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Abstract 

In this study, we computationally examine the biomechanics of a cerebral aneurysm (CA) using a two-way Fluid-

Structure Interaction (FSI) approach. The integrated approach using computational fluid dynamics (CFD) and computational 

solid dynamics (CSD) aims to connect the intra-aneurysmal environment and the rupture process and assess the risk of 

aneurysm rupture. The velocity distribution and the wall shear stress (WSS) were calculated within these aneurysms. The 

dynamic response of cerebral aneurysms was predicted using CSD. We conducted parametric analyses based on CA aspect 

ratio (AR) and viscosity sensitivity analysis to allow easier exploration of their effects. The findings demonstrate that velocity 

values decrease as aneurysm size increases, associated with the drop in WSS. Results demonstrated how the wall deformation 

associated with the growth of CA aspect ratios causes strain and raises the danger of aneurysm rupture. 
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1. Introduction  

FSI involves the interaction between a structure and a 

flowing fluid, encompassing the interplay of fluid and 

solid motions and their relationships. FSI problems 

consider the impact of fluid velocity and pressure, which 

are influenced by structural deformations. In recent times, 

there has been a growing emphasis on engineering projects 

incorporating lighter and more flexible structural designs. 

These fluid-conducting structures pose complex multi-

physical challenges that are often difficult to handle. 

Numerical simulations have emerged as crucial tools in 

various engineering fields, but their effectiveness is 

hindered by the need to predict flow regions that are 

inaccessible through experiments. Achieving an accurate 

numerical simulation of FSI problems is challenging due 

to the strong coupling between fluid and structure. 

Implementing the FSI model successfully within the CFD 

framework and transient structure solvers can provide a 

reliable tool for solving flow deformations and updating 

meshes. Convergence of the coupling algorithm that links 

the fluid and structure domains is essential [1]. The two-

way FSI approach is suitable for problems where both the 

solid and fluid flow mutually influence each other [2]. 

Hemodynamics simulations using CFD rely on various 

factors such as the behavior of blood (Newtonian or non-

Newtonian), the conditions of inflow and outflow, the 

availability of accurate in-vivo measurements, and the 

ability to model vascular wall motion [3]. Considering 

these factors, CFD has the capability to analyze the 

hemodynamic environment of blood flow in cerebral 

aneurysms and predict abnormal shear stress. These 

abnormalities in shear stress can serve as indicators of 

weaknesses in the vessel wall [3]. Successful simulations 

using CFD for cerebral aneurysms can provide significant 

insights into flow conditions both within arteries and 

within the aneurysm itself. This information can assist in 

establishing a link between flow patterns and aneurysm 

initiation, development, and rupture risk. CFD is becoming 

a more accurate method for determining WSS in human 

aneurysms [1]. 

There are many articles addressing FSI issues related to 

cerebral aneurysms in the literature. Previous studies have 

diligently emphasized the crucial role of CFD in the 

detection and treatment of CA. The majority of these 

studies have confirmed the significance of WSS during the 

initiation because of its impact on the endothelial layer. 

Poueinak et al. [4] emphasize the importance of blood flow 

in the occurrence of CA hemorrhage. Their study 

examines the blood flow dynamics in the Internal Carotid 

Intracranial (ICA) growth, focusing on the effects of 

coiling. Their CFD analysis shows that reduced coiling 

porosity significantly lowers WSS and oscillatory shear 

index (OSI), particularly in situations with high blood 

viscosity. Sabernaeemi et al. [5] reported that stent-
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assisted coiling effectively treats intracranial aneurysms 

but emphasizes the risk of vasculature deformation. One-

way FSI is used to study four intracranial aneurysms 

(ICA). Stents significantly reduce hemodynamic 

parameters, except OSI and aneurysm neck inflow. 

Intervention effects vary, focusing on the overlooked 

hemodynamic effect of aneurysm deformation. In cases of 

significant aneurysm deformation, stents alone can 

improve hemodynamic factors, according to the 

study. Salavatidezfouli et al. [6] examined stent 

deformations in ICA aneurysm treatment using CFD. Four 

aneurysms with different characteristics were studied for 

blood circulation and flow patterns. The results showed 

that the aneurysm deformation decreased blood flow into 

the sac, lowering sac wall velocity and oscillatory shear 

index. Stent-induced deformation was most noticeable in 

high OSI aneurysm walls. Shen et al. [7] performed a 

computational investigation to assess the influence of 

blood flow on the formation of aneurysms in the ICA. 

Their primary aim was to clarify the main factors 

contributing to an aneurysm rupture by evaluating pressure 

distribution and WSS. Their CFD analysis revealed a 

direct correlation between the growth of an aneurysm and 

its orientation and location. The study revealed that the 

aneurysm's average WSS was considerably lower than the 

exterior.  

