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Abstract In the present research, we use fluid–structure interaction to study the
effect of endovascular coiling in brain aneurysms. We simulate pulsatile flow of
blood through a tubular hypothetical bulge filled with a homogenous porous
medium; however, the wall mechanical properties of the aneurysm wall are different
from that of the non-aneurysmal vascular vessel wall. The numerical simulations
were carried out using Open FOAM. The FSI technique has a nonlinear material
model to represent the ICA tissue. Fully implicit method of coupling employed
ensured that the solid and the fluid domain attained convergence at each of the time
steps. The results from the FSI simulations show that the presence of a coil in an
aneurysm sac reduces fluid loading within the sac, and hence, the velocity of blood
flow becomes negligible within the aneurysm. The von Mises stresses and the wall
shear stress values on the wall of the aneurysm decrease to a great extent after the
coil is inserted. Consequently, the displacement of the blood vessel’s wall also
decreases, and hence, the risk of rupture of the aneurysm reduces. In conclusion,
treatment using endovascular coiling technique delays further disintegration of the
blood vessel and hence proves to be an effective treatment technique for cerebral
aneurysm.
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1 Introduction

An intracranial aneurysm, generally occurring at the base of the brain, is a condition
when a local and progressive balloon-like dilation occurs in the arteries. The ini-
tiation, growth, and the rupture of an aneurysm are generally associated with
hemodynamic factors including wall shear stress, wall pressure, and flow rate of
blood [1]. The commonly employed treatment options for a cerebral aneurysm
include endovascular coiling and surgical clipping. In endovascular coiling
embolization, a coil is inserted into the aneurysm sac, which averts blood circu-
lation in the aneurysm, and ultimately, further rupture of the aneurysm can be
prevented while in case of surgical clipping blood flow to the aneurysm is averted
by placing a clip at the aneurysm neck.

The effect of stents on intra-aneurysmal flow using an ideal geometry has been
experimentally investigated by Canton et al. [2]. Majority of the aneurysms gen-
erally occur at the bifurcation point of the blood vessel. This can be attributed to the
fact that the risk of rupture associated with these sites increases manifolds due to the
high magnitude of the wall shear stress. Flow shear stress may result in the dys-
function of endothelial cells, which leads to the destruction of the vessel walls [3].
Mitsos et al. [4] have investigated the effect of endovascular treatment on a
patient-specific geometry.

The numerical simulation of the blood flow can effectively predict growth and
rupture of aneurysm with minimal cost [5]. The study of the interaction of blood
flow and the vessel walls is essential to predict this, owing to the elastic nature of
the vessel. Hence, the fluid–structure interaction (FSI) simulation method is
implemented in the current work.

The use of FSI simulations to determine the stress distribution within the wall of
a hypothetical ICA geometry prior to treatment as well as after treatment using coil
embolization technique, considering inconsistent mechanical properties for the
aneurysm wall as well as that of the unaffected vessel wall, is described in this
article. The FSI technique was implemented using OpenFOAM. The aim of this
work was to study the effect of endovascular coiling in the prevention of further
disintegration of an aneurysm wall.

2 Mathematical Modeling

2.1 Geometry

The fluid geometry under consideration is a bent tube with a sphere-shaped
aneurysm as shown in Fig. 1 [6].The dimensions of the geometry have been scaled
up by a factor of 4 in comparison to a human subject [7]. The aneurysms of this
model have been found in patients [8]. Dynamic similarity has been ensured by
maintaining the same values of the Reynolds number and Womersley number (Re
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and Wo). The diameter of the tube (d) is 10 mm. The length of the legs is con-
sidered 70 mm so that fully developed flow enters the aneurysm. The angle
between the two legs of the tube is 75 °C. The bulge parameter is D/d = 3, for the
model given below.

For the solid domain, different wall thickness was considered for the tube region
and the bulge region. The tube wall thickness, excluding the bulge region, was
considered to be 0.3 mm [9]. The minimum thickness of an aneurysm before
rupture was reported to be 0.05 mm by Abruzzo et al. [10]. So, the thickness of
0.20 mm was used for the bulge. In the second case, the aneurysm was considered
to be fully filled with a porous medium to model endovascular coiling treatment in
cerebral aneurysm.

2.2 Governing Equations and Boundary Conditions

Fluid region. The blood flow is laminar and pulsatile. Blood is modeled as an
incompressible fluid with a density equal to 1050 kg/m3. The porous medium is
present in the bulge region.

