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Nomenclature

C Damping factor (Kns/m)
d Incompressibility (dimensionless)
f External body force (N/m3)
Ī1 First-order strain rate (dimensionless)
Ī2 Second-order strain rate (dimensionless
J Elastic deformation gradient (Pa)
K Structural stiffness (N/m)
m Structural mass (Kg)
P Force vector (N)
U̇ Velocity vector (m/s)
U Displacement vector (m)
v Velocity vector (m/s)
W Strain energy potential (J)

Greek Symbols

η Viscosity of blood (Ns/m2)
ρ Density of blood (Kg/m3)
σ Stress tensor (N/m2)
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1 Introduction

Atherosclerosis, or atherosclerotic cardio vascular disease, is a life-threatening condi-
tion that can start its early development during childhood. It is a process by which
minute deposits of fatty materials known as “plaque” build up inside the walls of the
arteries and reduces or completely blocks the oxygen-rich blood flow overtime. In
extreme conditions, such cases can lead to a life-threatening heart attack or a sudden
stroke. Atherosclerosis comes with a variety of risk factors that include high blood
pressure, obesity, high cholesterol, smoking, physical inactivity, and diabetes. The
hemodynamics in carotid artery results in limitedblood supply to the area surrounding
the partially blocked artery, which can end up degrading and potentially killing the
neighboring tissues. Significant damage to brain tissues can result in ischemia, along
with high wall shear stress and high blood pressure. In atherosclerotic plaque carotid,
artery causes the plaque rupture and it leads to complete block in blood vessel.

There are many studies reported on carotid artery disease in the literature. Some
of the studies are based on the experimental methods, and others are based on numer-
ical investigations. In the experimental studies reported in the past, the focus was
to examine the effects of mechanical forces using particle image velocimetry (PIV)
method. Perktold et al. [1] conducted the numerical study of pulsatile, non-Newtonian
blood flow in three dimensions on common carotid artery (CCA) under different
bifurcation angles using finite element analysis (FEA). This study focuses on the
flow and stress properties of different sinus angle variations. They concluded that the
stress is affected on the sinus, due to the complex flow at the reattachment zone, flow
separation and high wall shear stress on the blood vessels. All of these are important
in atherogenesis. Perktold with Rappitsch [2] investigated numerical simulations of
local blood flow and vessel mechanics in a carotid artery bifurcation to determine the
mechanical stresses in the CCA wall. Urquiza et al. [3] investigated CCA blood flow
usingmultidimensional modeling. This work involves a comparison of the compliant
1D and 3Dmodels of CCA bifurcation using finite element method. They concluded
that the blood flow patterns contribute to the development of vascular disease. Zhao
et al. [4] conducted a numerical study based on both blood effects and vessel effects
employing a realistic physiological model of human CCA bifurcation. Their model
was generated from an MRI data and in order to get the results, they implemented
combined commercial code of CFX4 and ABAQUS. They revealed that the wall
shear stress reduces with respect to pulsatile blood flow and wall movement. A CFD
study carried out by Gharahi et al. [5] compares various viscosity models for hemo-
dynamic study on different geometries of human carotid artery that extracted from
MRI data (patient-specific study). Sousa et al. [6] conducted fluid–structure interac-
tion (FSI) study of bloodstream in a non-stenosed basic carotid artery bifurcation.
This investigation was completed by utilizing vascular geometries that made from
Doppler ultrasound pictures. In this study, they explored the impact of hemodynamics
of blood, pressure dissemination on the bifurcation region, and lowermost extreme
wall shear stress (WSS) at the bifurcation region.
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From the literature survey, it is found that the following aspects of atherosclerosis
CCA were not studied, viz. plaque rupture in the common carotid artery, hyper-
elasticity nature of blood vessel, three layers of the carotid artery wall, and the
nature of plaque. Figure 1c shows a typical picture of atherosclerosis CCA (complex
atheroma). These aspects being important from medical point of view are taken up
in the present study for a numerical investigation. This current study is on the CCA,
which is situated in the neck region of the human body (Fig. 1a). CCA supplies
blood, oxygen, and nutrients for the brain. A blockage in a CCA artery can cause
brain ischemia, brain hypoxia, or brain infarction/ ischemic stroke. This study also
aims to provide a dynamic model for the common carotid artery to analyze the flow
effects and predict the plaque initiation. This model could predict the chance of
initiation of another plaque formation inside the blood vessel.

