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Article info:  
Arterial embolism is one of the major causes of brain infarction. Investigating 

the hemodynamic factors of this phenomenon can help us to get a better 

understanding of this complication. The carotid artery is one of the primary 

tracts that emboli can go toward the brain through it. In this study, we used a 

3D model of the carotid bifurcation, and two geometries, elliptical and 

spherical, were considered for the clots. Hyperelastic and visco-hyperelastic 

models were used for the mechanical properties of clots. The governing 

equations of the fluid are Navier-Stokes and continuity equations and have been 

solved in an Arbitrary Lagrangian-Eulerian (ALE) formulation through the 

fluid-structure interaction method. The hemodynamic parameters of fluid and 

shear stress on the wall of the carotid artery were calculated. Besides, by using 

ADINA software, the effective stress (Von Mises stress) of the clots and the 

shear stress created on them were evaluated as well. Results revealed that the 

elliptical clot has more effects on the hemodynamic parameters of the fluid, and 

the mechanical property of clots has significant effects on the amount of stress 

created on the clots. Also, clot fracture will not occur due to the point that the 

maximum effective stress in this study was 1819 Pa but the creation of crack in 

clots is more probable, and this probability is more for the elliptical clot.  
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1. Introduction  

 
A stroke is a brain lesion that results in a lack of 

blood supply to the brain cells (lack of glucose 

and oxygen as nutrients) and the death of tissue 

in that area of the brain. In general, strokes are 

divided into 3 types: transient stroke, ischemic 

stroke, and hemorrhagic stroke [1]. In particular, 

in ischemic stroke, a blood clot or mass clogs the 

arteries, which are usually embolic and 

thrombotic Ischemic. In a thrombotic stroke, a 

clot is formed inside one of the brain's arteries, 

and when a blood clot is formed elsewhere in the 

body and moves toward the brain is called an 

embolic stroke [2]. Arterial bifurcations and 

narrowed areas caused by atherosclerosis are 

common places for appearing embolisms. The 

reason for narrowing arteries in atherosclerosis 

is the developing cholesterol-filled plaques in 

the walls of arteries [3, 4]. The emboli can be air 

bubbles, fat pieces, or platelets [5]. Since 

embolic stroke is one of the most important 

causes of mortality in the world, knowledge of 

the mechanism of embolism function and the 
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effective parameters in causing stroke due to 

arterial embolism can be very effective in 

improving the treatment methods of this 

complication. To achieve these goals, 

researchers use animal models, laboratory 

models, and computational models that due to 

the limitations of laboratory methods such as the 

inability to study several parameters 

simultaneously and the cost of testing, 

computational models are more important. In 

previous studies, Bushi et al. [6] evaluated the 

embolic trajectory in the carotid artery and the 

effects of particles size and fluid density on 

particles distribution. Vahidi et al. [7] 

considered a numerical analysis of a fully 

blocked human common carotid artery due to the 

thromboembolism phenomenon of the arterial 

embolism by using a contact finite element 

model. In another study by Vahidi and Fatouraee 

[8], a symmetric axial computational model was 

developed for the embolism movement with 

different diameters in clogged arteries. They 

analyzed the effect of the size and density of an 

embolus on its trajectory and movement. In the 

study by Fabbri et al. [9], using numerical 

modeling, they investigated the effect of particle 

size and mass on path selection in the carotid and 

basilar arteries. Mukherjee et al. [10] stated how 

embolus size and other factors affect embolus 

distribution in the brain. 

In the previous investigations, the effects of the 

clot's geometries were not considered and in all 

of them, the clots were assumed spherical. 

Therefore, we decided to evaluate the effects of 

this parameter on the hemodynamic parameters 

of fluid flow and stresses created on the emboli. 

To do this, two geometries, spherical and 

elliptical, were assumed for the clot and 

compared with each other. also, hyperelastic and 

visco-hyperelastic models were considered for 

the mechanical properties of the clots to evaluate 

the effects of viscosity on clot structure. 

