVS stent (SYNERGYTM BP) 
in the [1] research. The PLLA material model 
combines average results of experimental 
uniaxial tensile testing carried out at three distinct 
temperatures in various dog-bone samples. 
There were three experimental PLLA curves 
available with different strain rates: 0.001 s-1, 
0.01 s-1 and 0.1 s-1. To compare the results of 
simulation and real-world tests for inflation, radial 
compression, and crush resistance testing, the 
coefficient of determination and correlation 
coefficient were employed. For the majority of the 
results, we obtained strong correlations between 
simulation and real experiments for the 
coefficient of determination (R2>0.99) and the 
correlation coefficient (R>0.99), demonstrating 
that in-silico tests can mimic the majority of the 
appropriate ISO standards for mechanical in-vitro 
stent device testing. This work contributed to the 
development of a novel method of evaluating 
stent performance in vivo and in-vitro since there 
is a significant shortage of knowledge, 
particularly in the field of implantable 
biodegradable stents, which may have several 
advantages. 

This article compares and examines the 
influence of strut thickness on the mechanics of 
the two stent BVS and PLLA stents, as well as 
the impact of extra pocket holes on the two stent 
geometries (slots). For chosen stent types, many 
mechanical tests are replicated and evaluated. 
The outcomes are contrasted and explained. We 
hope that the findings of this document will 
significantly contribute to the optimization and 
design of stents. 

2. METHODS AND MATERIALS 

2.1. Stent Designs 

Boston Scientific Limited [11] provided the 
model of a polymer prototype of a bioresorbable 
stent (Figure 1a). The stent measures 16 mm in 
length, 3 mm in internal diameter (the same as 
the tubing used for laser-cutting of stents), 184 
µm strut, and 115 mm strut thickness. The 
characteristics of the stent are: 

- AB-BVS: 
o Outer radius: 1.65 mm 
o Inner radius: 1.49 mm 
o Length: 12.18 mm 
o No of hexahedral elements: 46728 

- AB-BVS thinner: 
o Outer radius: 1.62 mm 
o Inner radius: 1.49 mm 
o Length: 12.18 mm 
o No of hexahedral elements: 46728 

- PLLA prot: 
o Outer radius: 1.62 mm 
o Inner radius: 1.5 mm 
o Length: 15.68 mm 
o No of hexahedral elements: 16488 

- PLLA prot-slots: 
o Outer radius: 1.62 mm 
o Inner radius: 1.5 mm 
o Length: 15.68 mm 
o No of hexahedral elements: 40908 

Figure 1 shows the geometry of all, previously 
mentioned stents. 

 

 
Figure 1: Stent geometry [12] 

Four tests are used to evaluate the model's 
properties: radial compression (RCI), inflation, 

crush test (two plate), and three-point bending.  
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2.2. Material Model of Stent Prototype 

The original stent polymeric device is 
constructed of Poly-L-Lactic Acid (PLLA), an 
elasto-visco-plastic polymer with a non-trivial 
mechanical behavior that is affected by both 
strain rate and operation temperature. The finite 
element PAK solver's material model [9] is based 
on experimental data given by the manufacturer 
[11]. The average results of uniaxial tensile tests 
performed on a number of dog-bone samples 
with gauge length L = 5 mm, width W = 2 mm, 
and thickness t = 0.105 mm were supplied by the 
manufacturer. Temperatures of 25°C, 37°C, and 
48°C were used in the tests. For each of 

previously mentioned temperatures, three distinct 
curves were available, corresponding to three 
different strain rates: 0.001 s-1, 0.01 s-1, and 0.1 
s-1. Figure 2 upper left panel depicts the uniaxial 
stress-stream curves for various strain rates at T 
= 25° C. Although stress levels grow at greater 
and lower temperatures, they reduce at higher 
and lower temperatures, respectively. The 
experimental results show an initial elastic 
response, a strain rate dependent yield point, and 
plastic behavior before hardening. Any 
experimental curve that is accessible to the 
stenting material, which is a significant advantage 
over commercial software, cannot be employed. 