(a) (b)

(c) (d)

Fig. 1 a Atherosclerosis in the carotid artery [15]. b Three layers of artery wall. c Atherosclerotic
CCA cross section. d Artery narrowed by plaque [15]
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2 Methodology

2.1 Geometry

The artery is modeled as 3D, three layered, (tunica intima or intima, tunica media or
media, and tunica externa or adventitia) shown inFig. 1b, and the plaque ismodeled as
three-dimensional circular shape, the inner diameter of the stenosis region is 5.72mm,
and the length of the plaque is 5 mm (plaque shoulder). The maximum height of the
plaque is 1.26 mm and normal diameter of blood vessel is 6.7 mm; each layer has
different hyperelastic property and thickness such as: 0.23, 0.31, and 0.34 mm [7] for
intima, media, and adventitia, respectively. The total length of the model is 30 mm,
shown in Fig. 1d. Figure 1d shows that the cross-sectional view of atherosclerosis
carotid artery bifurcation modeled by ANSYSV19.1. In this geometry, the artery has
three layers with atherosclerotic plaque. The plaque has been situated in the intima
layer, which has to be considered as the same property of intima layer.

2.2 Solid Structure Characteristics

In transient structural analysis, the impulsive load from a source undergoes a struc-
tural response which was determined from fluid analysis. In this analysis, the magni-
tude of forces, deformations, stress, and strain were calculated at small intervals
of time. The basic governing equation for structural analysis adopted from coupled
fluid–structure interaction [8] is as follows:

mÜ + CU̇ + KU = P(t). (1)

In this analysis, the structural damping factor is not considered, so that the equation
changes to

mÜ + kU = P(t) (2)

This modeling of three-layer material was adopted from Holzapfel et al. [9].
The properties displayed by the plaque are taken as same as the intima layer. The
hyperelasticity property of each layer is taken fromGholipour et al. [7] Thematerials
were modeled using the formulation given by the Mooney-Rivlin 5 parameter. The
parameter equation is as follows;

W = −C01
(
3 − Ī2

) − C10
(
3 − Ī1

) + C11
(
3 − Ī1

)(
3 − Ī2

)

+ 1

d
(1 − J )2 + C20

(
3 − Ī1

)2 + C02
(
3 − Ī2

)2 . (3)
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Table 1 Mooney–Rivlin 5-parameter model material constants [8]

Material C10 C01 C20 C11 C02

Intima −2.04E + 05 2.03E + 05 1.37E + 06 −3.71E + 06 2.67E + 06

Media −1.17E + 05 1.28E + 05 2.24E + 05 −6.72E + 05 5.69E + 05

Adventitia −1.89E + 05 2.02E + 05 4.59E + 05 −1.38E + 06 1.34E + 06

In this equation, there are five material constants. These were derived from the
curve fitting data as shown in Table 1. The density of each layer is considered as
1000 kg/m3 Chan et al. [10].

2.3 Fluid Characteristics

Fluid flow domain was mathematically modeled by the Navier–stokes equations.
The conservation of mass, momentum, for an incompressible fluid in 3D, can be
expressed as:

∇.v = 0 (4)

ρ∂u

∂t
+ ρv∇v = ∇.σ + f (5)

The external body force is considered as zero. The stress tensor can be expressed
as:

σ = −P I + τ (6)

The blood has been modeled as transient pulsatile motion, with a non-Newtonian
behavior. In order to modeling of its non-Newtonian nature, power law is enabled,
which is taken from Mandal et al. [11].

η = η0γ
n−1 (7)

where, η0 = 0.035, n = 0.6, T = 310K Density of blood is taken as ρBlood =
1060 kg/m3, η denotes viscosity of blood from cilia et al. [12]. The blood flow
is treated as transient pulsatile flow profile exceeds up to 0 to 0.8 s, i.e., for one
heartbeat. The inlet flow velocity range of common carotid artery is 0.5 to 0.8 ±
0.3 m/s, and the inlet velocity profile has shown in Fig. 4 Perktold et al. [1].
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3 Solution Method

