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Abstract 

Cardiac muscle health is dependent on the ample supply 
of oxygenated blood to ensure optimal cardiac function. 
The continuous supply of oxygenated blood occurs through 
coronary arteries embedded within the muscle. Cardiac 
motions involve contracting and expanding giving rise to 
the biomechanical behavior of the arteries. This work 
studies the impact of cardiac motion on the coronary flow 
using a two-way fluid-structure interaction. Blood flow 
was modelled within an idealized 3D coronary arterial 
structure using incompressible laminar Navier-Stokes 
equations. The vessel walls of left main artery were 
represented using an isotropic five-parameter Mooney-
Rivlin hyperelastic material which deformed dynamically 
with prescribed displacement boundary conditions to 
simulate ventricular torsional and expansion motions. Our 
results showed higher blood velocities at the bifurcation 
region in the moving artery than in the non-moving case, 
particularly during systolic torsional motion. During 
systole, the wall shear stress near the bifurcation was 
found to be lower in the non-moving case relative to the 
moving one. In the non-moving model, a helical-shaped 
pattern of secondary flow was observed as the blood 
flowed through the curved vessel, however this pattern 
diminished in the moving model, where the arterial 
curvature dynamically changed throughout cardiac cycle. 

 
 

1. Introduction 

Coronary artery disease (CAD) is the most common 
cardiac disease and the leading cause of death globally. An 
estimated nearly 18 million people died from CAD in 2019 
[1]. Since coronary arteries are attached to the cardiac 
epicardial surface, any abnormal motion of cardiac muscle 
can potentially affect the vascular hemodynamics including 
blood emptying and filling. Studies on the mechanical 
interaction between the myocardium and coronary arteries 

are well-documented [2-4]. Large torsional motion, wall 
thickening and contraction dynamics of the ventricles are 
expected to alter the hemodynamic environment within the 
coronary arteries. 

Arterial motion has been shown to function as a pump 
that drives blood into the artery [4]. These works studied 
the effect of myocardial motion on coronary blood flow 
[5,6] and revealed that the impact of cardiac motion on 
time-averaged wall shear stress (WSS) was insignificant 
compared to oscillatory hemodynamic parameters such as 
temporal variation of WSS and oscillatory shear index. 
Gholipour et al. [7] observed a significant effect of cardiac 
motion on the von-Misses stress of the coronary artery 
which leads to a 265% increase in radial stress. Other 
studies [8,9] concluded that the effect of dynamic vessel 
motion was only secondary to the pulsatile flow effects on 
the coronary arteries.  

Most of these studies have only considered a small 
section of a coronary artery with no branching and have not 
investigated in depth the combination of ventricular torsion 
and expansion on the coronary hemodynamics. In reality, 
cardiac motion is likely to be spatially inhomogeneous and 
therefore the embedded arteries are subject to deformations 
in the radial, circumferential and longitudinal directions 
[10]. Moreover, the role of secondary flow patterns in 
moving coronary vessels has not yet been investigated. The 
present study simulated a physiologically deforming 
motion in an idealized arterial geometry and compared the 
hemodynamic effects against the non-moving case. 

2. Methods 

An idealized model of left main coronary artery 
bifurcated 45º into the left anterior descending and left 
circumflex arteries has been adopted [11], as in Figure 1. 
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Figure 1. Idealized geometry of left main artery, selected 
cross-sections for analysis and the prescribed motions. 

 
The temporal variations of coronary arterial 

deformations are referred to as the combination of sideway 
twists and outward radial displacements corresponding to 
ventricular systolic twisting motion and diastolic expanding 
motion. Boundary conditions for the solid mechanic’s 
deformations were set so that both the inlet and outlet 
boundaries are sliding in-plane. The rotation angle was a 
maximum of 16.5º [12] to the coronary outlet of the main 
vessel (Outlet 1) while the maximum arterial wall 
displacement during expansion was 0.82 cm [13]. Figure 2 
shows the pulsatile inlet velocity [14] and the prescribed 
motion activation functions [15] imposed on the artery 
model. Our present study implemented the effects of torsion 
(TORSION) and expansion (EXPANSION) separately, as 
well as their combination (COMBINED) in a complete 
cardiac cycle. Figure 3 depicts the effect of combined 
torsional and translational motion at different time points in 
the cardiac cycle. 

 
Figure 2. Inlet pulsatile coronary velocity and the motion 
activation functions along a cardiac cycle. (1) End of 
diastole (T=2.76s), (2) Reversed flow in early systole 
(T=2.84s), (3) Local maximum systole (T=2.91s), (4) 
Local minimum systole (T=3.07s) and (5) Maximum flow 
at beginning of diastole (T=3.13s). 

 
Figure 3. The effect of combined torsional and 
translational motion on the position of the coronary artery 
at different time points. 
 

The arterial walls were assumed to be homogeneous, 
incompressible and isotropic. We employed a five-
parameter Mooney-Rivlin hyperelastic constitutive 
equation [11]. Blood flow through the coronary artery was 
treated as Newtonian, laminar and incompressible. The 
standard Navier-Stokes formulations we used are given in 
Eqs. (1) and (2). 
 
ρ ∂v
∂t
+ρ(v.∇)v = -∇. (-pI+μ(∇v+(∇v)T))  (1) 

∇.v=0     (2) 
 
where p is the fluid pressure, v is fluid velocity, ρ is blood 
density set to 1050 kg/m3 and μ is dynamic viscosity set to 
0.00345 Pa.s [14]. A zero-pressure boundary condition 
was defined at both outlets and a no-slip boundary 
condition was applied to the inner wall of the arteries. 

