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  An experimental-nonlinear finite element study 
of a balloon expandable stent inside a realistic 
stenotic human coronary artery to investigate 
plaque and arterial wall injury   
  Abstract:   The stresses induced within plaque tissues and 

arterial layers during stent expansion inside an athero-

sclerotic artery can be exceeded from the yield stresses of 

those tissues and, consequently, lead to plaque or arte-

rial wall rupture. The distribution and magnitude of the 

stresses in the plaque-artery-stent structure might be dis-

tinctly different for different plaque types. In this study, 

the mechanical properties of six healthy and atheroscle-

rotic human coronary arteries were determined for appli-

cation in plaque and arterial vulnerability assessment. A 

nonlinear finite element simulation based on an Ogden 

material model was established to investigate the effect of 

plaque types on the stresses induced in the arterial wall 

during implantation of a balloon expandable coronary 

stent. The atherosclerotic artery was assumed to consist of 

a plaque and normal arterial tissues on its outer side. The 

results indicated a significant influence of plaque types 

on the maximum stresses induced within the plaque wall 

and arterial wall during stenting but not when comput-

ing maximum stress on the stent. The stress on the stiff-

est calcified plaque wall was 3.161 MPa, whereas cellular 

and hypocellular plaques showed relatively less stress 

on their wall. The highest von Mises stresses within the 

arterial wall were observed on the hypocellular plaque, 

whereas the lowest stresses were seen to be located in the 

calcified and cellular plaques. Although the computed 

stresses on the arterial wall for the calcified and cellular 

plaques were not high enough to invoke a rupture, the 

stress on the hypocellular plaque was relatively higher 

than that of the strength of the arterial wall. These find-

ings may have implications not only for understanding 

the stresses induced in plaque and the arterial wall, but 

also for developing surgeries such as balloon-angioplasty 

and stenting.  

   Keywords:    arterial injury;   atherosclerosis;   coronary artery; 

  nonlinear finite element simulation;   plaque vulnerability.   
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   Introduction 
 Atherosclerosis arises when additional cholesterol 

attaches itself to the walls of the blood vessels. It is ranked 

within the top deadliest cardiovascular diseases, in which 

embedded cholesterol attracts cellular waste products, 

calcium, and fibrin  [27, 46] . These plaques can cause 

artery occlusion leading to a remarkable reduction in 

blood flow  [8, 22] . 

 Several treatment procedures are recommended to 

support the arterial walls to diminish the obstruction of 

arteries due to plaque occlusion, including balloon angi-

oplasty and stenting, bypass surgery, and atherectomy 

 [1,  50] . In cases of coronary artery occlusion, most per-

cutaneous treatment procedures involve coronary stent 

implantation, which is a mechanical method for coronary 

artery disease treatment. The outcomes of stenting proce-

dures depend on the geometry and the mechanical prop-

erties of each component involved in this process, that is, 

the artery, plaque, stent, and balloon  [2] . 

 Plaques are histologically classified as calcified, cel-

lular, and hypocellular, which have been shown to have 

statistically different mechanical properties under radial 
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compressive loading  [41] , and non-significant differences 

under tensile loading  [44] . Although it has been reported 

that the stiffness of hypocellular plaques were on average 

about twice as stiff as cellular plaques under tensile stress, 

statistical analyses revealed non-significant alterations 

within the tensile properties of plaque groups. Therefore, 

it might be expected that different plaques respond differ-

ently to the same stenting procedure  [52] . As it has been 

shown that plaque type can be determined using imaging 

techniques  [4, 47] , quantifying the injury or loading 

within different plaques and arterial wall during stenting 

is necessary to determine the magnitude of stresses and, 

consequently, optimize both stenting procedures and the 

design of stents. 

 The finite element (FE) method has been used exten-

sively to investigate implant-artery interactions during 

and following stent placement  [11, 38, 43, 54] . Finite 

element models of complex atherosclerotic plaques have 

been developed, initially in two or three dimensions and/

or without a stent present  [27, 33, 42, 49]  to investigate 

stent-artery interactions. Pericevic et al.  [51]  performed the 

first scientific study to investigate the influence of plaque 

composition on underlying arterial wall stress during 

stent expansion using porcine artery mechanical proper-

ties. However, recent studies on stent-artery interaction in 

order to characterize the most vulnerable plaque during 

stenting have almost entirely used animal artery mechani-

cal properties. The mechanical properties of animal coro-

nary arteries are bounded value and can only be used for 

approximate estimation of cognate parameters in human. 

