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Abstract

Avrteries in the upper limb play important roles in the circulation system of the human body. In
particular, the radial artery has received considerable attention in traditional Chinese medicine for
thousands of years. Here, a 3D model for the arm arteries has been created uncomplicated, in a
Chinese adult’s left hand, from the magnetic resonance imaging data, using professional modeling
software to restore the basic structure of the arm artery in human body, before being imported to
Ansys software for simulation. Blood model has been only simulated, and using the blood density
of constant parameter and viscosity using the Carreau fluid model, and using viscous-laminar
model of Fluent to obtain the velocity profile, static pressure and shear stress in the brachial,
interosseous, ulnar, radial and palmar arch arteries. In particular, the brachial and bifurcations have
the high pressure and velocity profiles. The simulation results obtained here are also validated by
those published in the literature and proved the ulnar artery prevails over the radial artery as a
blood supplier to the vessels in the wrist and hand.
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INTRODUCTION

Computational analysis of blood flow in human has been extensively studied in the last
decade.2 Due to the close relation between hemodynamics and the various ailments in the
human body,3 Leng et a/* and Saho and Onishi® simulated hemodynamics in 3D
angiography cerebral models. They studied intracranial atherosclerotic stenosis and cerebral
aneurysms, respectively, but results of Saho and Onishi indicated that the cause of cerebral
aneurysms remained unclear. The algorithm to incorporate both a Newtonian fluid physics
model and a linear PC-MRI signal model was proposed by Rispoli et a/8 for carotid
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bifurcation, where regularized blood flow gained the best results. Gharahi et a/.” simulated
human carotid artery bifurcation based on anatomy and volumetric blood flow rate measured
with PC-MRI. They found the limitation of PC-MRI to be its hon-precise measurement of
blood velocity near artery walls, although CFD simulation gave better results. Potters et a/8
also studied the carotid bifurcation and quantified wall shear stress near artery wall on 4D
MRI. Recently, the correlation between thoracic aortic diseases and hemodynamics has
received considerable attention; however, the underlying causes of these diseases have not
been fully understood. Suito er a9 analyzed the blood flow and geometrical characteristics
in the thoracic aorta, using the ST-VMS method to solve fluid mechanics equations. Al-Rawi
and Al-Jumailyl0 studied abdominal aorta narrowing using computational fluid dynamics
and found that arterial blockage in excess of 20% of the diameter significantly influences the
pressure wave and reduces the systolic blood pressure at the right femoral artery. Nestola et
al11 performed simulation for abdominal aortic aneurysms, bringing attention to three-band
decomposition methodology for analysis of moving domains. The importance of shunt
angulations as a determinant of shear-stress-induced thrombosis was proposed by Celestin et
al.}2 who analyzed characteristics of blood flow from central aorta to pulmonary artery.
Their results indicated that central aortic shunts of longer length and with angulations were
easy to get clotted. Although there are a few studies on hemodynamics of coronary artery
bypass graftsl3 and pulmonary arterial blood flow,1# little attention was given to the
simulation of small arteries, such as the radial artery and the dorsalis pedis artery. The
method of radial artery point has been used by Chinese medicine for thousands of years, to
obtain more information about human body and some diseases. In 2013, Watanabe et a/15
focussed on the arterial network of the arm; the model comprised 108 arterial segments with
63 main arteries and 44 perforator arteries, with lumen radii ranging from 0.24 cm axillary
artery to 0.018 cm perforator arteries, which was a complicated project. Furthermore, their
results of pressure wave and flow rate were in agreement with patients’ records already
published in the literature. In 2016, Choudhari and Pansel® simulated the flow in artery in
human arm to study the aortic pulse wave propagation; they used finite element model for
ascending aorta, carotid, brachial, interosseous, ulnar and radial artery, but not the palmar
arch artery. Furthermore, they simulated using COMSOL multi-physics and obtained the
static pressure, velocity profile and wall shear stresses, simulation results of which were
supported by comparing the standard published results. Kim et a/. simulated the arterial tree
in human upper extremity; their model included radial, ulnar, deep and superficial palmar
arch arteries, but not the interosseous artery. In addition, they created a three-dimensional
model from PC-MRI data and analyzed the velocity, pressure and shear stress images from
the artery model and proved physiological blood flows near the branches of radial and deep
palmar arch arteries and ulnar and superficial palmar arch arteries.