He et al. [8] used FSI techniques to study how arterial 

wall compliance and microcirculation affect arterial 

hemodynamics and blood flow. Savabi et al. [9] performed 

numerical FSI analyses on 3D models of the aortic arch, 

specifically looking at various fluid-related hemodynamic 

parameters such as velocity, WSS, pressure distributions, 

as well as stress and deformation in the solid domain. Cho 

et al. [10] utilized FSI to make predictions regarding the 

likelihood of CA rupture. Sun et al. [11] conducted an FSI 

study focusing on the impact of aneurysm AR, artery 

thickness, and hypertension. Saqr [12] compared the 

Navier-Stokes simplification with the non-Newtonian 

power-law model by investigating a ruptured middle 

cerebral artery, aiming to identify differences between the 

two approaches. Gholampour and Mehrjoo [13] employed 

CFD models to investigate changes in hemodynamics and 

the potential risk of rupture in bifurcation middle cerebral 

aneurysms. Isaksen et al. [14] conducted FSI simulations 

with patient-specific geometries to examine the effects of 

wall stress and displacement in cerebral aneurysms. 

Jiang et al. [15] investigated the influence of 

morphology, particularly the shape, of a saccular aneurysm 

on the probability of rupture. By employing computer 

models to simulate different scenarios, researchers found 

that increased blood viscosity significantly increased the 

chances of rupture, while specific coiling techniques 

reduced this risk. Altering the coil's properties affected 

factors such as pressure and flow inside the enlarged 

vessel, providing valuable data for potential preventive 

measures. Sadeh et al. [16] used CFD simulations to 

investigate the impacts of blood hematocrit and coiling on 

the aneurysm risk of aneurysm rupture based on an 

angiography image. They comprehensively evaluated 

WSS, aneurysm wall pressure, and oscillatory shear index 

at different blood viscosities. One-way FSI is applied to 

simulate the non-Newtonian, pulsatile blood flow through 

the aneurysm sac. The pulsatile bloodstream was designed 

by Hariri et al. [17] using CFD simulation by solving 

Reynolds Average Navier-stocks equations. They 

investigated the pressure, oscillatory shear index, and WSS 

on the sac wall of CA during the blood cycle. They found 

that the maximum value of WSS was near the neck of the 

sac, while the oscillatory shear index was near the 

aneurysm dome.  

In their study, Kleinstreuer et al. [18] conducted 

simulations to evaluate the impact of a physical 

hemodynamic model coupled with wall mechanics on the 

treatment of Abdominal Aorta Aneurysm (AAA). Xenos et 

al. [19] utilized simulations with reconstructed models 

from Computerized Tomography (CT) scans of AAA 

patients to predict potential rupture locations. Scotti et al. 

[20] developed multiple models considering transient flow 

conditions to investigate the effects of wall thickness on 

the peak value of WSS. 

Rostam-Alilou et al. [21] performed a comprehensive 

analysis of FSI to explore the intricate interactions 

between blood flow and vessel tissue. The study conducted 

FSI analysis to simulate the interactions between blood 

and vessels, shedding light on the importance of pre-

existing arterial occlusions in altering hemodynamic 

behavior. Variations in blood pressure and velocity were 

found to increase the risk of remodeling artery tissue and 

developing aneurysms. The researchers specifically 

focused on dynamic simulations of blood flow to 

investigate the behavior of CA hemodynamics. They 

observed that assuming Newtonian viscosity resulted in 

more stable blood flow, whereas non-Newtonian 

assumptions led to instability. Furthermore, they noted that 

the size of the aneurysm and the angle of bifurcation 

significantly influenced the inflow of aneurysms, which is 

critical for treatment. 

Shine et al. [22] used computational methods to 

analyze the hemodynamics of arteries in the circle of 

Willis with the aim of identifying potential sites for CA 

development. Their analysis indicated that junction 

locations within the circle of Willis displayed high values 

of WSS, posing a greater risk for aneurysm initiation based 

on the WSS distribution. They also observed that 

decreased wall elasticity led to reduced WSS values. The 

arteries showed localized Von Mises stress, which could 

contribute to an increased susceptibility to aneurysm 

formation and rupture. In a separate study, Abdollahi et al. 

[23] employed CFD and two-way FSI interaction methods 

to investigate aneurysm rupture and assess the impact of 

various hemodynamic parameters. 

Almomani et al. [24] investigated that the carotid artery 

geometry is a main cause of blood flow-related carotid 

artery diseases. They focused on the changes that 

happened to the internal off-plane angle of the carotid 

artery. They investigated the hemodynamic parameters 

that lead to the formation of plaques and atherosclerosis. 

They performed steady, three-dimensional CFD 

computations with 0.3 mm/sec inlet velocity, no-slip 

boundary conditions, and rigid walls. 

In their study, Paz et al. [25] concentrated on 

examining the impact of coil embolization in a realistic 

CA, with a specific emphasis on the thickness of the vessel 

wall and aneurysm. They conducted transient FSI 

simulations, analyzing multiple models and comparing the 

equivalent stress levels before and after coil embolization. 
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In a different study, Khe et al. [26] utilized a large saccular 

aneurysm located at the bifurcation of the basilar artery to 

replicate blood flow in cerebral arteries. They examined 

the hydrodynamic and mechanical characteristics using 

different modeling approaches, including the rigid-wall 

assumption, one-way FSI, and two-way hydro-elastic 

model. According to Fattahi et al. [27], the size of a 

saccular aneurysm and its connecting vessel diameter 

affect blood flow characteristics. They examined coiling-

treated aneurysm WSS, pressure, and OSI. The study 

found that increasing the connecting vessel's diameter 

directly reduced OSI on the bulging vessel's surface using 

computational modeling of non-Newtonian blood flow in 

different aneurysms. As the connecting vessel diameter 

increased, the mean WSS decreased. Fattahi et al. [28] 

examined how blood vessel size affects cerebral aneurysm 

rupture risk. The study detailed ICA aneurysm blood flow 

dynamics with different parent vessel sizes. CFD was used 

to model blood flow and compare WSS, OSI, and pressure 

distribution. The parent vessel's size affected the minimum 

WSS.  