According to this point that heart pulse pressure 

was used as input, the time of clot presence in 

carotid bifurcation can be a valuable parameter 

for analysis. To evaluate this parameter, the clots 

were released at the beginning of the systole and 

the peak of the systole. 

 

2. Materials and methods 

 

Here a computational simulation was used to 

investigate the effects of emboli geometries and 

their mechanical properties on the mechanism of 

thromboembolism in the carotid bifurcation. To 

analyze this issue, two geometries, spherical and 

elliptical, were used for emboli geometries, and 

hyperelastic and visco-hyperelastic models were 

used for their mechanical properties. A 3D rigid 

model [11] of the carotid bifurcation was used 

and its geometrical features were compatible 

with the models that were used in previous 

works [12-14]. The dimensions of the emboli 

and the carotid bifurcation are shown in Fig. 1. 

[12]. To achieve fully developed fluid flow, 

entry length was considered long enough (not 

shown in Fig. 1). To evaluate the effects of 

embolus releasing time, two release times, the 

beginning and peak of the systole, were 

simulated. 
 

 
Fig. 1. The carotid bifurcation and the clots dimensions. 
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2.1. Blood and embolus material properties 

The blood was considered Newtonian [15], 
viscous, and incompressible with a viscosity of 

3.48 cP and a density of 1054 𝑘𝑔⁄𝑚3[16]. It is 
an approved assumption that blood behaves 

like a Newtonian fluid in situations in which 

the shear rate is above 100 𝑠−1 [1, 17].

The density of the emboli was assumed to equal 

the blood density according to previous works 

[1, 9]. The Mooney- Rivlin model based on the 

stress-strain curve reported by Xie et al. [18] 

was considered for the mechanical properties of 

emboli. To add the viscoelastic feature to our 

models, we used the generalized Maxwell 

model. This model is suitable for representing 

viscoelastic materials like living tissues [19]. 

The stress formula in terms of viscoelastic 

coefficients is brought in Eq. (1) [19]. 

  (1) 
𝜎 = ∫ 𝐸∞ [1 + ∑ 𝛽𝑎

𝑎

 𝑒𝑥𝑝 (−
𝑡 − 𝑡′

𝜏𝑎 )] 𝑒 .𝑑𝑡′

𝑡

0

  (2) 𝜏𝛼 =  
𝜂𝛼

𝐸𝛼

  (3) 𝛽𝛼 =  
𝐸𝛼

𝐸∞

where 𝜏 and 𝛽 are the viscoelastic material 

constants and 𝑡, 𝜂, 𝐸, and 𝜎 are time, viscosity, 

elasticity, and stress in the generalized Maxwell 

model, respectively (Table 1) [19]. 

2.2. Numerical domains and governing 

equations 

The tetrahedral mesh was used for both the 

carotid bifurcation and the emboli that their 

discretized geometries are shown in Fig. 2(a). 

For the grid independence study, three models 

with different element numbers, 55066, 85599, 

and 89078 were considered for the fluid region, 

and the wall shear stress near the bifurcation in 

presence of the spherical clot was evaluated 

[20]. The difference between the first and 

second models was 10% and between the 

second and third models was 2%. Therefore, the 

second model was used in our simulation. Here, 

the number of elements for spherical and 

elliptical clots, and their corresponding fluid 

regions were 92, 216, 85599, and 85475, 

respectively. In this study, ALE formulation 

was used for fluid model. The conservation 

of mass and momentum in ALE form are 

summarized in below Eqs. (4-6) [21]: 

(4) 𝜕𝜌

𝜕𝑡
|

𝜒
+ 𝑐 ⋅ ∇𝜌 = −𝜌∇ ⋅ 𝜐

(5) 
𝜌 (

𝜕𝜐

𝜕𝑡
|
𝜒

+ (𝑐 ⋅ ∇)𝜐) = ∇ ⋅ 𝜎 + 𝜌𝑏

   (6) 𝑐 = 𝜐 − �̂� 

where 𝑡 is the time, 𝜌 is the density, 
 
 
|
𝜒

 means

that “holding the referential coordinate 𝜒 

fixed”, 𝜐 represents material velocity, 𝑏 is 

specific body force, 𝜎 is Cauchy stress tensor 

and �̂� is mesh velocity. 