The governing equations for incompressible fluid flow through the non-porous
and porous media, Nield and Bejan [11]:
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The last three terms of Eq. (2) are referred to as the Brinkman, Darcy, and
Forchheimer terms, respectively. For simulating flow through a clear medium,

Fig. 1 Geometrical model
for aneurysm analysis
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Darcy and Forchheimer terms will be zero. The non-Newtonian properties of blood
are simulated using the Carreau–Yasuda model [12]:

l cð Þ ¼ l1 þ l0 � l1
1þmcnð Þa ð3Þ

where c ¼ 0:5eijeij
� �0:5

and,eij ¼ 1
2
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The term m represents the relaxation time, and terms l∞ and lo represent the

viscosity at infinite and zero shear rate, respectively. The values are given in
Table 1.

where u = porosity, K = permeability and Cf = inertia coefficient for the porous
media within the bulge. The Darcy number (Da) of the coil is K/D2 = 1.55 � 10−4.
For a Reynolds number of 480 and a frequency of f = 1.2 Hz, the Womersley
number Wo was found to be 7.8 and is consistent with flow in the brain.
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For the unsteady flow simulation, at each time step the Womersley profile [13] as
given in Fig. 2 is specified as the inlet. Based on the inlet velocity profile, the mean
Reynolds number was found to be 480. Pressure is specified as gradient outflow at
the exit and has been derived from the work of Abdi et al. [14].

Solid Region. To the inner vascular wall of the geometry, 16 kPa (120 mm Hg)
of peak systolic pressure was applied while zero external pressure was applied to

Table 1 Parameters for governing equations

lo, Pa-s l∞, Pa-s M n a q, kg/m3 u [20] K, m2 [20] Cf [20]

0.16 0.0035 8.2 0.64 1.23 1050 0.735 1.55e−8 0.2

(a) (b)

Fig. 2 a Inlet velocity boundary condition. b Outlet pressure boundary condition
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the outer vascular wall. The mechanical properties assigned to the aneurysm and the
arterial wall were different. A nonlinear elastic material is modeled as described by
Kelly and O’Rourke [15], wherein the following procedure was used for simulating
the solid domain. Based on the relationship between stress T and stretch ratio k for
the arterial wall, provided by Raghavan and Vorp [16]

T1 ¼ 2aþ 4b k21 þ 2k�1
1 � 3

� �� �
k21 � k�1

2

� � ð5Þ

Value of a and b was taken as 174000 and 1881000 Pa, respectively. Utilizing
the previous relation an average stress–strain curve was calculated and is given by

r ¼ 2:744� 108e7:275 � 2:744� 108e7:272 ð6Þ

where e represents strain and r represents stress. The Young modulus of elasticity,
E, is given by

E ¼ dr
de

¼ 1996260000e7:275e � 1995436800e7:272e ð7Þ

The Young modulus of elasticity was then determined at each time step using the
above equation. The material is now assumed to follow a linear elastic trend, and
the corresponding values of displacement, stress, and strain are calculated.
Similarly, the aneurysm was also modeled on the basis of the characteristics of
intraluminal thrombus (ILT) as observed by Wang et al. [17].

T1 ¼ 2 c1 þ 2c2 2k1 þ 1

k21
� 3

 !" #
ð8Þ

The values of c1 are taken as 28,000 Pa and c2 as 28,600 Pa, respectively. The
stress–strain relationship of ILT was calculated to be:

r ¼ 2:298� 107e1:0142 � 2:298� 107e1:0082 ð9Þ

Furthermore, the equation was differentiated to obtain a relationship for the
Young modulus of elasticity, E

E ¼ dy
dx

¼ 23301720e1:0412 � 23163840e1:0082 ð10Þ

The momentum equation for a linear elastic material for the displacement d is
given by
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where µ and k are Lame’s coefficient which is related to Poisson’s ratio m and
Young’s modulus of elasticity E as:

l ¼ E
2 1þ#ð Þ and k ¼ #E

1þ#ð Þ 1� 2#ð Þ ð12Þ

FSI Simulation. Iterations are separately carried out for both the fluid and solid
systems to achieve convergence separately, and then, the entire system is solved for
each time step, and hence, convergence is ensured. This is the general basis of
various fluid–solid coupling codes which have been developed [18, 19].