Hajirayat et al. [29], through FSI simulations, 

investigated blood hemodynamics and the risk of rupture 

in cerebral aneurysms with various neck geometries. They 

observed that blood hemodynamic parameters increased 

after the formation of an aneurysm, with the WSS 

increasing by a factor of 4.1-6.5 compared to a healthy 

patient. Furthermore, they found that a CA with a circular 

neck had a 40.8% higher likelihood of artery rupture 

compared to an aneurysm with an elliptical neck. Sheidani 

et al. [30] examined blood hemodynamics in cerebral 

aneurysm development, specifically within the Internal 

Carotid Artery. Using computational fluid dynamics, they 

considered transitional, non-Newtonian, and 

incompressible conditions to identify high-risk regions on 

the aneurysm wall. Comparative analysis of OSI and WSS 

at different blood flow stages revealed insights into the 

impact of blood viscosity and coiling treatment. Adjusting 

coiling porosity influenced maximum OSI, with variations 

observed based on patient characteristics.  

Tan et al. [31] utilized FSI simulations to predict WSS 

and hemodynamic factors associated with the growth and 

rupture of thoracic aortic aneurysms. Lantz et al. [32] and 

Alimohammadi et al. [33] investigated WSS changes 

influenced by wall motion in the human aorta using FSI 

simulations. Torii et al. [34] and Bai-Nan et al. [35] 

employed FSI to conduct hemodynamic analyses of 

coronary arteries through CFD simulations, focusing on 

WSS. Luo et al. [36] analyzed FSI models involving rigid 

walls, vessel deformation, WSS, and flow distribution in 

arterial bifurcations to obtain accurate flow patterns. 

Jahangiri et al. [37] and Frecentese et al. [38] performed 

dynamic modeling of stenosed arteries using FSI 

simulations with different non-Newtonian blood viscosity 

models. Torii et al. [39] identified hypertension as a high-

risk factor for aneurysm rupture based on blood pressure 

measurements. Ahmed et al. [40] investigated the effects 

of hypertension and elasticity models on aneurysm rupture 

through computational coupled FSI analysis. Feng et al. 

[41] simulated the growth and rupture of cerebral 

aneurysms using numerical aneurysm models, considering 

both straight and curved geometries, in FSI simulations. 

Torii et al. [42] analyzed a wall structure model of patient-

specific cerebral aneurysms using FSI simulations. Torii et 

al. [43] and Valencia et al. [44] studied the influence of 

wall thickness in FSI simulations. Takizawa et al. [45] 

analyzed patient-specific cerebral aneurysms through FSI 

simulations. Bazilevs et al. [46, 47] compared WSS and 

wall tension using FSI simulations to investigate 

hemodynamic factors. Takizawa et al. [48] examined 

various CA models based on size and location using FSI 

simulations with patient-specific models. Lee et al. [49] 

simulated FSI using patient-specific models to explore 

differences between ruptured and unruptured aneurysms. 

Qiu et al. [50] investigated the relationship between 

morphological properties and WSS using simplified FSI 

models, considering parameters such as the maximum 

angle of bifurcation and constant wall thickness, to assess 

the effect of morphological properties on WSS. Shamloo 

et al. [51] studied the impact of wall thickening in cerebral 

aneurysms and the effects of endovascular coiling 

treatment using FSI simulations. Valencia and Torres [52] 

studied the blood pressure and hypertension effects on 

aneurysm rupture using FSI simulations. Avolio et al. [53] 

studied the effect of hypertension, pulsatile blood flow, 

and oscillatory blood pressure on aneurysm rupture. 

Shawish et al. [54] used CFD simulation in other 

applications as air-to-air energy recovery ventilators 

examined numerically using a 3D CFD simulation. The 

well-known Navier-Stokes, Energy, and continuity 

nonlinear differential equations describe the 

incompressible steady-state airflow. Saraireh [55] 

presented a three-dimensional CFD simulation of fluid 

flow and heat transfer for two types of heat sinks. CFD 

simulations are used to solve the fluid flow and energy 

equations and temperature as boundary conditions. Alshare 

et al. [56] developed gas flow and heat transfer through a 

wavy microchannel. Rashid and Singh [57] studied the 

effects of inertia and buoyancy forces numerically 

investigated using fluid dynamics and heat transfer 

characteristics in CFD simulations for micro-heated 

cylinders in an unconfined flow regime. 

From the author's point of view, the mechanical 

behavior of cerebral aneurysms using two-way FSI as a 

computational study needed to be covered more in the 

literature. This problem was solved, simulated, and 

compared with the published results. The study aims to 

demonstrate the importance of FSI as a computational tool. 