In addition, it has been indicated that the mechanical 

properties of human and porcine arteries are significantly 

different  [24, 31]  and, subsequently, the implementation 

of simplified animal artery mechanical properties might 

affect the induced stress value on the plaque, artery, and 

stent wall. 

 This study is aimed at determining the influence of 

plaque properties on the stresses induced within the arte-

rial wall due to the implantation of a balloon expandable 

coronary stent inside a stenotic artery using a nonlinear 

finite element approach. To do this, human coronary 

arteries were removed from healthy and atherosclerotic 

individuals within 5  h postmortem. The samples were 

then subjected to a series of circumferential tensile tests. 

The Ogden hyperelastic material coefficients were com-

puted using obtained stress-strain diagrams. The Ogden 

material coefficients were implemented into the FE model 

for further study. It is believed that the understanding of 

the stresses within the plaque tissues and arterial wall 

will provide a comprehensive knowledge as to which 

plaque tissue is more vulnerable to initiate the rupture. In 

addition, it will provide a valuable knowledge for plaque 

vulnerability assessment to minimize injury to the artery 

wall.  

  Materials and methods 
  Experimental procedures 

 The surgical and tensile test procedures have been comprehensively 

described in our previous studies  [17, 24, 30 – 32] . Briefl y, the coronary 

arteries were excised at autopsy from six male individuals. The coro-

nary arteries were then stored in a solution of 0.90% w/v of NaCl in 

4 – 5 ° C before the test begins to lessen tissue degradation. The coro-

nary artery specimens were taken out from the physiological saline 

and subjected to a circumferential constant strain of 5 mm/min to 

obtain their stress-strain diagrams aft er preconditioning  [12, 19, 20, 

23, 35] . The use of human testing materials was approved by the Eth-

ics Committee of the Legal Medicine Organization.  

  Model structure and mesh 

 A comparative three-dimensional numerical simulation of an ide-

alized stent-plaque-artery interaction was developed to anticipate 

stress conditions within plaque, arterial wall, and stent during stent 

deployment for various plaque compositions. Three models were 

developed, each representing a plaque of diff erent material compo-

sition, such as calcifi ed, cellular, or hypocellular. The models were 

established, meshed, and solved using the explicit dynamics fi nite 

element code LS-DYNA 970 (LSTC, Livermore, CA, USA). The balloon, 

stent, plaque, and artery dimensions were obtained from the avail-

able studies  [3, 14, 27, 33] . Briefl y, the stent design used in the simula-

tions was based on the 3.5 mm Driver stent (Medtronic, Minneapolis, 

MN, USA). The individual stent strut width was 0.1963 mm in the cir-

cumferential direction and the length of the bridging strut connect-

ing between the two adjacent cells was 0.29 mm. The fi nite element 

model of the stent was meshed with brick elements to properly model 

the geometry. A polyurethane rubber type material was used to rep-

resent the balloon. The balloon as a medium to expand the stent was 

modeled to be 12  mm in length. The outer diameter of the balloon 

was 2.9 mm and the thickness of the balloon was 0.1 mm. The balloon 

was modeled using eight node three-dimensional explicit dynamic 

solid brick elements. By taking the advantage of symmetrical con-

ditions, only a quarter of the stent and balloon was modeled. Sym-

metric boundary conditions were imposed on the nodes of the stent 

and balloon in the planes of symmetry where all the nodes perpen-

dicular to the y-axis were not allowed to move in y - direction and all 

the nodes perpendicular to the x-axis were not allowed to move in 

x-direction. Both ends of the stent were free from any constraints so 

that the expansion and shortening behavior of the stent would be 

observed. For modeling purposes, the balloon was assumed to be 

fully tethered at both ends, and hence, only the expansion in a radial 

direction was permitted. An automatic surface-to-surface algorithm 

approach was selected in order to cope with the nonlinear contact 

problem between the two component surfaces. The inner diameter 

of the healthy artery and the stenotic plaque (middle section) was 
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4 mm and 2.5 mm, respectively. The artery on the outer side of the 

plaque was considered to consist of three tissue layers, including 

intima, media and adventitia, with a thickness of 0.10 mm, 0.20 mm 

and 0.20 mm, respectively. The interfaces between diff erent artery 

layers were assumed to be coherent and treated as perfectly bonded, 

which is also the case for the interface between the artery wall and 

the stenotic plaque. 