The models were meshed using quadratic tetrahedral 
elements in COMSOL Multiphysics v5.6 (COMSOL AB, 
Sweden). Uniform meshes were considered for both solid 
and fluid domains with local grid refinement applied at the 
bifurcation region as intense variations of the flow field 
were expected in this area. To improve the simulation 
accuracy while maintaining an optimum computational 
time, a mesh convergence study was conducted using three 
different mesh configurations, normal mesh (106794 
elements), fine mesh (215921 elements) and extra fine 
mesh (1658458 elements). The WSS across a cardiac cycle 
has been used as the convergence criteria and resulted in the 
fine mesh having less than a 6% error difference hence it is 
sufficient for the simulation with a satisfactory outcome. 
The simulation used a Parallel Direct Sparse Solver with a 
second-order Backward Differentiation Formula time-
stepping scheme with an output time step of 10 ms. To 
acquire a stable and consistent result, all simulations were 
run for four cardiac cycles with a period set to 800 ms 
equivalent to a resting heart rate of 75 beats per minute. 
Data for the analysis was obtained from the last cardiac 
cycle. 

3. Results and discussion 

The blood flow velocity magnitude, shown in Figure 4 is 
slightly greater in the (EXPAND) and (COMBINED) 
cases, while the non-moving and (TORSION) cases 
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produce a very similar blood velocity profile. This is 
attributed to the fact that the displacement imposed in 
(EXPAND) case is larger than that of the (TORSION) case, 
whereby the overall displacement caused by the twisting 
effect is insignificant. 

 
Figure 4. Comparison of blood velocity profile throughout 
a cardiac cycle taken at a point on the bifurcation of the 
main artery. 
 

Physiologically, maximum coronary flow rate occurs 
during diastole, whilst the flow rate is lowest during systole 
since the coronary artery is compressed and twisted by the 
contracting myocardium [2]. According to Figure 5 (Top), 
during maximum systole, all cases demonstrated a sharp 
drop in WSS at the bifurcation and then followed by a 
gradual increase after the bifurcation region towards the 
outlet of the main artery. Among all cases considered, the 
(TORSION) was found to be the strongest effect at the 
bifurcation region due to the twisting motion and it 
activated maximally at this time point. During the minimum 
systole in Figure 5 (Bottom), the WSS is observed in similar 
patterns where all cases had the lowest WSS at the 
bifurcation zone. However, the effect of wall displacement 
on the local WSS appears to be much stronger compared to 
the maximum systolic phase. WSS near the inlet of 
(EXPANSION) and (COMBINED) cases are found to be 
greater than in the non-moving case. The WSS at the 
bifurcation region of the (COMBINED) case is noticeable 
at about 1.5-fold lower than in the non-moving case but 
ended with a WSS larger than the non-moving case at the 
end of the artery. The change in the WSS slopes is a 
consequence of the dominant inertial effect caused by the 
displacement of the vascular wall that results in a change of 
the local flow field. 

We also investigate the characteristics of the secondary 
flow in the motion-induced coronary artery in Figure 6. Due 
to high fluid velocity, the coronary artery experienced a 
centrifugal force that formed a pair of counter-rotating 
vortices known as Dean vortices [16]. Before the 
bifurcation, the non-moving case set off symmetric Dean 
vortices. Further downstream, after the bifurcation, Figure 
6 illustrates that the vortices were disturbed. The vortex 
patterns also appear in the daughter vessel but in the 
opposite (horizontal) direction. However, in the 
(COMBINED) case, the vortices appear to have been 

eliminated and become non-symmetric in all cross-sections 
of the vessel regardless of cardiac cycle phases. The 
symmetric vortices are washed out by the motion of the 
artery causing the blood to move sideways and in the 
outward radial direction. 

 

 
Figure 5. Variation of WSS profiles along the bifurcation 
region of the main vessel. (Top) Maximum systole 
(T=2.91s) and (Bottom) Minimum systole (T=3.07s). 
 

The results suggest that the breakdown of symmetric 
Dean vortices in the moving cases are associated with 
additional energy supplied into the flow field of the 
coronary artery through the twisting and expanding 
motions. These motions fostered the blood flow field to 
skew throughout the artery, suppressing the low WSS 
region which leads to changes in the local flow field and 
the corresponding blood shear stress. These findings 
comprehend that arterial motion has an appreciable effect 
on the movement of blood inside the artery and may 
influence the hemodynamics of the artery. 

Several limitations of the study must be noted. For 
simplicity, we employed an idealized coronary artery 
geometry with a single branch. Further, our zero-pressure 
outlet condition may not be representative of the real 
afterload condition of a coronary artery. Nevertheless, this 
work is relevant as a preliminary basis to understand the 
influence of complex cardiac motion on coronary arterial 
blood flow. 

 
4. Conclusion 

This study explored the effect of deforming idealized 
arterial geometry, mimicking the twisting and expanding 
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motion of cardiac ventricles on the coronary artery flow. 
With the assistance of arterial motions, the deforming 
structure undergoes significant displacement. These 
motions altered the WSS magnitude particularly at the 
bifurcation relative to non-moving artery. Also, the 
moving artery was shown to disrupt the rotating helical 
pattern in the secondary flow. 

 

 
Figure 6. Velocity streamlines of secondary flow in non-
moving and combined case in three chosen cross-section 
planes. 
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