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Abstract—The aorta is the largest artery that delivers blood 

from the heart to the rest of the body, and many cardiovascular 
diseases often occur on the aortic arch. The complex mechanical 
interaction between pulsatile blood flow and wall dynamics in the 
aortic arch model was simulated by means of computational loose 
coupling fluid-structure interaction analyses. This study 
investigates the pulsatile flow field in the aortic arch, shows the 
wall displacement and aorta deformation over cardiac cycle, 
determines wall stresses, evaluated the influence of wall stiffness, 
and provides physical insight into the biomechanics of aortic 
dissection. The numerical layered aortic model may prove useful 
for studying biomechanical analysis and the pathogeneses of 
aortic dissection. 
 

Index Terms—Wall stiffness, Aortic wall, Aortic dissection 
 

I. INTRODUCTION 
  Aortic dissection and dissecting aneurysm are a 

pathological state in which a tear develops in the intima layer of 
the aorta, the blood enters at the site of the tear, separates layers 
of aorta, and spreads the dissection. Aortic dissection and 
dissecting aneurysm often occur on the aortic arch and aortic 
dissection is the commonest catastrophe affecting the aorta, 
occurring more frequently than rupture [1]. An understanding 
of the pathophysiologic mechanisms of cardiovascular diseases 
has the potential to help direct therapeutic options. The 
numerically simulating the flow in blood vessels could 
understand the development of many diseases [2] and the flow 
structure in the aortic arch has been widely studied in the past 
[3, 4, 5]. Aortic wall rupture and tear is a phenomenon that 
occurs when the mechanical stress acting on the wall exceeds is 
failure strength [6,7]. The dynamic interaction of aortic wall 
with blood flow plays an important role in the cardiovascular 
system. The quantification of the hemodynamics is essential for 
the characterization of biomechanical environment. There have 
been several computational studies of fluid-structure 
interaction in the aortic valve [8], aortic aneurysm [9], and in 
stented aneurysm models [10]. These studies have provided 

great insight into the complexity of interaction between flow 
patterns and aortic wall. However the interaction between 
blood flow and the aortic wall in an aortic arch model has not 
yet been studied.  
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In this work we describe the complex interaction of pulsatile 
flow and the aortic arch wall by using the loosely-coupled 
algorithms and the stress analysis in aortic arch wall. 

Prior works showed that arterial stiffness is an important 
determinant of cardiovascular risk [11]. The main structural 
alterations at the site of the large artery media account for 
arterial stiffening [12]. We also investigate the influence of 
medial stiffness on stress distribution across the aortic wall.  

We performed the computational analyses to investigate the 
flow field, wall deformation, stress distribution, and influences 
of wall stiffness on wall stress within aortic arch model. 

 

II. METHOD 

A. Geometry 
Computer models of an aortic arch were generated with 

commercial software (GAMBIT v. 2.0; Fluent Inc., NH, USA) 
such that the radius of the arch was set to 3.0 cm and the 
diameter of vessel was assumed to be 2.0 cm, as has been 
shown to be typical [13]. The aortic arch model is shown in Fig. 
1. The thickness of whole wall was chosen to be 2mm [14, 15]. 
In this three-layeredwall model, the thickness ratio of 
intima/media/adventitia was set at 1/6/3 based on 
Schulze-Bauer’s [16] observations. Therefore, the thickness of 
intima, media, and adventitia were ti=0.2mm, tm=1.2mm, and 
ta=0.6mm, respectively. The most important location of the 
aortic arch is the outer wall of the arch, from the right lateral 
aortic wall downstream along the greater curvature of the arch. 
Arch angle a is defined so that the wall position of outer wall 
can be discussed. The arch angle a is measured at the 
circumference of the median longitudinal cross-section, and 
ranges from 0° and 180°. 

B. Fluid-structure Coupling Analysis 
The impact of blood flow on the aortic wall and the 

deformation of the wall affects the flow field. We used the 
technique known as fluid structure interaction to compute the 
wall stresses in our aortic arch model. The fluid structure 
interaction (FSI) algorithm treats the equations that solve the 
structural problem, the remeshing problem, and the fluid 
problem by a staggered approach; that is to say, the algorithm 
solves the equations in sequence. First, the equations governing 
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the fluid are solved for fluid velocity and pressure fields. 
Subsequently the traction, i.e., pressure and viscous stress, is 
calculated at the interface between fluid and structure. The 
traction is then applied to the structure together with the other 
boundary conditions, and the structural equations are solved for 
the displacement of the structure. At this point the position of 
the wetted surface is updated. Finally, the equations that 
describe the mesh displacement are solved by imposing the 
displacement of the wetted surface as a boundary condition. 
This cycle is repeated until convergence is achieved. The finite 
element method (FEM) was utilized for all the computational 
studies reported in this work. The code Fidap (Fluent Inc., 
Lebanon, NH) has been used to carry out the simulation. 