 The pressure load was applied as a surface load on the inner 

surface of the balloon, expanding the stent radially past its elastic 

limit to a maximum diameter before failure stress was reached. The 

balloon was subjected to a uniform internal pressure increasing from 

0 to 0.409  MPa at a constant rate of 1.635 ms. Ramp loading at an 

adequately slow rate that has small kinetic energy or small oscilla-

tions helps to fi nd the relationship of pressure level to ultimate ten-

sile strength of the stent material. In order to get rid of, or to diminish 

the dynamic eff ects, some analyses with diff erent values of system 

damping coeffi  cient were conducted. It was found that the system 

damping coeffi  cient of ten triggers suitable results.  

  Material properties-constitutive equations 

 A bi-linear elasto-plastic material model was employed for the stent 

material. The material properties were chosen to approximately 

represent stainless steel 304. This material model accounts for the 

permanent stent deformation following expansion. Nonlinear analy-

sis approach and a hyperelastic material model were chosen to rep-

resent the balloon. Two parameter Mooney-Rivlin model constants 

were derived using test data, which represents all modes of deforma-

tion and strain ranges that the model will experience  [3] . 

 The arterial wall and three types of plaque material (calci-

fi ed, cellular, and hypocellular)  [14, 22, 27]  were defi ned by the 

Ogden hyperelastic constitutive equation. This has been found to 

adequately describe the nonlinear stress-strain relationship of elas-

tic arterial tissue  [14, 18, 39] . An isotropic material has the same 

mechanical response regardless of loading direction. For an iso-

tropic hyperelastic material, the strain energy density function  W  

is a scalar function of the right Cauchy-Green deformation tensor, 

 C . The scalar function is composed of either the principal invari-

ants or the principal stretches of the deformation, both of which 

are derived from the right Cauchy-Green deformation tensor  [5, 

13, 16, 21, 26] . The experimental data was used to calibrate an iso-

tropic hyperelastic strain energy density function in order to gener-

ate stress-strain. Under the assumption that artery and plaque are 

nearly incompressible and isotropic materials  [12, 30] , it was pos-

sible to fi t a general polynomial isotropic constitutive equation to 

form Eq. 1. 

   
2

1 21 1

1
( -3) ( -3) ( -1) , 0,1, , 1,2, ,

N Ni j i
iji j i

i

W C I I J i j N i j N
D+ = =

= + = + =∑ ∑ � … � …

 (1) 

 In general, an isotropic hyperelastic incompressible material is char-

acterized by a strain-energy density function  W  which is a function 

of two principal strain invariants only:  W   =   W ( I  
1
 ,  I  

2
 ), where  I  

1
  and  I  

2
  are 

defi ned as  [15, 48]  

    2 2 2

1 1 2 3
I λ λ λ= + +  (2) 

    2 2 2 2 2 2

2 1 2 1 3 2 3
I λ λ λ λ λ λ= + +  (3) 

 Here,   2 2

1 2
, ,λ λ  and   2

3
λ  are the squares of the principal stretch 

ratios, linked by the relationship   λ   
1
    λ   

2
    λ   

3
   =  1, due to incompressibility 

 [28, 36] . 

 Two diff erent isotropic constitutive models were examined: 

Ogden (Eq. 4) and Mooney-Rivlin (Eq. 5). The Mooney-Rivlin  [6, 14, 

25, 29]  models are special cases of the polynomial constitutive equa-

tions while the Ogden  [7]  can be also considered as a polynomial 

form in terms of the stretch ratios as its variables instead of the invar-

iants. The polynomial along with the other specialized forms of the 

constitutive equations can be written as: 

    

i i i 2

1 2 31 1

1
( -3) ( -1)

N N ii
i i

i i

W J
D

α α αμ
λ λ λ

α= =
= + + +∑ ∑

 

(4)

 

    

2

10 1 01 2

1

1
( -3) ( -3) ( -1)W C I C I J

D
= + +

 

(5)

 

 where  J  =  det ( F ) and  F  is the deformation gradient. The terms,  I 
1
  ̅   and  

 I 
2
  ̅   are the fi rst and second invariants, respectively, of the left  Cauchy-

Green strain tensor,  B  ̅ . For a modifi ed deformation gradient   
1

-
3F J F=  

the Cauchy-Green strain tensor assumes the form:  B  ̅   =   F  ̅  F  ̅   T  . The princi-

pal stretch,   λ   ̅  
 l   is the eigenvalue of  F  ̅  (deformation gradient)  [34, 37] . 