Also, FSI establishes a better understanding of the human 

arteries biomechanics, particularly for CA cases in terms 

of initiation, development, and rupture. In addition, to 

develop a two-way FSI model that predicts the dynamic 

responses of cerebral aneurysms. In addition, the CFD is 

utilized to assess the aneurysmal WSS and velocity 

distribution for cerebral aneurysms at different aspect 

ratios. Finally, we simulate the CA in various sizes on 

WSS and the risk of rupture. 

2. Problem Formulation 

The problem formulation of this paper is outlined in the 

following sections. 

 



 © 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 1  (ISSN 1995-6665) 34 

2.1. FSI System Coupling 

System coupling makes the independent physics 

solvers of any system and the external data sources of that 

system work together in a coupled Multiphysics analysis. 

System coupling is performed by setting up the physics 

behind the systems, defining data transfer variables and 

regions, also specifying the analysis settings. There are 

two types of coupling methods, steady and transient. The 

steady-state approach is utilized when all the participants 

exhibit steady-state or static behavior. On the other hand, 

the transient system is employed when all participants 

exhibit transient behavior [11]. In our study, the 

mechanical and fluid flow systems are considered transient 

systems. 

Once the systems are connected through the system 

coupling component, the solution updates are 

automatically initiated whenever the system coupling 

solution cell is updated. For our study, we implemented 

FSI using two commercial software programs available 

within the ANSYS package: Transient Structural for CSD 

and FLUENT for CFD. The setup of the system coupling 

simulations involves determining the analysis settings such 

as the time step size, end time, and the number of coupling 

iterations. 

Next, we manage the data transfer and simulation 

sequences between the two numerical solvers. Before 

running the coupled system for cerebral aneurysms, we 

configure the physics for each participant and define the 

data transfer variables and coupling regions accordingly. 

Additionally, we establish the necessary coupling-related 

settings. The simulation setup encompasses crucial steps 

such as assigning material properties, defining boundary 

conditions, and selecting appropriate numerical techniques 

for the models employed in the analysis. 

2.2. Geometry  

In recent years, the development of patient-specific 

blood flow modeling has progressed significantly, driven 

by advancements in imaging, modeling, mesh generation, 

computation, and visualization technologies. The 

simulations aim to explore hemodynamic factors that 

impact the initiation and progression of cardiovascular 

diseases, predict surgical intervention outcomes, or assess 

the effects of electromechanical assist devices. In our 

study, we employed two geometric models to approximate 

the shape of aneurysms. The first model represents a non-

bifurcating artery with a spherical aneurysm dome, as 

depicted in Figure 1a. The second model represents a T-

shaped bifurcating artery with a spherical aneurysm dome, 

as shown in Figure 1b. The models consist of two distinct 

regions: the aneurysm dome and the arteries. These models 

were derived from actual patient MRI angiography images 

existing in the literature, specifically from Bazilevs et al. 

[46, 47]. 

 

 

(a) 

          

(b)                                                                                           (c) 

Figure 1. (a) models’ schematic diagram (all dimensions in mm), (b) non-bifurcation model, and (c) T-shaped bifurcation mode. 
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The primary artery, which serves as the standard for 

both models, is considered to be a fixed-diameter tube with 

a diameter (𝑑𝑡) of 2.5 mm and a length (𝐿 ) of 22.5 mm. In 

the case of the second model, representing the bifurcation 

artery, the branch artery has the same diameter as the main 

artery but with a length (𝐿) of 10 mm. The neck region, 

where the aneurysm connects to the artery, is 

approximated as an elliptical shape with an apoapsis radius 

of 1.25 mm. To ensure a smooth transition in geometry 

between the arteries, a 1.25 mm fillet is introduced. The 

approximate spherical aneurysm has a diameter (𝑑𝑎). The 

sizes considered for unruptured cerebral aneurysms range 

from 0 mm to 14 mm, with a 2 mm increment, based on 

the study by Ishibashi et al. [58]. The AR is defined as the 

ratio of the aneurysm diameter (𝑑𝑎) to the artery diameter 

(𝑑𝑡). 

𝐴𝑅 =
𝑑𝑎

𝑑𝑡
                                                                       (1) 

The thickness of both the main artery and branch artery 

walls is assumed to be uniform and equal to 0.46 mm, as 

stated in the study by Sherif et al. [59]. The aneurysm 

thickness varies between 0.03 mm and 0.4 mm, according 

to research by Isaksen et al. [14]. Based on clinical data for 

unruptured aneurysms, Steiger et al. [60] estimated the 

wall thickness of an aneurysm to be approximately 1.2% 

of the aneurysm diameter. The following equation is used 

to determine the aneurysm wall thickness, allowing for the 

estimation of the relationship between the AR and other 

variables: 

𝑡𝑎𝑛 = 0.012𝑑𝑎               (2) 

2.3. Computational Mesh 

The grid generation for this problem is accomplished 

using ANSYS meshing. The element sizing for the 

idealized geometry without bifurcation is set at 0.1 mm for 

both the solid and fluid domains. The total number of 

elements is 1.9 × 106. The element sizing for the solid 

domain in idealized bifurcation geometry is 0.1 mm, while 

for the fluid domain, it is 0.3 mm. The total number of 

elements is 2.5 × 106. 