 

 
Fig.1. Three-layered aortic arch model. R represents the radius 
of the arch. The angle a represents the wall position in the 
median longitudinal cross-section. 

 

 
Fig.2. Inlet velocity profile. N is the time step, ncycl is the total 
time steps in one cycle. For the final run, the cardiac cycle is 
started at A and ends at B. 

 
The Young’s modulus of the media was set three times larger 

than that of the adventitia according experimental results 
reported by Xie et al. [17]. The elasticity of the intima was less 
than that of the media based on Fischer’s [18] experimental 
data. In this study, the Young’s modulus of the intima was 
assumed to be the same as that of the adventitia. The mean 
Young’s modulus of the vessel wall across whole wall volume 
is same and we assume that the Young’s modulus of each layer 

is inverse proportion to the area of the layer in the cross section. 
The mean Young’s modulus was set 1.5MPa. 

The fluid is incompressible and Newtonian with a viscosity 
of 0.0035 Pa·s and a density of 1050 kg/m3. At the aortic inlet, a 
flat flow velocity profile was used together with pulsatile 
waveform based on reported experimental data by Pedlety [19]. 
This waveform is shown in Fig.2. The assumption of a flat 
velocity profile at the aortic inlet is justified by in vivo 
measurements using hot film anemometry on various animal 
models that have demonstrated that the velocity profile distal to 
the aortic valve are relatively flat, Nerem[20]. In our 
calculations, the Reynolds number is fixed at Re=4000 based 
on the inlet velocity at peak systole of the cardiac cycle. At the 
aortic outlet, a zero pressure condition was applied. The 
simulation reached nearly steady-state oscillation after 
approximately third cycle. The fourth cycle was used as the 
final periodic solution and it is presented in this paper. The 
surface of the aortic inlet and aortic outlet are fixed in all 
directions. The other outer surface of the aortic model was 
taken as load free. 

III. RESULT 

A. Velocity 
A very important aspect of analysis results is the flow field in 

the aortic arch. Fig.3 shows that the flow pattern in median 
longitudinal cross-section of aortic arch at selected times. Four 
consecutive cardiac times were selected to characterize the 
interaction between blood flow and wall (Fig.2). Label t1 

denotes the max acceleration, t2 the peak flow, t3 the max 
deceleration, t4 the peak reverse flow. 

Fig. 3(a) shows that the flow at max acceleration (t1) at the 
entrance to arch portion is skewed toward the inner aortic wall. 
This vortical type flow pattern is induced by the curved 
geometry, and it is not a result of the flat inlet condition. The 
results at peak flow (t2) and max deceleration (t3) (Fig. 3(b) and 
(c)) demonstrate that, after the top of arch, skewing of the 
velocity distribution reversed, and the location of maximum 
velocity shifted towards the outer wall of aortic arch. Fig. 3(d) 
shows that flow pattern in the aorta at peak reverse flow. 
Retrograde flow in the aorta at this point of cycle likely 
provides blood flow to the coronary arteries. The flow pattern 
exhibits skewness and the velocity is skewed towards the inner 
wall of aortic arch, which is completely from that at other 
points in the cardiac cycle.  

The curvature of aortic arch is expected to induce significant 
secondary flow within aorta. Fig.4 demonstrates the secondary 
flow for the aortic cross-sections at peak flow. The outer wall is 
located on the left hand side in Fig. 4. The secondary flow was 
almost symmetrical at all cross-section of aorta. At the entrance 
of ascending portion (Fig.4 (a)), the secondary flow is from the 
outer to the inner wall. The cross-section in Fig.4 (b), (c), and 
(d) are located in the arch angle a=45, 90, and 135. Some of 
secondary flow is from the inner to outer wall, and there is 
another cross-flow developing toward the inner wall near aortic 



 
 

 

wall. A strong clockwise-rotating vortex developed on 
left-hand side of the cross-section at a=90 and 135. 

 

 
Fig. 3 Velocity vectors at the median cross-section in the aortic 
arch model at (a)t1 (Max acceleration), (b) t2 (Peak flow), (c)t3 
(Max deceleration), and (d) t4 (Reversed flow max) in the pulse 
cycle. 

