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Abstract 

A theoretical fluid-structure interaction (FSI) model for the stress 

field of atherosclerotic coronary arteries are obtained and the 

influence of various characteristics on the stress distribution in 

diseased coronary arteries is highlighted. A reliable model is 

developed (and hence accurate heart attack prediction), the 

following factors are incorporated: (1) non-Newtonian blood 

flow; (2) artery’s tapered shape; (3) the micro-calcification of the 

plaque; (4) blood pulsation. Incorporating these factors in the 

model makes it possible to accurately predict plaque ruptures. 

The system is modelled based on a 3D fluid-structure interaction 

analysis via the finite element method (FEM). Experimental data 

from previous studies are used to generate a realistic material 

model. The generated model is utilised as a predictive model for 

plaque rupture and to determine high risk situations in the 

coronary arteries. It is shown that incorporating the physiological 

flow rate in the model, the wall shear stress (WSS) (stresses 

impose to the plaque from blood) and von Mises stresses 

(stresses in the plaque) are predicted accurately. Also it is shown 

that microcalcification increases the von Mises stress 

substantially in the plaque, when the WSS remains the same. 

Considering tapered shape of the artery is also shown to be 

important for predicting correct values of both shear and von 

Mises stresses. 

Introduction  

Atherosclerosis is one of the main causes of death worldwide [1]. 

In Australia, the same figure is reported by approximately 19,000 

deaths due to coronary arteries diseases [2]. The aforementioned 

leading diseases reflect situations in which the blood supply for 

the heart or brain is disturbed in a way. Among the reasons 

affecting the blood supply, atherosclerosis is the most common 

one for obstructing the fresh and oxygenated-blood. In the 

progress of this disease a plaque is being shaped mainly because 

of LDL deposition. Figure 1 shows an angiography imaging of a 

diseased left coronary artery. The plaque shaped at the indicated 

location. The high risk situation is happened when the plaque 

ruptures. In order to prevent this disease, a biomechanical model 

is required to be developed to predict the high risk situation or 

plaque rupture.  

The literature on modelling atherosclerotic coronary arteries can 

be divided into three groups namely structure, fluid, and fluid-

structure analysis.  

Structural analysis 

In the structural analysis, studies have been conducted based on 

histology, IVUS, MRI, hrMRI, and OCT of the arteries; real 

shape of arteries were used for theoretical modelling and other 

features in arteries were investigated; these features are acoustic 

analysis and prediction of strains [3], sensitivity to material 

properties [4] via isotropic non-linear and anisotropic linear, 

cracks and fracture analysis based on MRI in-vitro [5], initial 

stress in the arteries [6], viscoelastic and hyperelastic analysis 

[7], and non-linear isotropic and piecewise homogeneous 

material [8]. The gap of modelling WSS on the wall of plaque is 

still obvious in this class of investigations.  

Fluid analysis 

Different imaging methods have been used to examine the fluidic 

behaviour of arteries and plaques. Most of the examinations 

chose Newtonian and incompressible fluid for blood modelling. 

Unsteady and pulsatile flow [9], 3D shear stress distributions 

[10], turbulence models [11], and hemodynamics [12] are the 

characteristics of blood and flow which have been examined. 

Moreover, theoretical models of fluid micro-hemodynamic and 

flow reversal of an artificial artery vessel were developed [13]. 

Fluid analysis does not provide stress field analysis in the solid 

regime of the system which seems important in atherosclerosis.  

Fluid-structure analysis 

Prominent investigations have been conducted considering a 

hyperelastic solid and Newtonian fluid models that consider 

different characteristics such as superficial arterial vessel [14], 

hydrogel model [15], MRI-based imaging [16], IVUS-based 

modelling [17], and histology-based modelling [18]. The 

contribution of the present investigation is to incorporate various 

features of the problem such as physiological blood flow, artery’s 

tapered shape, non-Newtonian flow, and micro-calcification in 

the asymmetric 3D fluid-structure analysis of atherosclerotic 

coronary artery. 

 

Figure 1. Angiography of diseased left coronary artery [19]. 

Method of Investigation 

The FSI models of atherosclerotic coronary artery has been 

constructed via FEM in ANSYS. It is shown that all of these 

factors (blood physiological pulsation, tapered artery, non-

Newtonian blood flow, micro-calcification inside the plaque) can 

alter the predicted stress field, which in many cases, ignoring 

them results in drastic errors and hence an incorrect prediction of 

the plaque rupture (and hence the heart attack). For all the 

numerical results presented in the following sections the mesh 

convergence has been obtained using finer elements.  



Geometry and Material Properties 

The schematic of diseased artery is shown in Fig. 2. This shape is 

adopted form Ref. [20], and modified according to experimental 

data of Ref. [21]. The artery is assumed to be fixed at the inlet 

side. The material properties for artery’s several layers i.e. media, 

adventitia, intima, and lipid are applied to the model based on 

hyperelastic [21] and viscoelastic [22] model of Mooney-Rivlin 

and Prony Shear Relaxation using ANSYS [23, 24]. 