General Lagrangian formulation was used for 

structural model. Motion equation and the fluid 

force which exerted on the structure are brought 

in below, respectively Eqs. (7, 8) [22, 23]: 

(7) 𝜕L

𝜕𝑞𝑖
−

𝑑

𝑑𝑡

𝜕L

𝜕�̇�𝑖
= 0 

(8) 
𝐹(𝑡) = ∫ ℎ𝑑𝜏𝑓 ∙ 𝑑𝑆

where ℎ𝑑 is virtual quantity of the solid

displacement and 𝜏𝑓 is the fluid stress.

Table 1. Mechanical properties of the blood clot [19]. 

𝐸∞ (𝑃𝑎) 𝐸1 (𝑃𝑎) 𝐸2 (𝑃𝑎) 𝜂1 (𝑃𝑎. 𝑠) 𝜂2 (𝑃𝑎. 𝑠) 𝜏1 (𝑠) 𝜏2 (𝑠) 𝛽1 𝛽2 𝜌 (𝑘𝑔 𝑚3⁄ )

518.42 1.3e15 748.66 0.13 2.95 0.1e-15 0.00394 0.25e13 1.444 1054 
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Fig. 2. (a) Discritized geometries of the clots and carotid bifurcation, and (b) initial position of the both clots. 

 

2.3. Boundary conditions 
 

The heart pulse pressure pattern [24] was used 

as the inlet boundary condition which the 

maximum amount of it was 480 Pa, and zero 

normal traction was considered as the outlet 

boundary condition [1]. To validate the inlet 

and outlet boundary condition, a model without 

the presence of emboli was simulated and its 

hemodynamic parameters like fluid velocity 

and wall shear stress were compared with 

previous work [25]. No-slip boundary condition 

was applied at the walls [26], and the FSI 

condition was defined between the embolus and 

blood on their interface. The contact condition 

was modeled between the wall of the artery 

(target surface) and the emboli (contactor 

surface). The offset between the contact surface 

was 0.2 mm, and 0.0001 was utilized for the 

compliance factor. First, the clot was fixed at 

the center of the artery before bifurcation Fig. 

2(b) by defining spring elements that were 

applied to clot surrounding nodes. After passing 

some time step, the spring elements were 

removed, and let the clot moved inside the 

artery. 
 

2.4. Solution methods 

 

In this study, the fluid-structure interaction 

(FSI) was employed, and the finite element 

package ADINA (Adina R&D Inc., Watertown 

MA, USA version 9.6) was used to solve the 

coupled fluid and structure models. When any 

part of the computational domain is deformable, 

the Eulerian description of fluid is not 

applicable anymore so the Arbitrary-

Lagrangian-Eulerian formulation (ALE) was 

employed in this simulation that comprises both 

the Eulerian and the Lagrangian description of 

fluid. During moving the clot through the fluid 

domain, the fluid mesh will be distorted and 

make the simulation to stop, so the steered 

adaptive mesh modification process was used 

that refined the fluid mesh in the simulation. 

The solver which was exerted in this study was 

the sparse solver based on Gauss elimination. 

As the direct computational two-way coupling 

method is faster than the iterative method, it was 

used in this study. In this method, the fluid and 

structure equations are combined and treated in 

one system. The Newton-Raphson iterative 

method was used in our simulations for solving 

discretized fluid and structure equations. Here, 

500 iterations per step were applied for both 

fluid and structure models. A magnitude of 0.8 

was used for force and displacement relaxation 

factors, and 0.01 was used for relative force and 

displacement tolerances. 
 

3. Results and discussion 

3.1. Flow hemodynamics 

 

The fluid velocity in the plane crossing both 

spherical and elliptical embolus is shown in Fig. 