 

 
Figure 2:Stress-Strain curves, unloading curves and contact properties of the model [12]

To be utilized in finite element numerical 
simulation, the 3D stress-strain state must be 
represented using uniaxial experimental data. 
The finite element model is based on the idea of 
virtual work equivalency in 1D and 3D stress-

strain. The following comparable stress   and 

strain e are used [10]: 

   
   
   

1/2
2 2

11 22 22 33

2 2 2 2
33 11 12 23 31

1

2 6

   


    

                

(1) 

                 
 

 

1/2

2 2 2
11 22 33

2 2 2
12 23 31

2

3
1

3

e e e
e

  

   
  
     

   

 (2) 

where ij
 stress components; ije

 are strains, 

with ij
being engineering strains.  

The empirically determined uniaxial constitutive 
equations are utilized with these equivalent 
stress and strain, which are assessed at each 
integration point - within the finite element model. 
The schematic representation of uniaxial stress-
strain curves for varied strain rates at 
temperature T1 is given in Fig 2 upper right 
panel. Using an interpolation method, we derive 
equivalent stress for current strain based on 
these curves, which is then employed in our 
model. 

The computational procedures for a model 
based on experimental curves are separated into 
three phases: loading, unloading, and reloading 
[1]. In the loading phase, final stress and 
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factorize the tangent matrix are being calculated 
based on current equivalent strain and current 
equivalent strain rate, as described in the 
Appendix of [1]. Unloading happens in 
accordance with the unloading curves. Each 
loading curve corresponds to one unloading 
curve (Figure 2 bottom panel). In the unloading 
phase, we conduct interpolation in the following 
manner. If the strain is ue  at the end of the 

loading phase and the interpolation was between 
curves 1 and 2 (left panel of Fig. 2 bottom panel), 
then the unloading is linearly interpolated 
between curves d and f, with tangent elastic 
matrix and no change in permanent strains. 

The formation of the unloading curves is 
depicted schematically in Fig. 2 bottom panel 
right panel by translation of the rear half of the 

unloading curve for value 
1
u ue e e   . We must 

verify the reloading to see if it achieves the 
loading curves. For loading circumstances, we 

compute elastic equivalent stress 
t t
E


 and 

compare it to stress based on loading curves 1 . 
If elastic equivalent stress is greater than stress 
represented on the loading curves, the loading 
follows loading curves, through the use of scaling 
factor in order to meet the loading curves 
requirements. Additional information can be 
found in the Appendix of [1]. 

 

2.3. Verification and Validation of In-Silico 
Models 

The detailed verification of the material model 
utilized in the finite element PAK solver [9] is 
described in this paper [1]. The input data for the 
material model was based on experimental 

curves given by the manufacturer [11]. Authors 
found that the completed simulations replicate 
the genuine tests with extremely high precision 
by examining and comparing diameter-pressure 
curves and diameter-load curves produced from 
simulation with data from real experiments in 
various standard tests [1]. The authors offer 
validation of this new material model in this paper 
by evaluating and comparing simulation findings 
on two geometrically distinct models. 

3. RESULTS 

3.1. Radial Compression Test 

In order to assess the load/deformation 
properties of the stent, an in-vitro experiment 
applied circumferentially uniform radial load. In 
this simulation, the stent is positioned so that the 
central stent axis is parallel to the Z axis. One 
end of the stent's node movement is fixed in the 
Z direction. The stent was compressed at a 
consistent pace, with the contact boundary 
condition set between the stent's outer surfaces 
and the cylinder's interior surfaces [1]. The radial 
force is applied to the exterior surface of the 
cylinder, which is placed outside the stent, to 
simulate the “Mylar” loop crimping device. 
Similarly, the objective of the in-silico test was to 
compress the stent to a radius of 1 mm in order 
to assess the influence of strut thickness and 
slots on the stent's properties. This was 
accomplished through the use of cylinders (outer 
and inner), with the outer cylinder compressed to 
replicate a realistic test. Figure 3a depicts 
boundary circumstances that mirror the test [1].