The second mesh controller is inflation, which allows 

for the addition of layers along specific wall artery edges 

to enhance the dependence of the results. The inflation 

zone encompasses ten layers, each with a thickness of 1.2, 

resulting in a total thickness. This growth rate covers 10% 

of the diameter of the primary artery. In the independence 

test, the maximum within-cluster sum of squares (max-

WSS) was used as the value to be tested. The max-WSS 

remained constant regardless of changes in the element 

size. The chosen value for the element size was determined 

when the mesh results differed by less than 2% from the 

previous mesh results. Figure 2 displays a sample of the 

mesh employed, along with the inflation layers. 

Additionally, it offers an analysis of mesh independence. 

 

 
(a)                                 (b) 

 

(c) 

Figure 2. (a) the meshing of the interior (fluid) domain and the outer (solid) domain, (b) zoon on the mesh of the inlet surface of blood and 

boundary inflation layers, and (c) mesh independency analysis. 
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2.4. Material Setup 

Blood is a complex mixture consisting of solid 

components suspended in liquid plasma, making it a multi-

phase mixture. The viscosity of blood is influenced by 

various factors, including its composition, distribution of 

blood cells, and mechanical properties. Additionally, the 

blood viscosity is affected by external forces applied and 

the prevailing physical conditions. 

In many cases, the Newtonian blood model is 

appropriate, particularly in large vessels where shear rates 

are moderate to high. However, at lower shear rates below 

100 𝑠−1, non-Newtonian effects become more significant. 

At shear rates above this threshold, blood can be 

approximated as a Newtonian liquid [61]. Among the 

commonly used non-Newtonian blood models, the 

Carreau-Yasuda and Casson models are popular choices. 

In the Carreau-Yasuda model, the viscosity is described 

by a specific formulation:  

µ = µ∞ +
µₒ−µ∞

(1+(𝜆𝛾)̇𝑎)
1−𝑛
𝑛

                                             (3) 

Here, µ is the effective viscosity and µ∞, µₒ, 𝜆, 𝛾 and 𝑛 

are material properties described and specified as: 

 µ∞ (Infinite shear viscosity) = 0.0035 kg/m.s.  

 µₒ (Zero shear index) = 0.056 kg/m. s 

 𝜆 (Time index) = 3.313 s 

 n (Power-law index) = 0.3568 

In the case of an aged patient, the modulus of elasticity 

(E) for the arteries is considered to be 0.9 MPa, while for 

the aneurysm dome, it is taken as 1.4 MPa [60]. Both the 

arteries and aneurysm dome have a density (ρ) of 

1120 𝑘𝑔 𝑚3⁄ , and the Poisson's ratio (υ) for the aneurysm 

dome is 0.4. It is worth noting that the stiffness, yielding, 

and elasticity of the aneurysm dome in elderly patients are 

typically lower compared to those observed in younger and 

healthier individuals [62]. 

Table 1. Material properties [60] 

 Yield strain Yield stress 
(MPa) 

Elastic modulus 
(MPa) 

Aneurysm dome 0.37 ±0.15 0.5±0.26 1.7±0.8 

Aneurysm neck 0.57±0.39 1.21±0.49 3.1±0.9 

Arteries 0.37±0.10 1.06±0.13 2.5±1.1 

2.5. Governing Equation 

In blood flow modeling, the equations described the 

laminar and incompressible blood flow in arteries given as 

the conservation of mass and momentum (Navier-Stokes’s 

equations). Here we list them as: 

In the modeling of blood flow, the equations that 

describe the laminar and incompressible blood flow in 

arteries are based on the principles of conservation of mass 

and momentum, commonly known as the Navier-Stokes 

equations. These equations can be written as follows:  
𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌�⃗� ) = 0              (4) 

𝑑

𝑑𝑡
(𝜌�⃗� + 𝛻. (𝜌�⃗� �⃗� ) = −𝛻𝑝 +  𝛻. 𝜏 + 𝜌𝑔 + 𝑓               (5) 

Where: 

ρ: fluid density 

�⃗� : fluid velocity components   

𝜏 : stress tensor   

p: static pressure 

𝑔 : gravitational acceleration 

𝑓 : body force 

In the modeling of the solid artery wall, it is typically 

assumed to be linearly elastic and isotropic. This allows us 

to describe the behavior of the solid wall using a 

constitutive equation, which can be written as:  

σ = Eϵ                                                                          (6) 

∇. 𝜏𝑠 + 𝑓𝑠
𝐵 = 𝜌𝑠𝑑�̈�                                                       (7) 

Where σ is the stress tensor, E is the tensor of elastic 

constants, ϵ is the strain tensor, 𝜌𝑠 is the solid density, 𝜏𝑠 is 

the solid stress tensor, 𝑓𝑠
𝐵 is the body force per unit 

volume, and 𝑑�̈�  is the solid local acceleration. 