3. It is obvious that the fluid velocity is higher 

(a) (b) 
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in the middle of the lumen before arriving at the 

bifurcation. Near the bifurcation, the velocity of 

fluid decreases and then increases after passing 

the bifurcation. Based on the resent results, the 

velocity magnitude in the carotid artery and its 

branches in the presence of an elliptical clot is 

lower than in the presence of a spherical clot. 

Both clots go toward the larger branch, as 

shown in previous work [12]. The maximum 

fluid velocity in our simulations was 0.5132 

𝑚 𝑠⁄  which was in the physiological range [25]. 

The pressure gradient is shown in Fig. 4, as both 

clots got close to the bifurcation, the pressure 

gradient increased at their front and decreased 

the clot velocity, and then when they passed the 

bifurcation, their velocity increased. 

 

 
Fig. 3. Velocity magnitude of fluid (mm s⁄ ). 

 

 
Fig. 4. Pressure gradient in fluid field (N mm3⁄ ). 
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The pressure gradient around the elliptical clot 

made it rotate in the fluid flow and had more 

effects on the fluid contour in comparison with 

the spherical clot. 

3.2. Arterial wall shear stress 

The arterial wall shear stress is shown in Fig. 5. 

As it is obvious from the picture, passing the 

fluid through the smaller branch applied higher 

shear stress on the arterial wall. The maximum 

magnitude of wall shear stress in this study was 

approximately 5 Pa, which was in the 

physiological range that was reported in 

previous works [12, 25]. To show the influences 

of emboli presence, two models, with and 

without presence of emboli, were simulated and 

the obtained results were compared. According 

to what we said about the effects of emboli on  

the fluid velocity magnitude, the presence of 

emboli in the artery caused decreasing in 

arterial wall shear stress. As expected, the 

presence of the elliptical clot had more 

influence on the wall shear stress, and in this 

situation, the arterial wall tolerated lower stress. 

Continuance of this situation can lead to 

damage to endothelial surface cells [27]. In fact, 

the abnormal distribution of shear stress plays 

an important role in diseases such as 

atherosclerosis and aneurysm [28]. 

3.3.  Stress on the embolus 

Plots of average shear stress on the emboli 

surface are shown in Fig. 6. According to the 

plots, the spherical clot collided with the arterial 

wall once, but the elliptical clot collided with 

the arterial wall three times. 

The shear stress on the clots and effective stress 

at the contact points with the arterial wall is 

shown in Figs. 7-8. In Figs. 9-10, the shear 

stress on the clot and its trajectory are shown for 

both clots. As both clots got close to the 

bifurcation, the magnitude of shear stress and 

effective stress increased in both clots. In the 

case of releasing the clots at the peak of the 

systole, the magnitude of shear stress and 

effective stress of the clots at their first contact 

with the wall was higher than when the clots 

were released at the beginning of the systole. 

Fig. 5. Comparison of wall shear stress in the carotid bifurcation in presence of (a) the spherical,  (b) 
the elliptical clots, and (c) without the presence of any emboli (N⁄mm2). 
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Fig. 6. Average shear stress on the elliptical and the spherical clots surface. 

Fig. 7. Shear stress on the emboli at the contact points with arterial wall (N mm2⁄ ).
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Fig. 8. Effective stress of the emboli at the contact point with arterial wall (N mm2⁄ ). 

 

Visco-hyperelastic clots experienced higher 

stress than hyperelastic clots at the collision 

moment with the bifurcation. Visco-

hyperelastic materials, due to their viscosity, are 

strain-rate dependent and respond differently 

depending on how fast the force is applied to 

them. They behave like stiff solids in situations 

with fast strain rates [29]. Therefore, the reason 

for this difference between stress magnitudes in 

which clots were experienced at their contact 

point with bifurcation could be this feature of 

visco-hyperelastic materials. According to a 

previous study by Tutwiler et al. [30], clots with 

cracks are more vulnerable to rupture, and they 

reported that shear stress of more than 1 kPa can 

create cracks in clots. 
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Fig. 9. The spherical clot trajectory and maximum shear stress on it (N mm2⁄ ). 

