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Arterial wall shear stress and flow velocity are important factors in the development of some arterial diseases. Here,
we aim to investigate the dynamic effect of the rolling massage on the property of the blood flow in the curved artery.
The distributions of flow velocity and shear stress for the blood flow are computed by the lattice Boltzmann method,
and the dynamic factors under different rolling techniques are studied numerically. The study is helpful to
understand the mechanism of the massage and develop the massage techniques.
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1. Introduction

Arterial diseases are some of the most life-threatening
diseases. The blood flow, especially at the bending and
bifurcation of the arteries, is an important topic in the
study of haemodynamics. There is evidence that
suggests a correlation between the arterial diseases
and regions of low blood-flow velocity, rotational flow,
high particle residence time and low and oscillatory
shear stress near the walls of the arteries. Studying the
blood flows and the haemodynamic factors in the
bending artery is of great importance in medical
science (Fung 1997) and is currently receiving more
and more attention.

Chinese Medical Massage (CMM, also called tui na
in China) is one branch of Chinese Medicine. Due to
its agile usage, simple manner, safety and practicality,
it is referred to as ‘Green Treatment’ in eliminating
various diseases (Maria 1997). As a natural therapy,
massage is a method used to relieve muscle stiffness,
remove blockages and promote blood circulation by
the rubbing, kneading, pressing, nipping and twisting
of parts of the body. Although this technique has been
used in the Orient for centuries, the mechanism is far
from being understood. In order to understand the
mechanism of massage in promoting blood circulation,
we have investigated the effect of rolling massage on
the behaviour of the blood flows in the artery
numerically and found that suitable massage technique
can aid blood circulation (Yi et al. 2005, Yi 2010).

The lattice Boltzmann method (LBM; Benzi et al.
1992, Chen et al. 1992, Chen and Doolen 1998, Qian
et al. 1992) has been recognised as an alternate method
in computational fluid dynamics since its proposal.

Recently, the LBM has been successfully extended to
simulate the blood flow, including transient blood flow
passing through an artificial aortic valve (Krafczyk
et al. 1998), unsteady and pulsatile blood flow in
distensible blood vessels (Fang et al. 2002, Hoekstra
et al. 2003, Boyd et al. 2004), single leukocyte rolling
(Migliorini et al. 2002, Sun et al. 2003), transporting of
particles in symmetric severely stenotic arteries (Li
et al. 2004a), erythrocyte deformation (Li et al. 2008),
blood cell dynamics (Dupin et al. 2008) and multi-
component blood flow (Dupin et al. 2003). Many
studies concentrate on the behaviour of the blood flow
in the region where the arterial diseases are prone to
develop. Artoli et al. (2004) simulate steady flow in
two-dimensional symmetric bifurcation. The blood
flow in a two-dimensional model of optimum bifurca-
tion geometry is investigated in order to explain the
haemodynamic mechanism of the predilection of the
atherosclerotic lesions at these sites (Ji et al. 2009,
2010). Boyd et al. (2005) simulate the flow velocity and
shear stress in a two-dimensional carotid artery with
stenosis growth and further investigate how the
velocity and shear vary between Newtonian and non-
Newtonian flows (Boyd and Buick 2007). The flow
mechanism in curved pipe is also investigated by Boyd
et al. (2007) and Kang et al. (2008) in two and three
dimensions, respectively.

The distributions of dynamic factors are important
factors in the development of some arterial diseases.
The numerical simulations and flow visualisations of
blood flow are of great significance in the study of the
haemodynamics. This paper focuses on the investiga-
tion of the property of the blood flow in the bending
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artery. The distributions of velocity and shear stress in
the bend under rolling manipulation are obtained. The
effect of rolling technique factors, including the rolling
velocity and rolling protuberance length, on the near-
wall shear stress is computed in the bending artery.