This paper aims to simulate the arterial tree in the entire human arm and investigates some
hemodynamic parameters as blood propagates from the brachial artery toward the palmar
arch arteries. Our model includes brachial, radial, interosseous, ulnar and palmar arch
arteries, all of which were studied little previously.1>-17 We analyze the velocity, static
pressure, shear stress and compare with the phenomena derived from parameters measured
by noninvasive measurement devices, such as blood pressure gage, the applanation
tonometry-based automated vascular testing devicel8-20 and the heart rate monitor. Based on
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our simulating characteristic results, these devices can not only monitor the anthropometric
parameters obviously, but also help to analyze the hemodynamic parameters. The materials
and methods are elaborated in detail in Sec. 2, and the results are given in Sec. 3. The
discussion is presented in Sec. 4, and the concluding remarks are described in Sec. 5.

MATERIALS AND METHODS

Geometry and Physical Parameters

Here we mainly consider the arteries of the human arm artery. This model was constructed
from the MRI data set of a male subject and not based on using image commercial modeling
tools. We used professional modeling software to construct the model by manual. Figure 1
shows the synthetic model of artery and blood. The model mainly included two parts: one is
the arterial model and the other is the blood model in matching.

The arterial model has a length of 80.093 mm along the x-axis, 421.31 mm along the y~axis
and 4.9 mm along with z-axis, with a wall thickness of 0.3 mm. Then the blood model has a
length of 79.538 mm along the x-axis, 421.22 mm along the y~axis and 4.3 mm along the
axis in matching. Because the stringent anatomical and physiological criteria are
complicated, 1> here we select the main parts of the arm arteries, which include the brachial,
interosseous, ulnar, radial and palmar arch arteries in detail. The blood flows into the inlet
on the right and to six outs on the left; here the inlet represents the main brachial; outl
represents the radial collateral; out2 and out4 represent recurrent, anterior, posterior and
common interosseous area; out3 represents ulnar out area; out5 and out6 represent deep,
superficial and common palmar ach artery. Table 1 shows vessel diameters.

Here, we model the blood density of 1060 kg/m?3 and viscosity using the Carreau fluids
model. Table 2 shows parameters of the Carreau model in Ansys Fluent.

Human heart ejection is cyclically time-varying. Thus the velocity at the inlet of brachial
artery is not set to be a constant, but instead with a time-varying periodic profile. Here we
used cardiac cycle model and defined the UDF in Fluent. The sine wave in the systolic phase
has a peak velocity of 1.2 m/s and a minimum velocity of 0.1 m/s, assuming a heartbeat rate
of 75/min; the duration of each period is 0.8 s. Figure 2 shows the flow velocity waveform at
the inlet boundary. The six outs pressures are set to be zero with natural outflow, and we do
not use the anatomical and physiological criteria to control the blood flow rate at each outlet
by means of a suitable terminal resistance.

In contrast, in order to describe the inlet profile more clearly, a UDF function is also given
below in Eq. (1). tis the simulation time:

. { 1.2 xsin(4 * 7 * (t+1.6)) t < 2.18,
—) =01 t>2.18.
@
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Meshes Parameters

Figure 3 shows the mesh part model of blood geometry. The blood mechanics meshes are
made of four-noded tetrahedral elements, and the algorithm is patch conforming method.
Patch conforming meshing is a meshing technique in which all faces and their boundaries
within a very small tolerance are respected for a given part; mesh-based disfeaturing is used
to overcome difficulties with small features and dirty geometry. Patch conforming meshing
is invariant to loads and boundary conditions, namely, selections, results or any scoped
object. We can implement patch conforming meshing using settings related to any
parameters. In addition, the patch conforming tetra mesh method is a Delaunay tetra mesh
with an advancing front point insertion technique used for mesh refinement.