The important portion of this study is fluid–structure interaction. The common carotid
artery ismodeledwithin theANSYSusing the two-way FSI system couplingmethod.
The general condition is transient. Structural analysis is done by transient structural
analysis, and fluid analysis is done in the Fluent analysis. These systems are coupled
with “system coupling.” The data is transferred from fluid to structural and struc-
tural to fluid. The boundary is not rigid, therefore “Dynamic mesh” method was
used for this simulation. In dynamic mesh parameter, it should be “smoothing and
remeshing,” for dynamic mesh parameter, diffusion method was used, and the value
was taken as 0.45. Because if diffusion parameter is zero, mesh will equally be
displaced across the domain. The maximum value of diffusion parameter is 2. When
maximum displacement will be felt in the far field boundary, a value between 0.4
and 0.45 is good enough. For remeshing, the local cell and local face providing mesh
scale parameters from mesh scale info were used. First mesh would distort itself and
try to smooth the mesh first as possible as it could. However, once the quality of mesh
on the faces across the limit of 0.7 or in case of volume reached is beyond the 0.9,
remeshing will be done. The smoothing algorithm will work and beyond these limits
of themesh quality, remeshing will take place. The solutionmethods used as follows:
For the spatial discretization, coupled scheme is used, and least square cell-based
gradients are used for this solution. Pressure is discretized in second-order upwind
scheme, and for transient formulation, first-order implicit method is used. The mesh
is tetrahedral type elements and time step is set to 0.001 s. Fluid solid interface is
set to system coupling region, the blood is enter from the bottommost portion of
artery. The coupling system transfers converged values of the fluid model solver to
the structural model solver. The interpolation of pressure (obtained from fluid solver)
is the input data of structural model solver. The converged value of structural anal-
ysis is transfer to the fluid model solver. The interpolation of displacement (obtained
from transient structural analysis) will be the input data of fluid model solver. This
process will continue till the end of the time step.

3.1 Numerical Validation

Gholipour et al. [7] had developed a simple model of coronary artery. Their study
has demonstrated the effects of three layers of artery and its hyperelasticity where
blood displayed a non-Newtonian behavior. They discovered that the maximumwall
shear stress acts at the tip of the plaque and its value is 145 Pa.We recreated the same
model and corresponding factors to get the results for the present study. The wall
shear stress distribution with respect to time for Gholipour et al. and present work is
plotted in Fig. 2b. Figure 2b shows that current result (wall shear stress distribution)
is in good agreement with that of Gholipour et al. and hence, our numerical model
is validated. For CCA geometry, the mesh element size is the same in both fluid
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Fig. 2 a Inlet velocity
profile perktold et al. [7].
b Numerical validation of
WSS with Gholipour et al.
[8]. c Grid independency
study

(a)

(b)

(c)

and structural analysis with the tetrahedral mesh-type method. The systematic grid
independency study is done by changing the grid count. Figure 2c shows that for a
representative accuracy of WSS is attained with the cell numbers 28915. This study
reveals that the precision will not be increased even if the cell number increased
beyond the above-mentioned cell number.
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4 Results and Discussions

From this analysis, the results obtained are the blood vessel deformation due to
physiological blood pulsation and the dynamic characteristics of blood such as blood
pressure, wall shear stress, and its velocity with varying time for one pulsating period
The maximum velocity at the inlet of CCA is 0.65 m/s as shown in Fig. 2a. From
the velocity vector contour (Fig. 3a), it could be seen that the velocity is reduced to
0.45 m/s in the bifurcation region x = 0 mm, y = 15 mm, z = 0 mm. Velocity attains
the maximum value at the most vulnerable region (stenosis region). The maximum
velocity at the stenosis region is 0.79 m/s at x = 0, y = 20 mm, z = 0 as shown in
Fig. 3b (velocity along the vertical direction of left carotid artery). Themain source of
structural wall deformation is blood pressure. Figure 3c shows the variation of blood
pressure, wall shear stress and vonMises stress in the CCA bifurcation region during
one pulsatile period. It could be seen that, all these parameters attain their respective

(a) (b)

(c)