In the FSI interface, the governing equations for the 

FSI are described as follows: 

𝑛. 𝜎𝑠 = 𝑛. 𝜎𝑓                                                                (8) 

𝛿𝑠 = 𝛿𝑓                                                                        (9) 

Where 𝛿 is the displacement vector, the subscript s is 

for the solid and the subscript f is for the fluid. The fluid 

(blood) and solid deformation are solved by the integrated 

Finite Element Analysis (FEA) and Finite Volume 

Analysis (FVA) in ANSYS 19.1. 

2.6. Boundary Conditions 

The periodic inlet velocity is taken to have an ultimate 

velocity of 0.5 m/s and a minimum velocity of 0.1 m/s, and 

the duration of each period is 0.5 seconds (Figure 3). This 

inlet velocity is used in a CA simulation [63]. It is 

implemented in ANSYS as a user-defined function (UDF). 

On the arterial wall, the no-slip condition is applied. The 

pressure outlet value is set to 100 mmHg [64, 65]. It is 

worth mentioning that other works [4, 6] accounted for the 

pulsatile nature of blood flow inside the vessels using 

prescribed mass flow rate at the inlet and pressure value at 

the outlet. 

 

Figure 3. Pulsatile velocity versus time 

3. Results and Discussion 

The simulation yielded several key results, which are 

now discussed and explained in detail: 

3.1. Viscosity Modeling Analysis 

In this study, we examine the impact of viscosity 

models, specifically the Newtonian and Carreau viscosity 

models. The Carreau model is commonly employed to 

capture the non-Newtonian behavior of blood. Our 

comparative analysis focuses on bifurcation and non-

bifurcation geometries, investigating pressure predictions, 

velocity, and WSS. 

Both viscosity models yield identical pressure patterns, 

as depicted in Figure 4. The color scheme assigns red to 
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the highest values and blue to the lowest values. Figure 4 

illustrates an instance of pressure contours, wherein the 

contours are influenced by the morphological parameters 

of each aneurysm and the flow conditions at the inlet and 

outlet. The pressure drop between the inlet and outlet 

measures 100 Pa. Since blood is incompressible, the flow 

rate is solely determined by the pressure difference (Δp) 

between the inlet and outlet. Consequently, regardless of 

whether the system pressure is low or high, the flow 

remains the same as long as the pressure differential 

between the inlet and outlet remains constant. 

Similar to the pressure field, both viscosity models 

predict comparable velocity fields. Velocity vectors are 

presented for both geometries at incremental growth rates, 

corresponding to various aspect ratios of the aneurysm. 

Additionally, we provide the predicted streamlines. 

Notably, the velocity in the dome region is slower 

compared to the arteries, as illustrated in Figure 4. The 

dome region exhibits near-zero velocities. Across all cases, 

the streamlines and vectors demonstrate negligible 

dependence on the selected viscosity model. 

According to the findings of this study, regions with 

low velocities exhibit a prevalence of low WSS. However, 

the sensitivity of WSS predictions to the choice of 

viscosity model is more pronounced in these low-velocity 

regions. This sensitivity diminishes in regions with high 

velocities. In particular, the sensitivity of WSS to the 

viscosity model is minimal in the arteries but noticeable in 

the dome region of the aneurysm. 

The discrepancies between the viscosity models 

become evident in the dome area of the aneurysm. When 

the AR exceeds 4, both viscosity models yield identical 

WSS predictions. However, for lower AR values, the 

difference amounts to approximately 10% for the non-

bifurcation geometry and 7% for the bifurcation geometry. 

In the following section, a more representative 

comparison is conducted using the area-averaged Wall 

Shear Stress( 𝑊𝑆𝑆̅̅ ̅̅ ̅̅ ) and strain as predicted under the two-

way FSI coupling.  

Figure 5 shows the relation between the predicted 

𝑊𝑆𝑆̅̅ ̅̅ ̅̅  (=
1

𝐴
∫𝑊𝑆𝑆. 𝑑𝐴)  and the aneurysm growth sizes for 

both viscosity models. It is observed that 𝑊𝑆𝑆̅̅ ̅̅ ̅̅  decreases 

with increasing the AR. This means as the aneurysm size 

grows, that the velocity decreases inside the dome, causing 

a lower in 𝑊𝑆𝑆̅̅ ̅̅ ̅̅ . Aneurysm growth becomes a way to deal 

with changes in WSS that could occur because of medical 

factors like blood velocity and others. The non-Newtonian 

predicts higher 𝑊𝑆𝑆̅̅ ̅̅ ̅̅  at aspect ratios less than 3.2. This 

difference in prediction becomes tangible when AR is 

equal to 0.8. For the AR less than 3.2, the non-Newtonian 

predicts a higher 𝑊𝑆𝑆̅̅ ̅̅ ̅̅ ̅; this difference is more tangible for 

AR equal to 2.4. The smaller aspect ratios present the early 

stages of aneurysm growth. 

3.2. Size Parametric Analysis 

In this study, we employ the results obtained from 

Fluent for the flow field as loading inputs for the solid 

mechanics problem. Conversely, we utilize the results 

obtained from the transient structure analysis for the solid 

mechanics as boundary conditions for the flow field. The 

investigation focuses on the impact of aneurysm sizes, 

specifically the change in aneurysm AR. 