In the fluid model, the non-Newtonian, incompressible, turbulent 

blood flow with the physiological pulsation [25] is considered. 

The non-Newtonian model of Carreau constitutive law is also 

adopted and used from Ref. [20].  

 (a) 

 

(b) 

 

Figure 2. Schematic of atherosclerotic left main coronary artery (a) 3D 
asymmetric shape; (b) different parts of problem: intima, media, 

adventitia, plaque, lipid core, and blood. 

Results and Discussion 

The plaque rupture could happen due to damaged endothelial 

cells due to WSS from blood (fluid part) and material failure of 

the intima layer on the plaque (solid part); determining both shear 

and von Mises stress field is essential.    

Illustrated in Fig. 3 is the time-dependent variation of WSS at its 

maximum. The WSS has the peak of 53.3 Pa at 0.42 s during 0.8 

s of the heartbeat (sub-figure (a)). In panel (b), WSS distribution 

is depicted throughout the artery. The cap of the plaque is the 

most vulnerable region from shear-stress prospective.  

As an index to analyse the stress field in the artery and plaque, 

von Mises stress is calculated in the model. As shown in Fig. 4, 

von Mises stress trend with time is the same as the WSS and has 

the peak of 749.8 Pa at 0.42 s (sub-figure (a)).  Sub-figure (b) 

shows the von Mises stress distribution is high at the plaque 

shoulder towards up-stream of the flow. Due to complexity and 

nonlinearity of the problem, there are some local maximum 

values in other regions of the artery. 

 

 

(a) 

 
 

 (b) 

 
Figure 3. (a) WSS change in time; (b) WSS t=0.42 s. 

(a) 

 
(b) 

 
Figure 4. (a) von Mises stress change in time; (b) von Mises stress at 

t=0.42 s.   

Pulsatile Flow 

In order to compare the effect of pulsation, a comparison of the 

physiological and simplified sine wave velocity pulsation of the 

blood is considered in this section. In Fig. 5 (sub-figure (a)), a 

comparison between physiological and sine wave related WSS 
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shows that even if the sine wave is composed from the 

physiological data it still cannot predict neither of minimum nor 

maximum values of the real WSS. As a result, in order to 

determine the right values of WSS, the physiological pulsation is 

important to be considered. The same trend for the von Mises 

stress occurs in the region where the von Mises stress is high.  

 

Micro-calcification effect 

In most recent studies from the literature, it was shown that 

microcalclification results in stress concentration and hence 

plaque rupture [26]. Figure 6 illustrates this effect; the system 

characteristics are the same as those of the previous sections. 

Modelling micro-calcification created a stress concentration 

which increases von Mises stress significantly to 3780.6 Pa (sub-

figure (b)); however, the WSS remains almost the same (sub-

figure (a)). 

 
(a) 

 
(b) 

 
Figure 5. (a) WSS based on two models: sin wave velocity pulsation and 

physiological velocity pulsation; (b) von Mises stress based on two 

models: sin wave velocity pulsation and physiological velocity pulsation. 
 
(a) 

 
 

 

 

 

 

 (b) 

 
Figure 6. (a) WSS using two models: with and without micro-
calcification in plaque; (b) von Mises stress using two models: with and 

without micro-calcification in plaque. 

 

Inclusion of Tapered Shape 

Another important factor is tapered shapes of arteries; according 

to Ref. [27]. As seen in Fig. 7, considering artery’s tapered shape 

changes the stress distribution (and hence the initiation of the 

plaque rupture) by increasing both the shear or von Mises stress 

fields. 

 
(a) 

 
(b) 

 
Figure 7. (a) WSS using two models: straight and tapered artery; (b) von 

Mises stress using two models: straight and tapered artery. 
 

Conclusions 

The WSS and von Mises stress fields have been determined for 

an atherosclerotic coronary artery via developing a finite element 

biomechanical model using ANSYS. The 3D biomechanics of 

the system was analysed incorporating the blood pulsation, 

artery’s tapered shape, non-Newtonian flow theory, and 

microcalcification; all of these factors are vital in the model 

development of both normal and atherosclerosis coronary 

arteries. The following conclusions can be drawn from the 

investigation: (i) maximum WSS occurs at the plaque’s cap when 
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the pulsation velocity is maximum; (ii) maximum of the von 

Mises stress occurs at the shoulder of the plaque when the blood 

velocity is the highest; (iii) the exact time trace of blood 

pulsation to be employed in the model, as small deviation from 

that ends up in inaccurate results; (iv) stress concentration due to 

micro-calcification increases the von Mises stress significantly; 

(v) The overall values (for both shear and von Mises stresses) 

become larger when the tapered shape of the artery is 

incorporated.   
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