Figure 3: Boundary conditions for: a) Radial compression test; b) Inflation test; c) Three-point bending test; d) Crush test [12]
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3.2. Inflation Test 

While the in-vitro experiment uses a computer-
controlled Nexus 500 syringe pump to inflate the 
stent with 99.96% accuracy in order to determine 
the diameter required to inflate the balloon to the 
nominal recommended pressure, the goal of this 
in-silico test was to inflate the stent up to the 
nominal radius [1] of 3 mm in order to determine 
the effect of a strut. This was accomplished by 
the use of cylinders (outer and inner), with the 
outer cylinder squeezed to replicate a realistic 
test. The stent is positioned for in-silico 
simulations so that the central stent axis is 
collinear with the Z axis. The movement of nodes 
at one end of the stent is fixed in the Z direction. 
A slower inflation rate ensures numerical stability. 
The pressure is applied to the inside surface of 
the balloon, which is inserted into the stent. In 
order to provide realistic findings, the Radial 
Compression test data were combined with 
residual stresses. The contact boundary 
condition is established between the internal 
surfaces of the stent and the outside surfaces of 
the balloon. Figure 3b depicts boundary 
circumstances that mirror the test [1]. 

3.3. Three-point Bending Test 

Test standard, ASTM F2606, provides 
recommendations for quantitatively evaluating 
stent flexibility utilizing three-point bending 
methods. It is offered to characterize the flexibility 
of deployed stents. The in-vitro test was carried 
out using an AMETEK Brookfield machine with a 
displacement precision of 0.05mm, a highly 
accurate low force load cell 9.8N (resolution of 
0.00098N), and a specifically developed tool for 
tiny size devices. At 37°C, pH 7.4 phosphate-
buffered saline is used for testing. pH and 
temperature are chosen for the test setting to 
imitate a therapeutically relevant environment. 
The sample is held in place by three-point band 
fasteners. At the start of the test, the axial load 
machine compresses the device at a certain 
location while the equipment measures load and 
displacement during the operation. 

The stent is positioned in the FE numerical 
simulation so that the central stent axis is 
collinear with the Z-axis. All stent nodes in the XZ 
coordinate plane are bounded in the Y direction, 
whereas all stent nodes in the XY coordinate 
plane are bounded in the Z direction. Three rigid 

body cylinders are arranged so that their central 
axes are parallel to the X-axis. The top cylinder 
applies an axial force, while the below cylinders 
are stationary. The contact boundary condition is 
established between the outer surfaces of the 
stent and the outer surfaces of the cylinders. 
Those boundary conditions are exact replicas of 
the genuine test. This test's objective was to 
bend the stent for at least half of its diameter. In 
order to provide realistic findings, the output of 
the inflation test was used as an input, along with 
residual stresses. Figure 3c depicts boundary 
conditions simulating the test [1]. 

3.4. Crush Test/Two Plate Test 

In-vitro test was done using two plates and a 
load force at a uniform rate in order to determine 
the load required to cause clinically relevant 
deflection or bulking equivalent to diameter 
reduction of at least 50%. Similar to that, the goal 
of this in-silico test was to compress stent for at 
least half of its diameter using two plates. One 
plate was acting as a support while other was a 
compressing stent. In this simulation, the stent is 
positioned in such a way that the central stent 
axis is collinear with Z axis, between the two 
plates (top and bottom). Node movement at one 
end of the stent is fixed in the Z direction. All 
stent nodes located in the XZ coordinate plane 
are bounded in the Y direction and all stent 
nodes located in the YZ coordinate plane are 
bounded in the X direction. The axial force is set 
on the top plate while the bottom plate is fixed. In 
order to provide realistic results, output of 
Inflation test was taken as an input together with 
residual stresses. The contact boundary 
condition is set between the stent outer surfaces 
and the surfaces of the plates. Boundary 
conditions mimicking the test [1] are presented 
on figure 3d. 

3.5. Computed Results for all Stents 

Figure 4 first panel and Figure 5 first panel 
show the stress distribution from the radial 
compression test of AB-BVS and AB-BVS thinner 
stents, respectively. 
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Figure 4: Stress distribution from all tests for AB-BVS stent 

As seen in Figures 4 and 5 first panels, 
reduced strut thickness (5) results in larger stress 
concentrations on struts. However, the 
concentration is primarily in the middle of the 
strut rather than on the junction between the strut 
and rings, as on the thicker model, where larger 
stress concentrations might result in a critical 
failure. 