We analyze the effects of the aneurysm AR on various 

factors, including artery (wall) deformation, wall stress, 

Von-Mises stress (𝜎𝑣.𝑚), and strain. It is anticipated that 

WSS plays a significant role in the formation and growth 

of aneurysms. Particularly, examining the relationship 

between the distribution of WSS and the AR can 

contribute to a better understanding of the process of 

aneurysm growth. 

 
(a)                                                                               (b) 

 
(c) 

Figure 4. (a) pressure contours, (b) velocity vectors, and (c) velocity streamlines 
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(a) 

 
(b) 

Figure 5. Predicted 𝑊𝑆𝑆̅̅ ̅̅ ̅̅  using Newtonian and non-Newtonian viscosity models (a) for non-bifurcation geometry and (b) for the bifurcation 

geometry.  

The growth of an aneurysm leads to a reduction in 

velocity within the bulging region, resulting in decreased 

WSS there. Moreover, as the aneurysm continues to grow, 

the average WSS over the entire area decreases. Figure 4 

displays the velocity vector, indicating that the blood 

directly impacts the bifurcation point. This impingement of 

flow causes the maximum WSS to occur near the stagnant 

region of the wall. Prolonged flow impingement can 

potentially trigger the initiation of an aneurysm as 

mentioned also by Valencia et al. [66]. 

The primary criterion for assessing the likelihood of 

aneurysm rupture is the Von-Mises stress. Materials start 

deforming when their Von-Mises stress surpasses the yield 

point. If the value of  𝜎𝑣.𝑚 within the aneurysm exceeds 

the yield strength (σy), the aneurysm will begin to grow 

and eventually rupture, as follows: 

𝜎𝑣.𝑚 = √
(𝜎1− 𝜎2)2+(𝜎2−𝜎3)2+(𝜎3−𝜎1)2

2

2
 ≥ 𝜎𝑦             (10) 

In a previous investigation conducted by Steiger et al. 

[60], the yield strength values were found to be 

approximately 0.5 ± 0.25 MPa for the aneurysm dome and 

1.06 ± 0.13 MPa for the arteries. In our current study, we 

consider these values as a benchmark for assessing the 

likelihood of aneurysm rupture. Figure 6 illustrates the 

contours of 𝜎𝑣.𝑚, with the highest 𝜎𝑣.𝑚 occurring within 

the aneurysm region. This elevated stress can be attributed 

to the thinning of the aneurysm wall compared to the 

arterial wall. The color red indicates the highest stress 

value, while blue represents the lowest. 
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(a)                                           (b) 

 
(c)                                       (d) 

Figure 6. Von-Misess stress distribution, non-Newtonian, bifurcation model at (a) AR=3.2, (b) AR=4, (c) AR=4.8, and (d) AR= 5.6 

 

 
(a) 

 
(b) 

Figure 7. Von-Mises stress vs. aspect ratio for (a) non-bifurcation model, and (b) bifurcation model 
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Figure 7 demonstrates that 𝜎𝑣.𝑚 rises as the size of the 

aneurysm increases. Additionally, both bifurcation and 

non-bifurcation geometries exhibit an increase in the 

maximum 𝜎𝑣.𝑚 with increasing AR. This implies that as 

the aneurysm size expands, the maximum wall stress value 

also increases. This behavior resembles that of a thin 

spherical vessel, where the hoop stress in an aneurysm can 

be described by the relationship 𝜎 =
𝑝𝑑𝑎

4𝑡𝑎𝑛
, taking into 

account the pressure (p), aneurysm diameter (𝑑𝑎), and 

aneurysm thickness (𝑡𝑎𝑛). Similarly, the longitudinal stress 

in the main artery can be described by the relationship 𝜎 =
𝑝𝑑𝑡

4𝑡𝑎
, considering the pressure (p), diameter (𝑑𝑡), and 

thickness (𝑡𝑎), resembling the behavior of a thin 

cylindrical vessel. 

In the context of blood flow, it is assumed that blood 

behaves as a Newtonian fluid when subjected to high shear 

stress rates (>100/s) in large arteries. However, in small 

artery sizes, blood is considered a non-Newtonian fluid. In 

Newtonian fluids, the shear stress is directly proportional 

to both the constant dynamic viscosity and the shear rate. 

On the other hand, non-Newtonian fluids exhibit a more 

complex relationship between viscosity and shear rate. 

In Newtonian fluids, viscosity remains constant and 

serves as the proportionality factor between shear rate and 

shear stress. In contrast, the viscosity of non-Newtonian 

fluids depends on the shear rate but is independent of time 

and does not retain any kinematic history. This means that 

while a shear rate is being applied, the apparent viscosity 

of the non-Newtonian fluid may increase or decrease, but 

it will return to its original value once the fluid comes to 

rest. 

In the case of blood, its apparent viscosity decreases as 

the shear rate increases, a phenomenon referred to as shear 

thinning viscosity, as also mentioned in Nader et al. [67] 

study. 

The term "blood-thinning" primarily refers to the 

rheological properties of red blood cells. The flow of blood 

in the microcirculation heavily relies on the deformability 

of red blood cells. However, the deformation of these cells 

also impacts blood flow in the larger circulation, as 

reduced deformability leads to increased blood viscosity. 