The polynomial coeffi  cients,   μ   
 i  ,   α   

 i  , and  C  
 ij   are material constants that 

were fi t from the experimental data. 

 The fully integrated artery-plaque-stent model was solved by 

a commercial explicit dynamics fi nite element code LS-DYNA 970 

(LSTC). The hyperelastic material coeffi  cients of arterial/plaque/

balloon tissue and bilinear elasto-plastic model of stent are listed in 

 Table 1  . The Ogden and Mooney-Rivlin material coeffi  cients for the 

human coronary artery tissues were calculated using a nonlinear 

least square fi t optimization method, trust region algorithm. To do 

this, the materials coeffi  cients were calibrated with experimental 

data provided by uniaxial tensile test.  

  Statistical analysis 

 Data were fi rst analyzed by analysis of variance (ANOVA); when sta-

tistical diff erences were detected, student ’ s t-test for comparisons 

between groups was performed using SPSS soft ware version 16.0 

(SPSS Inc., Chicago, IL, USA). Data are reported as mean ± standard 

deviation at a signifi cance level of p  <  0.05.   

  Results and discussion 
 Expanding a stent inside an artery will subject the 

plaque and artery to high stresses that can injure the 

tissue, potentially leading to further smooth muscle 

cell proliferation, neointimal hyperplasia and therefore 

in-stent restenosis. The level of stent-induced injury to 

the arterial tissue depends on a number of factors, such 

as the stent design, the geometry and curvature of the 

artery, the pressures to which the stent-delivery balloon 

is inflated, and the mechanical properties of the artery 

and plaque. 
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4      A. Karimi et al.: Investigation of plaque and arterial wall injury

 The objective of this study was to determine the 

mechanical properties of healthy and atherosclerotic 

human coronary arteries ( Figure 1  ). In addition, a further 

objective was to investigate the influence of artery and 

plaque type on the stresses induced in the plaque, arte-

rial wall, and stent for the same stent geometry within 

an idealized model of a stenosed artery as presented 

in  Figure  2  . The distribution of von Mises stress in the 

plaques is shown in  Figure 3   for calcified, cellular, and 

hypocellular plaque. In addition, the stress distribution 

in the expanded stents is indicated in  Figure 4   for calci-

fied, cellular, and hypocellular plaque. The symmetrical 

stress distributions around the central axis of artery prove 

the modeling and imposed boundary conditions. A com-

parative histogram representation of maximum stress on 

plaque and stent is demonstrated in  Figure 5  . The plaque 

 Table 1 :     The material coefficients of arterial tissue layers, plaque tissue, balloon, and stent.  

Arterial tissue (Ogden)     μ  1  (MPa)     μ  2      μ  3      α  1      α  2      α  3   

Healthy artery   0.431   -0.349   -0.032   8.317   8.311  -20.135

Atherosclerotic artery   0.830   0.651   -1.285   -13.818   12.719  -25.000

Arterial tissue (Mooney-Rivlin)   C 
10

  (MPa)   C 
01

   C 
20

   C 
11

   C 
02

    – 

Healthy artery   0.115   -0.049   1.403   -3.370   2.201   – 

Atherosclerotic artery   1.574   -1.409   -14.347   38.065   -25.227   – 

Plaque (Mooney-Rivlin)    μ  
1
  (MPa)    μ  

2
    μ  

3
    α  

1
    α  

2
    α  

3
 

Calcified   -4.954   2.869   2.136   24.328   24.999  23.152

Cellular   7.280   -9.733   -2.245   -4.742   -1.792  -7.923

Hypocellular   -0.588   0.654   -0.048   12.452   12.451  -25

Balloon (Mooney-Rivlin)   C 
10

  (MPa)   C 
01

    –    –    –    – 

  1.031   3.69    –    –    –    – 

Stent (Bi-linear elasto-plastic)   Young modulus (MPa)  Shear modulus   Tangent modulus  Yield strength   –    – 

    193,000    75,000    692    207     –      –   

 Figure 2:      The finite element model of arterial wall, plaque, balloon, 

and stent.    