Figures 4 and 5 second panels show the stress 
distribution from Inflation test for AB-BVS and 
AB-BVS thinner stents, respectively. 

As seen in Figures 4 and 5 second panels, 
reduced strut thickness (5) in the Inflation test led 
to lower stress concentrations on the struts, 
resulted in greater structural integrity.  
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Figure 5: Stress distribution from all tests for AB-BVS thinner stent 

Figures 4 and 5 third panels show the stress 
distribution from Three-point bending test for AB-
BVS and AB-BVS thinner stents, respectively. As 
it can be observed from the figures, lower 
thickness of strut in Three-Point bending test 
resulted in lower concentrations of stress on 
struts thus providing better structural integrity. 

Stress distribution from Crush test (Two plate 
test) for AB-BVS and AB-BVS thinner stents can 
be observed on figures 4 and 5 bottom panels. 
From the previously mentioned figures it can be 
observed that the reduced strut thickness (5) in 
the Crush test resulted in lower stress 
concentrations on the struts, resulting in greater 
structural integrity. 

Figures 6 and 7 first panels show the stress 
distribution from Radial Compression test for 
PLLA prot and PLLA prot-slots stents 
respectively. As it can be observed from Figures 

6 and 7 first panels, putting more slots (7) on the 
model results in better stress distribution than the 
model without them, thereby relaxing the stent's 
structure in terms of stress concentrations. 

Figures 6 and 7 second panels show the stress 
distribution from Inflation test for PLLA prot and 
PLLA prot-slots stents respectively. Figures show 
that adding extra slots on the stent (7) had no 
significant effect on stress distribution during the 
inflation test. The inflation test simulation also 
provides results for numerous other tests, 
including foreshortening, dog boning, and stent-
free surface area. 
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Figure 6: Stress distribution from all tests for PLLA prot stent 

Stress distribution from the Three-point 
bending test for PLLA prot and PLLA prot-slots 
stents have been presented on figures 6 and 7 
third panel. On them we can observe that having 
additional slots on stent (7) did not make any 
significant change on stress distribution during 
the Three-point bending test. 

Figures 6 and 7 bottom panels show the stress 
distribution from the Crush test (Two plate test) 
for PLLA prot and PLLA prot-slots stents 
respectively. As shown, adding extra slots on the 
stent (7) had no significant effect on stress 
distribution during the Inflation test. 
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Figure 7: Stress distribution from all tests for PLLA prot-slots stent 

4. CONCLUSION 

In this study we offered an in-silico 
environment for mechanical testing of several 
types of stent devices - a prototype bioresorbable 
stent from Boston Scientific Limited representing 
completely BVS devices with varying geometrical 
features. The in-silico platform is based on a 
newly created material model for simulation of 
PLLA that employs an experimental curve and 
has been proved to be a trustworthy technology 
based on a high level of agreement with 
experimental test results. The introduced FE 
model demonstrated the capacity to conduct 
simulations with various stent designs with 
varying geometry and material properties. 
Furthermore, any type of experimental curves 
available for the stent material may be utilized, 
which is a huge advantage over commercial 
software that does not allow for this. 

The proposed material model for PLLA, which 
was developed using original experimental data, 
contains average results of uniaxial tensile tests 
performed on a variety of dog-bone samples at 
three distinct temperatures. For boundary 
conditions, prescribing material models, material 
characteristics, and nonlinear interaction, all 

simulations require many hours of setup. The 
simulation takes a few hours to run due to the 
intricacy of the majority of the tests. 

Inflation, radial compression, and crush 
resistance tests were demonstrated. The residual 
stress and starting geometry for various tests are 
directly derived from prior running tests such as 
crimping and expanding. It has been 
demonstrated that in-silico tests using our 
material model for bioresorbable PLLA stents can 
mimic the majority of the appropriate ISO 
standards for mechanical in-vitro stent device 
testing. Such a method opens up a new avenue 
for in-silico tests that can partially or completely 
replace real mechanical testing. 
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