Fig. 3 a Velocity vector contour (t = 0.4 s). b Velocity position (vertical graph x = 0, y = 15 mm,
z = 0) c Numerical results of wall shear stress (t = 0.4 s, x = 20 mm, y = 20 mm and z = 0),
effective von Mises stress (t = 0.4 s, x = 2.715 mm. y = 15 mm, z = 0), pressure (t = 0.4 s, x =
2.715, y = 17 mm, z = 0) with respect to time
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maximum values at t = 0.4 s. The presence of plaque reduces the blood pressure.
The pressure contour illustrates that the minimum pressure region is at the maximum
stenosis region or the middle portion of atherosclerotic plaque. The minimum blood
pressure (9.57 pa) is obtained at x = 2.175 mm, y = 20 mm, z = 0 from Fig. 4a.
The location of maximum pressure (403 Pa) is between the bifurcation wall and the
point of initiation of stenosis region (x = 2.175 mm, y = 15 mm, z = 0 at t = 0.4 s)
as marked in Fig. 4a. As mentioned before, temporal variation of wall shear stress
is shown in Fig. 4b with the maximum of 45 Pa at t = 0.4 s, and x = 1.675 mm, y
= 20 mm, z = 0. The highest wall shear stress occurs at the neck region (stenosis
region) or the tip of the plaque which could cause the fibrous cap to rupture. The von
Mises stress is used to predict yielding of materials under complex loading [13]. In
this study, the source of the load is high blood pressure. The pulsating blood flow
exerts some forces on the blood vessels layer by layer. Due to this, the blood vessel
undergoes a vascular dilation and subsequent contraction because of its hyperelastic
nature. There are three layers such as intima, media, and adventitia wherein each
one has different elastic properties. In these layers, adventitia is more rigid than
the other two. Media layer more flexible than other two layers and the innermost
layer is intima. The atherosclerotic plaque is situated in the intima layer. Von Mises
stress contour in the intima layer is shown in Fig. 5a. The von Mises stress contour
represents the maximum stress values at the maximum elongation and maximum
contraction stages of blood vessel. Variation of average value of von Mises stress
(effective equivalent stress) with respect to time is shown in Fig. 3c which shows
that the maximum averaged value is 2480 pascals at t = 0.4 s and x = 2.715 mm,
y = 17 mm, z = 0. From these results, it could be inferred that the blood flow is
greatly affected by the presence of atherosclerotic plaque. Because of the plaque,
the value of von Mises stress is minimum in posterior regions (media, adventitia).
In general, the vascular dilation and contraction of blood vessel regulate the blood
flow. It could be seen that the von Mises stress value attains a minimum for all the
layers as shown in Fig. 5b, c in their respective plaque regions. The self-contraction
of the media layer is responsible for the blood flow from CCA to capillaries. The
presence of atherosclerosis causes a deficiency in active contraction or elongation of
blood vessel layers.

Due to this problem, the blood does not reach the cells and organs in the human
body and causes ischemic stroke. Falk shaw et al. [14] conducted an experimental
study which reveals that plaque rupture condition range is about 45–50% of vessel
stenosis level. In the current study, 45% of stenosis level condition of blood vessel is
considered which denotes a possible rupture condition of plaque. Therefore, the
present results are expected to provide valuable insight in to the diagnostics of
atherosclerosis, by analyzing various stenosis conditions, which helps to diagnosis
in atherogenesis.
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Fig. 4 a Pressure
distribution (contour) in of
CCA bifurcation at t = 0.4 s.
bWall shear stress
distribution (contour) in
CCA bifurcation at t = 0.4 s

(a) 

(b) 



Fluid–Structure Interaction Analysis in an Atherosclerosis … 33

(a) 

(b) (c)

Fig. 5 a Von Mises stress in intima layer at t = 0.4 s, b von Mises stress in media layer t = 0.4 s,
and c von Mises stress at adventitia at t = 0.4 s

5 Conclusion

This work succeeded to develop a numerical model of an atherosclerotic carotid
artery. The model developed is expected to help in the examination of the effect
of different factors on a diseased carotid artery. More specifically, the model for
the artery and plaque could help to predict the initiation of stroke, or brain ischemia
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accurately. The blood pulsation, non-Newtonian flow of blood, and three layers of an
artery are essential for predicting the consequences of atherosclerosis artery. These
parameters that exert their influences on the atherosclerotic carotid artery can be
considered as a realistic representation of plaque behavior. Results indicate that
stenosis condition of blood flow causes a reduction in blood pressure by 54%. In
the stenosis region, von Mises stress is minimum. Results further indicate that the
maximum wall shear stress acts on the fibrous cap (plaque tip).
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