 
Fig. 4 Secondary flow at cross section in aortic arch at (a) a=0, 
(b) a=45, (c) a=90, and (d) a=135 position at t2 (peak flow) 

 

 
Fig.5 Fluid pressure at the wall at (a) t1 (Max acceleration), (b) 
t2 (Peak flow), (c)t3 (Max deceleration), and (d)t4 (Reversed 
flow max) in the pulse cycle. 

 

B. Wall Pressure 
The wall dynamic pressure contours are presented in Fig. 5. 

The pressure is the relative pressure induced by blood flow 
since we set the zero pressure at outlet and outer side of wall. At 
max acceleration (Fig. 5(a)), the pressure is maximum at inlet 
of aorta. Low pressure region is the outlet of aorta. The 
pressure in outer wall of arch is higher than that in inner wall of 
arch. Fig. 5(b) shows that the wall pressure distribution has the 
same pattern as that of max acceleration, but the magnitude of 
the pressure is much reduced. The relative pressure at inlet of 
aorta becomes negative value at max deceleration (Fig. 5(c)) 

and the negative pressure value is reduced at peak reverse flow 
(Fig. 5 (d)). The relative pressure distribution has been induced 
by the flow and acceleration. The lager acceleration leads to the 
larger fluid pressure. 

C. Wall Placement 
Fig. 6 shows the displacement vector for the aortic wall at 

four selected times. At max acceleration (Fig.6 (a)), the 
displacement of aorta is towards the left side of arch (ascending 
aorta side). The maximum displacement is at the distal to the 
arch portion, which is due to the fixed condition of both at inlet 
and outlet. The displacement is reduced and towards the top 
side of arch at peak flow (Fig.6 (b)). At max deceleration (Fig.6 
(c)), the direction of displacement vector is reversed towards 
the right side of arch (descending aorta side). The displacement 
of aorta wall is reduced at peak reverse flow (Fig.6 (d)).  
  Due to the highly unsteady and three-dimensional nature of 
blood flow in the aorta, it should be investigate the variation of 
displacement over the cardiac cycle. For reduction of the 
effects of the boundary condition (fixed at inlet and outlet), 
only the arch portion was selected to show the variation of 
displacement of aortic wall. Fig. 7 shows the displacement of 
outer wall, inner wall, and side wall of aortic arch potion over 
one cardiac cycle. For the value of displacement in Fig.7, the 
displacement denotes the moving distance from original 
position in radial direction of arch for outer wall and inner wall 
of arch, in axial direction of arch for side wall of arch. It is 
specified that the positive value is towards the outer of the arch 
for the outer wall and inner wall; it is specified that the positive 
value is towards the outside of lumen for side wall.  

During systole acceleration phase, the displacement is 
towards the outer of the arch in ascending portion and towards 
the inner of the arch in descending portion for the outer wall 
and inner wall (Fig. 7(a)(b)). During systole deceleration phase, 
the direction of displacement reverses both in ascending 
portion and descending portion. For the side wall of arch (Fig. 
7(c)), the direction of displacement is towards the outside of 
lumen during systole acceleration phase and towards the inside 
of lumen during systole deceleration phase. In outer wall, inner 
wall, and side wall of arch, the high displacement appears at 
max acceleration and max deceleration. Another high 
displacement appears at retrograde flow. During the diastole 
phase, the high displacement appears in turn at ascending 
portion and descending portion. The displacement is higher at 
ascending portion than that at descending portion for the side 
wall of arch. 

Under the effect of blood flow, the aorta deformation is 
induced by the displacement of aortic wall.  Based on the wall 
displacements, Fig.8 shows the aorta deformation in the arch 
radial direction and the arch axial direction along the arch over 
on cardiac cycle. The aorta deformation is expressed by the 
changes of the aorta diameter in the arch radial direction and 
the arch axial direction.  

Fig. 8 shows that the high deformation is at max acceleration 
and max deceleration. The large deformation in arch radial 
direction (Fig.8 (a)) is at descending portion during systole 



 
 

 

acceleration phase and at ascending portion during systole 
deceleration phase. The large deformation in arch axial 
direction (Fig.8 (b)) is at ascending portion at max acceleration 
and max deceleration. Another large deformation appears at 
reverse flow. It should be noted that the deformation in arch 
axial direction is very different from that in arch radial direction. 
Furthermore the value of deformation in axial direction is 
larger than that in arch radial direction, so the section of wall 
becomes elliptical. 