2.3 Discretisation

The geometry was meshed in Gambit and thereafter imported into OpenFOAM.
Mesh independency study was carried out considering both fluid and solid domains.
The mesh independency studies produce the same results for 1.08 � 106 and
1.25 � 106 elements for the fluid region. For the solid domain, the value of
maximum von Mises stress was used in order to conduct the mesh independency
test and it was found that a mesh giving 1.21 � 105 elements, produced
mesh-independent results. A grid quality of 0.9 was ensured throughout the
geometry. The FSI solver was validated with the results of Kelly [15].

3 Results and Discussion

The quantities of interest in this study include (i) flow distribution, (ii) wall shear
stress, (iii) wall pressure, (iv) von Mises stresses, and (v) wall displacement in the
bulge.

3.1 Velocity Contour

In Fig. 3a, b, the time-averaged velocity contour has been shown in x-y mid-plane
for the case prior to and succeeding endovascular treatment. The flow in the bulge is
stronger in a clear media, and the corresponding velocities are subsequently greater
in the case of clear medium. However, after the placement of a coil the circulating
velocities in the bulge reduce. This is because of the fact that the coil is creating a
bypass, which leads to a drastic reduction of the wall loading in the aneurysm.
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3.2 Pressure

The pressure levels were found to be marginally higher in the case of flow through a
clear medium; however, from Fig. 3c, d it can be observed that pressure remains
relatively unaffected by coil embolisation. This is because the bulge is a zone of
separation even prior to the insertion of the coil, and hence, even after coil
embolisation a uniform pressure exists because of low value of flow occurring
within the bulge.

3.3 Wall Shear Stress

Time-averaged WSS contours are given for both the cases in Fig. 3e, f. The wall
shear stress values were found to reduce nearly by a factor of 7 after insertion of
coil, because of subsequent reduction of flow in the bulge. This can subsequently
reduce the probability of rupture of the aneurysm.

3.4 Wall Displacement

Figure 3g, h shows the contour of solid displacement for both cases during the
systolic phase. The maximum displacement is found to be 0.63 and 0.33 mm for the

Fig. 3 Time-averaged
contours of (a, b) absolute
velocity (at mid-plane in front
view), (c, d) wall pressure, (e,
f) wall shear stress, (g, h) wall
displacement (systolic phase)
and (i, j) maximum
von-Mises stress in clear
media (first column) versus
porous media (second
column) for Re = 480 and
Wo = 7.82
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case before and after coil embolisation, respectively. The value indicates that the
maximum displacement for the treated aneurysm is 47% less than in case of
untreated aneurysm. This clearly signifies that treatment using endovascular coiling
can decrease the displacement of the blood vessel’s wall and hence reduce the risk
of rupture, thus proving to be an efficient treatment technique.

3.5 Von Mises Stress

Von Mises stress is a combination of the normal and shear stresses exerted on the
solid wall. Hence, when compared to the material strength of the blood vessel’s
wall can determine the chances of rupture of the aneurysm wall. The contours of the
von Mises stress that occur at the neck of the aneurysm have been given in Fig. 3i,
j. The maximum stress for the cases prior to and succeeding treatment is 0.98 and
0.12 MPa, respectively. With the insertion of the coil, the relative reduction of the
maximum von Mises stress is 87%.

4 Conclusion

In the present study, coil embolization modeling of cerebral aneurysm is reported.
The coils are modeled as a porous medium. The linear elastic model is used to
model the solid wall. The Womersley velocity profile is applied at the inlet of the
fluid. The finite volume method is used to solve the unsteady state governing
equations in 3D for both the solid and fluid solver. The results obtained show that in
the presence of a coil in the bulge, the flow is bypassed, and the wall loading in the
bulge drastically reduces. The wall shear stress decreases, and the displacement of
the aneurysm wall is also found to decrease to a considerable extent. The von Mises
stresses drastically reduce after coil embolization. However, the pressure was found
to remain relatively unaffected. The percentage reduction in von Mises stress and
the wall displacement was also appreciable. Thus, it is safe to conclude that coil
embolization technique can be used to effectively treat cerebral aneurysms. Also, it
can be concluded that FSI-based simulations can be effectively carried out to model
blood flow in suitable biological models to determine the effectiveness of various
treatment techniques. This solver can be applied to patient-specific models to
effectively predict the response of the patient to the treatment.
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