According to Poiseuille's law, an increase in blood 

viscosity is expected to elevate vascular resistance. 

Moreover, higher blood viscosity can contribute to events 

resembling vasodilation and vascular occlusion, it is 

discussed also by  Pinho et al. [68]. 

Considering that the thickness of the artery wall 

remains constant and the aneurysm walls are relatively 

thin, it is anticipated that the wall stress in the aneurysm 

region would be higher compared to the artery region. The 

enlargement of the aneurysm further applies pressure on 

the surrounding tissues and nerves. Based on Figure 7, we 

have established correlations to describe the relationship 

between 𝜎𝑣.𝑚 and the AR of both non-bifurcation and 

bifurcation models. These correlations can serve as 

indicators for identifying yielding at different aspect ratios. 

For non-bifurcation model,  

𝜎𝑣.𝑚= {0.11𝐴𝑅+0.23          𝑁𝑜𝑛− 𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛}                  (11) 

For bifurcation model  

𝜎𝑣.𝑚= {0.09𝐴𝑅+0.15          𝑁𝑜𝑛− 𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛}                      (12) 

Figures 8 and 9 illustrate the aneurysm wall 

deformation and strain, which are additional factors 

requiring analysis. 

It is observed that the deformation and strain remain 

largely unchanged with an increased AR up to AR≈ 1, 

exhibiting almost linear behavior within the range of 1 ≤ 

AR ≤ 5. However, beyond that threshold, both deformation 

(Figure 8) and strain (Figure 9) exhibit a substantial 

increase as the AR increases. To establish the relationship 

between deformation/strain and AR, we employ curve 

fitting techniques to analyze the Figures presenting wall 

deformation and strain as functions of the AR. The 

resulting correlations are as follows: 

For non-bifurcation model  

∆𝐿 =

 {
0.9 − 2.65𝐴𝑅    0 < 𝐴𝑅 < 1.0      𝑁𝑜𝑛 − 𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛
0.38𝐴𝑅 + 0.39  5.6 ≤ 𝐴𝑅 ≥ 1.0 𝑁𝑜𝑛 − 𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛

    (13) 

For bifurcation model  

∆𝐿 =

 {
0.9 − 4.96𝐴𝑅   0 < 𝐴𝑅 < 1.0   𝑁𝑜𝑛 − 𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛

0.64𝐴𝑅 − 0.47   5.6 ≤ 𝐴𝑅 ≥ 1.0    𝑁𝑜𝑛 − 𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛
 (14) 

These established correlations provide valuable insights 

for estimating the yield starting point, which can assist in 

determining the necessity of surgical intervention. 

Additionally, the relationships between wall deformation, 

strain, and the aneurysm AR serve as useful indicators for 

estimating the time remaining before an aneurysm rupture 

may occur. 
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(a) 

 
(b) 

Figure 8. Wall deformation vs. aspect ratio for (a) non-bifurcation model and (b) bifurcation model 

 
(a) 

 
(b) 

Figure 9. Strain vs. aspect ratio for (a) non-bifurcation model and (b) bifurcation model 
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To ensure the accuracy of our computational 

simulations and obtained results, we employed idealized 

models adapted from the patient-specific model by Sherif 

et al. [59] and Bazilevs et al. [46, 47]. We utilized 

boundary conditions from Sinnott et al. [63] and Netlyukh 

et al. [65]. The hemodynamic behavior generated by our 

numerical model was compared to results from other 

studies to validate our approach. 

In terms of WSS values, our validation results, 

comparing them with Sun et al. [69], exhibited a maximum 

error of less than 9%, which is considered acceptable. A 

comparison of Von Mises stress values and the location of 

maximum stress in our research with Razaghi et al. [70] 

demonstrated relatively similar behavior, with an 

acceptable error of 6.7%. 

Furthermore, when comparing the dynamic response of 

artery deformation and strain in our aneurysm simulation 

with Paz et al. [25] and Sun et al. [69], similar behavior 

was observed. These findings serve to validate both our 

computational methodology and the reliability of our 

hemodynamic simulations. 

4. Conclusion 

The FSI analysis in this study focused on CA models. 

The loads were computed numerically by constructing the 

fluid model using ANSYS Fluent, while the structural 

model was created using ANSYS Mechanical. The 

interaction between these two solutions was obtained using 

system coupling in the ANSYS Workbench. 

Two idealized geometry models were used to show the 

effect of hemodynamic parameters on aneurysm 

formation, growth, and rupture. These parameters include 

blood velocity, viscosity, WSS, Von-Mises stress, wall 

deformation, and strain. Newtonian results were compared 

with those obtained using the non-Newtonian (Carreau) 

model for the blood viscosity modeling. It is observed that 

using the non-Newtonian model is more appropriate when 

dealing with low-velocity values and low WSS values 

zone, as is the case in an enlarging aneurysm.  

Additionally, it was observed that the 𝑊𝑆𝑆̅̅ ̅̅ ̅̅  reduced as 

the aneurysm AR increased. The same trend was observed 

for the maximum value of WSS. This reduction in WSS is 

attributed to the decrease in velocity associated with the 

enlargement of the aneurysm. 
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