 

 
Fig. 10. The elliptical clot trajectory and maximum shear stress on it (N mm2⁄ ). 
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Table 2. Maximum amount of the shear stress and effective stress. 

Max effective stress 

(Pa) 
Max shear stress 

(Pa) 
Release time 

 (s) 
Mechanical property Model No 

941.2 522 Beginning of the systole Hyperelastic Spherical 1 

1069 581 Peak of the systole Hyperelastic Spherical 2 
636.2 347.9 Beginning of the systole Hyperelastic Elliptical 3 
919.1 529.8 Peak of the systole Hyperelastic Elliptical 4 

1262 696.2 Beginning of the systole Visco-hyperelastic Spherical 5 

1343 737.5 Peak of the systole Visco-hyperelastic Spherical 6 

1819 1050 Beginning of the systole Visco-hyperelastic Elliptical 7 

1470 804.8 Peak of the systole Visco-hyperelastic Elliptical 8 

In another study by Liu et al. [31], it was 

reported that the yield stress of clots based on 

their composition ranged from 63 – 2396 kPa. 

The maximum shear stress and effective stress 

in our study are brought in Table 2. According 

to the previous work [12], the magnitude of 

shear stress on the clots in this study was 

acceptable. As regards the maximum effective 

stress in our results was 1819 Pa, none of the 

clots received their ultimate stress, but the 

amount of maximum shear stress on clots in our 

results was near 1 kPa, so the possibility of 

crack creation in clots would be more probable. 

In this study, the elliptical clots were exposed to 

high shear stress for longer compared to 

spherical clots. So, the elliptical clots are more 

likely to crack and rupture, and the risk of them 

will be decreased because the probability of 

large vessel occlusion will be decreased [32]. 
 

4. Limitations and future works 
 

To decrease the cost and time of the present 

simulation, two geometries were considered for 

the emboli. In addition, the release position of 

the clots was at the center of the artery. Other 

positions, like near the artery wall, could be 

considered in future studies. To close the 

simulation to real and improve its accuracy, 

using real geometry of the carotid artery based 

on medical images, and considering its 

mechanical property could be helpful. 

Furthermore, we assumed the blood as a 

Newtonian fluid that its non-Newtonian feature 

is worthy to be evaluated in future studies as 

discussed in the former reports [25, 33]. To get 

a better understanding of the effects of clots’ 

geometries and their mechanical properties, 

using geometries that are more similar to real 

clots and considering different mechanical 

properties based on their sources seems to be 

valuable. Studying the effects of the presence of 

several emboli in the blood flow and other types 

of emboli, such as gas emboli could be 

investigated in future works.   
 

5. Conclusions 
 

As stroke is one of the most important reasons 

for mortality, investigating this phenomenon 

are of great importance. In this study, the fluid-

structure interaction method was used to 

evaluate the effects of clot geometry, time 

release of the clots, and their mechanical 

properties on the mechanism of the embolism. 

These kinds of studies could be useful to 

decrease the cost of investigations and could 

help to evaluate the effects of several 

parameters at the same time. In previous 

studies, spherical geometry was used for 

modeling the clots and the effect of viscosity on 

clot mechanical properties, and the influence of 

clots present in the carotid artery was not 

evaluated. Therefore, the present simulations 

extend previous observations. It was shown that 

the geometry of clots has a significant influence 

on the hemodynamic flow and the stresses 

created on the embolus. Furthermore, it was 

shown that the mechanical properties of the 

emboli and their releasing time have impressive 

effects on the stresses on clots. For example, the 

elliptical clot modeled as a visco-hyperelastic 

material experienced the highest amount of 

effective stress (1819 Pa) in comparison with 

other models in our study and was more 

vulnerable to rupture. This study can help to get 

a better understanding of embolism that could 

be useful to cure this phenomenon.  
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