2. The lattice Boltzmann model

We choose to work on a two-dimensional
square lattice with nine velocities. Let fi(x,f) be a
non-negative real number describing the distribution
function of the fluid density at site x at time ¢
moving in direction e;. Here, ey = (0,0), e; = (cos
n(i — 1)/2, sin n(i — 1)/2), for i=1, 2, 3, 4, and
e; = 2(cosm(2i — 1)/4,sinn(2i — 1)/4), for i =5, 6,
7, 8, are the nine possible velocity vectors. The distribution
functions evolve according to a Boltzmann equation that
is discrete in both space and time (Qian et al. 1992):
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Figure 1. Schematic diagram of a curved artery with the
rolling massage manipulation on the upper boundary in two
dimensions.
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Figure 2. The distributions of the relative flow velocity v/ug at the bending artery at some typical times. Before beginning rolling
massage (a) and at rolling massage time 7/4 (b), 7/2 (c), 3T/4 (d) and T (e). The relative rolling velocity is 3.74, the maximal
relative rolling depth /,,/H is 0.6 and the length of the protuberance L is 300.
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Figure 3. The contour of the relative shear stress o/o,, at the bending artery at some typical times. Before beginning rolling
massage (a) and at rolling massage time 7/4 (b), 7/2 (c), 37/4 (d) and T (e). The relative rolling velocity is 3.74, the maximal
relative rolling depth A,,,/H is 0.6 and the length of the protuberance L is 300.

and the equilibrium distribution functions f{* are
usually supposed to be dependent only on the local
density p and flow velocity u. A suitable choice reads

S = po 1+3e,~-u+g(ei'“)2—%u2 ) (3)

where oy = 4/9, 0y =0y = a3 = 04 = 1/9 and a5 =
o = o7 = ag = 1/36. The macroscopic equations can
be obtained by a Chapman—Enskog procedure. The
pressure and the kinematic viscosity is defined by the
equations p = ¢2p with ¢ =1/3 and v = (2t — 1)/6,
respectively.

3. Results and discussion

In this study, we consider a simplified model of a
two-dimensional bending artery as illustrated in
Figure 1. The blood vessel is a long and thin tube

with a fraction of arc-shaped bending artery. The
bending part’s x-directional position x}, is 4500. The
entrance and exit of the bend’s x-directional position
are 4430 and 4570, respectively. The length L and
diameter H of the blood vessel are 5200 and 20,
respectively, in lattice unit. The bending lengths L
on the upper boundary and Ly on the lower
boundary are 100 and 140, respectively, and the
bending depth d of each boundary is 40 in lattice
unit. An arc-shaped protuberance moves with a
velocity u from x. = 600 to x. = 1600 on the upper
boundary due to rolling massage manipulation, and
the rolling time in this process is denoted by 7. The
length of the protuberance (also called the rolling
protuberance length) is denoted by L. The thickness
of the protuberance is A4, which is the rolling
massage depth. The radius of the arc is
r=h/2+ L*/8h. Here, h is assumed to vary with
respect to time ¢ as
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where /A, is the maximal rolling massage
depth. The maximal relative rolling massage
depth is defined as /h,/H. The rolling velocity to
the blood velocity (relative rolling velocity) is u/u,
where u, is the average blood velocity at inlet
(outlet) of the vessel in the case of without rolling
manipulation. The Reynolds number Re is defined as
ugH|v.

In the study, the blood flow is assumed to have a
mass density of 1 in lattice unit; T = 0.517 in each
simulation. The pressure drop between inlet and outlet
is set to be 0.006. Initially, the distribution functions at
all the fluid nodes are set to be the equilibrium
distribution functions with zero velocity except for
those at inlet and outlet. The rolling massage
manipulation is exerted after the first 100,000 time
steps. The boundary condition for the moving stenosis
is treated by the method proposed in Li ef al. (2004b).
Pressure boundary condition is implemented at the
inlet and outlet (Zou and He 1997). The shear stress is
calculated by the method depicted by Inamuro et al.
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(2000). The Reynolds number Re is 7.87 in each
simulation.