 
Fig.6 Displacement at the wall at (a) t1 (Max acceleration), (b) 
t2 (Peak flow), (c)t3 (Max deceleration), and (d)t4 (Reversed 
flow max) in the pulse cycle. 
(a)                                              (b)  

 
 (c) 

 
Fig.7 Displacement at (a) outer wall of arch, (b) inner wall of 
arch, and (c) side wall of arch over one cardiac cycle. 
(a)                                              (b) 

 
Fig. 8 Deformation of aorta (a) in arch radial direction and (b) 
in arch axial direction over one cardiac cycle. 

D. Wall Stress 
Fig. 9 presents the variations of the circumferential stress, 

the longitudinal stress, and the radial stress in outer wall along 
arch portion during the cardiac cycle. The stresses are averaged 
across the aortic wall thickness. The circumferential stress, the 
longitudinal stress, and the radial stress in outer wall initially 
increases at the systole acceleration phase and then decreases 

during the deceleration phase and then there is a transient 
increase at the reverse flow. The circumferential stress (Fig. 
9(a)) decreases along the arch. The longitudinal stress (Fig. 
9(b)) along the arch gets the peak values at the entrance 
ascending portion, the top of the arch and the distal end of arch. 
The radial stress (Fig. 9(c)) along the arch gets a peak value at 
the mid ascending portion and the mid descending portion. 
(a)                                           (b)  

 
(c) 

 
Fig. 9 Wall stress distribution (a) Circumferential stress, (b) 
Longitudinal stress, and (c) Radial stress ) in outer wall of arch 
over one cardiac cycle. 

E. Effect of Wall Stiffness on Wall Stress 
 

 
Fig. 10. Effect of medial stiffness on variation of the 
circumferential stress across the wall 
 

For investigate the effect of medial stiffness on wall stress 
across wall thickness, the Young’s modulus of the intima and 
adventitia were kept constant (Ei = 1.0MPa, Ea = 1.0MPa), and 
the Young’s modulus of the media varied from 2MPa to 4MPa. 

The outer wall of the arch is an important position in aortic 
arch model. Four positions – a=22.5º, a=67.5º, a=112.5º, and 
a=157.5º – were selected in the outer wall of the arch to 
illustrate the variation of stresses across the wall. Since the 
stress at acceleration phase is high, max acceleration time were 
selected to characterize in detail the variations of stresses.  

The effects of medial stiffness on the variation of 
circumferential, longitudinal, and radial stress are shown in Fig. 
10, Fig. 11, and Fig. 12. The stresses in the media are higher, 
reaching a peak value in the media near the adventitia across 
the wall. Medial stiffness was found to have similar effects on 



 
 

 

the variation of circumferential, longitudinal, and radial stress 
across the wall. Increasing the medial stiffness increases wall 
stress in the media while causing a decrease in stress in the 
intima and adventitia. As the medial Young’s modulus 
becomes larger, the stress is greater in the media while smaller 
in the intima and adventitia. The peak stress along the arch 
portion was found to be markedly affected by the change in 
medial stiffness. 
 

 
Fig. 11 Effect of medial stiffness on variation of the 
longitudinal stress across the wall 

 
Fig. 12 Effect of medial stiffness on variation of the radial 
stress across the wall 

IV. DISCUSSION AND CONCLUSION 
This study was undertaken to gain understanding of the 

time-dependent complex mechanical interaction between blood 
flow and wall dynamics in a three-layered aortic arch model by 
means computational coupled fluid-structure interaction 
analyses.  
   The results of the simulations have revealed a flow field that 
is largely similar to that previously reported in a number of 
experimental studies [3-5]. It demonstrates that the results of 
the simulations are creditable. One of the advantages of 
previous studies is that their model included the branches of 
aorta. This study was concerned mainly with the effects of the 
arch of aorta on the fluid-structure interaction. Therefore, the 
three branches along the top of the aortic arch were not 
included in the model. In the future investigations, the branches 
will be added to the FSI model to improve physical 
approximations and models that capture the proper fluid 
physics and biology.  
   The pressure in blood includes atmospheric pressure and the 
pressure generated by the heart. There also is atmospheric 
pressure outside of the blood vessel. The transmural pressure, 

Ptm = Pinside- Poutside, can contribute to the deformation of the 
aortic wall. The blood vessel experiences the negative 
tranmural pressure. [19] This study investigated the relative 
pressure distribution under pulsatile blood flow. The variation 
of the relative pressure with time agrees with the previous study 
[21]. The amplitude of relative pressure (2.6kPa) over pulse 
cycle was a little larger than that (2.2kPa) in Tyszka’s work[21]. 
The difference is due to the reference point. Our reference point 
is more far from the arch.  
   Wall deformations in aortic arch are completely different 
from straight vessel. Under the effect of blood flow, the 
cross-section of aorta could not keep circle as the straight 
vessel and it becomes elliptical. Geometry has been well 
established as a contributing factor to wall deformation, 
independently of the heterogeneity of the wall [22]. Our results 
demonstrated the detailed time-dependent presentation of wall 
displacement and wall deformation, and this detail can be used 
in future studies to determine the important biological 
significance.  