A

B

 Figure 1:      The (A) healthy and (B) atherosclerotic human coronary 

arteries.    

type was observed to have a significant influence on the 

stresses induced within the artery during stenting. The 

results revealed that the highest stress occurred in a cal-

cified plaque with 3.169 MPa. This stress for cellular and 

hypocellular plaque was 1.912 and 2.51 MPa, respectively 

(Figure 5A). It was also indicated that the highest stress 

occurred in the calcified plaque was high enough for 

fracture in this pretty brittle material  [38] . Stress analysis 

showed non-significant differences on stents for different 

plaque types (Figure 5B). The von Mises stresses on the 

stents were found to be similar in all cases, in terms of 

both distribution and magnitude with   <  2% differences. 

However, the maximum von Mises stress on the calcified 

plaque is higher than that on the hypocellular plaque 

as compared in Figure 5A. Previous studies indicated 

the maximum stress of 249 MPa in stent  [33] . This study, 

however, computed the maximum stress as a function 

of plaque types. A maximum von Mises stress on stent 

for calcified plaque was 1.57% and 1.33% higher than 
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from each other to form a rhomboid shape of cells during 

the expansion. In most cases, the stress concentration 

tends to occur on the plaque due to the direct contact of 

the plaque with the expanded stent. The central radial 

displacement of the plaque and arterial walls during 

stent expansion is predicted to depend on the plaque 

type. The stress-strain diagram of the plaque tissues is 

plotted in  Figure 6  A. The calcified and cellular plaques 

were observed to have almost same mechanical behav-

ior, whereas the lowest stress was seen for hypocellular 

plaque. The stress for an arbitrary element on the arterial 

wall was computed for arterial wall injury assessment. 

A comparative stress-strain diagram of the arterial wall 

under radial loading for calcified, cellular, and hypocel-

lular plaque is presented in Figure 6B. In addition, a com-

parative histogram representation of maximum stress 

on the arterial wall for calcified, cellular, and hypocel-

lular plaques were computed and presented in  Figure 7  . 

The stresses on the arterial wall with calcified and cel-

lular plaques were predicted to be relatively low, while 

the highest computed stresses was seen to be located on 

the arterial wall with hypocellular plaque. These results 

suggest that the arterial wall with hypocellular plaque is 

prone to rupture, whereas the arterial wall with calcified 

and cellular plaque play a protective role. After defla-

tion, the maximum stress shifted to the plaque, espe-

cially at locations where the stent and the plaque are in 

full contact. Regarding the stress on the arterial wall, the 

highest stress was observed with the hypocellular plaque 

(448 kPa), while the lowest stress was seen with the cal-

cified plaque (100 kPa). The reason is that the calcified 

plaque is much stiffer and more resistant to stretch than 

the hypocellular plaque, which prohibited the effective 

expansion of the stent-artery system. 

 The predicted stress levels were used to estimate the 

minimum and maximum percentage of plaque tissue 

that might rupture during stent deployment in the given 

artery as a function of plaque type. The risk of arterial 

damage and/or rupture is higher for hypocellular plaque, 

as calcified and cellular plaques show considerable load-

bearing abilities that diminish the stresses within the 

arterial tissue layers. Based on reported values of stress 

at calcified plaque fracture  [10, 44] , fracture is antici-

pated to happen in calcified plaques regardless of stent 

inflation pressures. Available fracture data  [44]  for dif-

ferent plaque types suggest that rupture may occur over 

a large range of stress values. From this data, the critical 

stress range was taken to be 160 – 700 kPa for the calcified 

plaque tissue, 300 – 640 kPa for the cellular tissue, and 

550 KPa for the hypocellular tissue. Our results predicted 

the stress values of 2.38, 1.91, and 1.59 MPa for calcified, 
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 Figure 3:      Stress distribution on plaque wall for (A) calcified, 