3.1. The blood flow in the bending artery under rolling
manipulation

Figures 2(a) and 3(a) show the distribution of the
relative flow velocity v/uy and relative shear stress o/o,
at bending artery in the case of without rolling massage;
o, 18 5.17 x 107% in lattice unit, which denotes the
near-wall shear stress at x/H = 215. At the region near
the entrance (exit) of the bending artery, the upper
boundary acts as the outer bend, and, consequently, the
lower boundary acts as the inner bend. However, at the
region near the bottom of the bending artery, the upper
boundary acts as the inner bend. The flow near the
inner bend is larger than that near the outer bend as
displayed in Figure 4 (solid line). At the region after the
entrance of the bend and before the exit of the bend, the
shear stress is obviously smaller than that of planar
channel. The low shear stress contributes to intimal
thickening and atherosclerosis development as a local
mechanism of the carotid artery in hypertensive
patients. The bending artery has large probability in
developing atherosclerosis than that in straight part
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Figure 4. The relative flow velocity v/ug at x/H = 215 (straight channel; a), x/H = 221.5 (entrance of the bend; b), x/H = 225
(middle of the bend; ¢) and x/H = 228.5 (exit of the bend; d) in the artery at some typical times. The relative rolling velocity is
3.74, the maximal relative rolling depth /,,/H is 0.6 and the length of the protuberance Lg is 300.
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Figure 5. The relative near-wall shear stress ¢/g, at the
upper boundary (a) and the lower boundary (b) near the
bending artery at some typical times. The relative rolling
velocity is 3.74, the maximal relative rolling depth /,,,/H is 0.6
and the length of the protuberance L is 300.

artery, which is consistent with the clinical observation
(McDonald 1974, Fung 1997).

Figures 2 and 3 show the variation of the contour
of the flow velocity and shear stress for the relative
rolling velocity 3.74 and rolling depth 0.6 at some
typical times. The flow velocity and shear stress are
greater at 7/4 and T/2, while it is smaller at 37/4 and T
than that of the normal condition, which is similar to
that of the flow at the outlet of the planar channel (Yi
et al. 2005). The relative flow velocity v/uy at entrance
(b), middle (c) and exit (d) of the bend at some
typical times is also displayed in Figure 4. The
relative near-wall shear stress a/o,, at both boundaries
of the blood vessel under rolling manipulation at
some typical rolling times is also displayed in Figure
S. At T/4 and T/2, the enhancement of the near-wall
shear stress is considerable, which may be helpful for
preventing blood particle deposit on the vessel wall.
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Figure 6. The near-wall shear stress at the lower boundary
at 7/2 and T for different rolling velocities. The maximal
relative rolling depth Ay,/H is 0.6 and the rolling
protuberance length L is 300.
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Figure 7. The near-wall shear stress at the lower boundary
at 7/2 and T for different rolling protuberance lengths. The
maximal relative rolling depth /,,/H is 0.6 and the rolling
velocity is 3.74.

However, at entrance and exit of the bend, the
enhancement of the near-wall shear stress is negligi-
ble; another massage technique is needed in order to
remove the blood stasis.

3.2.  The blood flows in the bending artery for different
massage technique factors

The rolling massage technique factors, including roll-
ing velocity, rolling force, rolling moving direction and
rolling massage duration, play an important role in
massage therapy. Figures 6 and 7 show the relative
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shear stress o/ay at x/H = 225 near the lower wall at
T/2 and T for different rolling velocities u/u, and
rolling protuberance lengths L, respectively. ¢ is the
shear stress with rolling massage and o is the shear
stress at the same site in the case of without rolling
massage. The near-wall shear stress at 7/2 increases,
as the rolling velocity (protuberance length) increases
almost linearly. However, larger rolling velocity
(protuberance length) results in the smaller near-wall
shear stress at 7. Similar results for the near-wall
shear stress at other positions in the bending parts
can be obtained. The increase and the decrease of
near-wall shear stress periodically may be helpful in
removing blood stasis.

4. Conclusions

In summary, we used a LBM to study the dynamics of
the blood flows in the bending arteries under the
rolling manipulation. It is found that the rolling
massage technique factors, which are rolling velocity
and rolling length, affect the haemodynamics greatly.
Our study would be helpful in the understanding of the
mechanics of massage in improving blood circulation
and removing the stasis. However, the effects of the
massage would be very complex, i.e. the blood flow in
bifurcations as well as the transportation of the red
blood cells and special treatment skills on each
acupuncture point. In our future work, we will focus
on the effect of the CMM on fluid flows in three
dimensions and the effect of massage on these blood
flows in a complex blood artery together with the
professional therapist.
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