During one cardiac cycle, the stresses in aortic arch wall are 
changeful, due to the time-dependent fluid flow and the arch 
structure. Wall stress is an important factor in aortic dissection, 
which has been recently addressed by several authors [6, 7,  23]. 
In the present study, the wall stress depicted in Fig. 9 is high at 
systolic acceleration phase. So during the cardiac cycle the 
systolic acceleration phrase is critical for risk of wall tear or 
dissection. Thubrikar et al. [6] have proposed that longitudinal 
stress could be responsible for transverse tears in the aortic 
dissection. Roberts [24] reported that the tear is located about at 
the entrance to the ascending portion of the arch and near the 
top of the arch. The longitudinal stress also peaks in the distal 
end of the arch, and tears do not often occur at this location. 
Circumferential stress and longitudinal stress should be 
considered together for understanding of the intimal tear [7]. 
The radial stress is a positive value in the ascending and 
descending portions, and thus, by definition, is tensile stress. 
Under normal conditions, radial stresses are compressive. 
MacLean et al. [23] showed that the aorta tore radially at a 
much lower value of radial tensile stress and mentioned that 
once a false lumen is formed by a dissection, radial tensile 
forces must exist in the aortic wall. In the present study, radial 
tensile stress exists due to the structure of arch and 
deformations of the wall.  

Okamoto et al. [25] used a thick-walled cylindrical model of 
aorta to predict in vivo distensibility and wall stress distribution. 
Their results showed that mean circumferential stress did not 
vary significantly with age or patient group. Beller et al. [26] 
built a finite element model of the aortic arch for stress analysis. 
The results showed that stiffening the aorta to simulate aging 
did not markedly increase the averaged stresses in the aortic 
wall. Our results agree with theirs regarding the influence of 
stiffening on the mean stresses. However, they did not show the 
stress distribution across the wall thickness. The aortic wall 
consists of the intima, media, and adventitia, i.e., it is a 
multi-layered organ. The material properties of each layer can 
affect the stress distribution across the aortic wall. The stress 



 
 

 

can not be distributed uniformly through the wall thickness. We 
extended these previous studies by considering stresses that 
were not averaged stresses, but rather were through the 
three-layered aortic wall. Our results indicate that the stress 
distribution across the aortic wall was not affected by the mean 
wall stiffening, while medial stiffening increased the stresses in 
the media and peak stress in the aortic wall. As medial stiffness 
increases, the medial stresses increase. This may increase the 
risk of dissection in the media. Higher stiffness of carotid wall 
material and circumferential wall stress were found in 
spontaneous cervical artery dissection patients [15]. As pointed 
out by Angouras et al. [27], impairment of vasa vasorum flow 
results in an aorta that is significantly stiffer, contributing to the 
development of aortic dissection. Thus sites of the aorta with 
stiffening may undergo higher wall stresses, which would have 
an influence on risk of aortic dissection.  

Despite the more accurate predictions of aortic arch 
biomechanics utilizing an FSI methodology, there are 
additional limitations to the present study. Among these are 
neglecting of branches of arch, the assumption of a linear 
elastic modulus for modeling wall mechanical properties, the 
approximation of wall thickness, the anisotropic 
characterization of the tissue models, the absence of external 
forces induced by surrounding tissue and organs. The constant 
improvement in technology will allow us to add these 
additional complexities to the simulation capability. 

A significant contribution of the present study is the 
investigation of the complex interaction between pulsatile 
blood flow and aortic wall within three-layered aortic model. 
This study investigates the pulsatile flow field in the aortic arch, 
shows the wall displacement and aorta deformation over 
cardiac cycle, determines wall stresses, evaluated the influence 
of wall stiffness, and provides physical insight into the 
biomechanics of aortic dissection. To the authors’ knowledge, 
this is the first computation FSI study of 3-layered aortic arch 
model. Incorporating the branches into the aortic arch model as 
well as more realistic geometry, will be performed in the future 
work. 
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