(B) cellular, and (C) hypocellular plaques. (Stresses are reported 

in Mbar).    

that of cellular and hypocellular ones, respectively. The 

region of highest stresses is located at the four corners of 

the cells. This is related to the struts being pulled apart 
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 Figure 5:      A comparative histogram representation of maximum stress on (A) plaque wall and (B) stent for calcified, cellular, and hypocel-

lular plaques.    
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 Figure 4:      Stress distribution on stent for (A) calcified, (B) cellular, and (C) hypocellular plaques. (Stresses are reported in Mbar).    
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cellular, and hypocellular, respectively. These results 

suggest that the risk of plaque rupture almost equal for 

all plaque types with a relatively higher risk for calcified 

plaque owing to a considerable difference from its criti-

cal range. Considering a lower rupture stress for calci-

fied tissue (160 kPa), it seems that the risk of failure and/

or embolisis is highest for this plaque type. As a result 

of the highest stiffness of calcified plaque compared to 

cellular and hypocellular plaques, the highest stress on 

arterial wall may occur  [44] . Pericevic et al.  [51]  indicated 

that higher stresses occurred in the artery wall for cel-

lular and hypocellular plaques, while the stiffer calcified 

plaque appeared to play a protective role. Our results 

indeed suggest that higher pressure can be applied to 

calcified plaques with a lower risk of arterial vascular 

injury. The results also suggest the need for the design 

of artery and lesion specific stents, where imaging tech-

niques, such as intravascular ultrasound  [9]  or high-res-

olution magnetic resonance imaging  [40, 45] , are used to 

determine plaque composition prior to angioplasty and 

stenting. 
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 Figure 6:      The stress-strain diagrams of (A) different plaques and (B) arterial tissue during stent expansion inside a stenotic artery.    
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 Figure 7:      A comparative histogram representation of computed and 

experimental maximum stress data in the arterial wall for calcified, 

cellular, and hypocellular plaques.    

  Limitations 

 Although the present study tried to investigate the vulner-

ability within arterial and plaque tissues using nonlinear 

FE analysis, there are some simplifications that should 
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be improved in future studies. In the present model, the 

nonlinear nature of arterial plaques was accounted by the 

application of the Ogden hyperelastic constitutive model. 

All tissues, including artery and plaque were assumed 

incompressible, isotropic, and homogenous. However, 

atherosclerotic plaques have been shown to be heteroge-

neous  [53] , viscoelastic  [52] , or perhaps visco-hyperelas-

tic. Accessing atherosclerotic type-specific differences in 

the structure and mechanical properties of different tissue 

components in plaques will be an important development 

for future finite element models of stent-artery interac-

tions. An idealized artery and plaque geometry was also 

assumed in the current analyses. Despite these simplifica-

tions, the present model demonstrates the importance of 

the plaque type in terms of the potential injury to a stented 

artery, injury that may have significant implications for in-

stent restenosis, balloon angioplasty, and stenting.   

  Conclusions 
 In this study, an experimental work was conducted to 

measure the stress-strain diagram of healthy and athero-

sclerotic human coronary arteries. Afterwards, the Ogden 

and Mooney-Rivlin material coefficients of healthy and 

atherosclerotic arteries were determined. The parameters 

of the Ogden material model were implemented into the FE 

model to analyze the influence on plaque types (calcified, 

cellular, and hypocellular) on plaque, arterial wall, and 

stent stresses during the implantation of the intracoro-

nary balloon expandable stent. The results revealed a sig-

nificant influence of plaque types on the stresses induced 

within the plaque and arterial wall during stenting but 

not when calculating the maximum von Mises stress on 

stent. Higher stresses were observed in the plaque wall for 

stiffer calcified plaque, whilst the cellular and hypocellu-

lar plaques showed less stress on their wall. The results 

also revealed that the highest computed von Mises 

stresses were located on the arterial wall with hypocellu-

lar plaque, whilst the arterial walls with calcified and cel-

lular plaques played a protective role. These models can 

be used to determine the influence of artery and plaque 

properties on both the initial lumen gain achieved follow-

ing stenting, as well as estimating the level of artery wall 

injury. Therefore, they can provide valuable clinical indi-

cators in stenting various atherosclerotic lesions. 
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