We used advanced size function which was set on proximity and curvature. The relevance
center and span angle center was set to fine; at the same time, the smoothing function was
set to high and the transition function was set to slow. Finally, we got the statistics of the
meshes: the number of node was 929,483, and elements were 604,087 in the blood body.
Table 3 provides the details of set parameters in Ansys.

Simulation Methods

In this study, the simulation is performed with Ansys Fluent software (ANSYS Co., USA).
Before starting a fluid simulation, we always pay attention to the governing equations of the
underlying physics. In this case, the small arterial blood flow is usually a laminar and three-
dimensional flow, in which blood is considered to be an incompressible fluid. So the most
fundamental governing equations is the Navier—Stokes equation,® in which blood can be
regarded as an incompressible fluid and the rate of density change is zero. Equation (2)
expresses the Navier—Stokes equation:

p

{ %—‘t’—ﬁvv2u+uv o u—l—%Vp:f,
Vieu=0 2)

where u is the blood velocity, pthe pressure, p the density, uthe viscosity, v the coefficient
of kinematic viscosity, fthe time and f the force.

According to Eq. (2), we find that the parameter of viscosity of 4 is not a constant. Here, we
model the blood viscosity using the Bird—Carreau law in Eq. (3):

5.2 .n—1/2
N=NeoH(M0—100) (1HA*Y7) 7, (3)

where 7 is the effective viscosity, 7e the infinite shear rate viscosity, 7y the zero shear rate
viscosity, A the natural time, /7the power law index; they are the material coefficients.
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RESULTS

We used double precision of the transient simulation in Fluent and pressure velocity
coupling in PISO scheme; the residual monitor check convergence was set to 0.0001. The
entire blood calculation was running from static fluid, and the time stepping method was set
to fixed, time step size was 0.1 s, the number of time steps was 8, the max iterations were
200 per time step. Finally, we used Ansys CFD-Post to deal with the calculation results
starting from 0 s to 0.8 s of the entire range and obtained the velocity vector profile, static
pressure and shear stress in the form of slices, vector, contours, iso-surfaces, etc. We
selected four time types in analysis; they were T1 (0.1s), T2 (0.2's), T6 (0.6 s) and T8 (0.8
s), which especially represented different blood flow velocities in the inlet area. T1 was the
highest velocity 1.2 m/s at the peak systolic, T2 was near 0.2 m/s at the late systolic and T6
and T8 were 0.1 m/s for a period time at the late diastolic.

Velocity Profile in Blood Model

Figure 4 shows velocity lines at different times. First, Outl represents the radial collateral
and has the highest velocity in T1, which is near 5.8 m/s, and it is 4.8 times larger than 1.2
m/s of the inlet velocity. But the common radial has a low velocity and near 0.1 m/s.
Secondly, it has high velocity in the main bifurcation and it has crossed 2.8 m/s, and the
second bifurcation has high velocity. On the other hand, we can find that Out2 and Out3
have the same velocity based on Fig. 4. Here the brachial artery keeps low velocity, but the
ulnar and interosseous arteries have high velocity compare to radial artery in the laminar
fluid model and is near 2.8 m/s. Finally, the remote radial indices artery has a high speed and
near 2.85 m/s, which appears to be a strange phenomenon. However, the palmar arch artery
has tiny velocity on the whole. In T2, the outs of the entire blood velocity is decreasing with
the inlet velocity and keeps 1.5 m/s in the vicinity and keeps steady in T8.

Static Pressure

Figure 5 shows maximum and minimum static pressures of blood developed during different
times during the cardiac cycle. In T1 of the peak systolic, the inlet velocity has a maximum
value, which leads to the highest static pressure in inlet and high pressure in the entire blood
model. In particular, the inlet and first bifurcation have maximum pressure, but the outl has
minimum value in comparison to inlet. Our results of the radial artery are mostly the same as
in previous reports,}” but with a few difference for the ulnar artery, because the blood
pressure in our model is low when compared with theirs. At the same time, we can find that
many bifurcations have higher pressure. However, the outs of arteries keep the low static
pressure, which is in agreement with the printed paper.1®

Shear Stress

Figure 6 shows three time sections of shear stress in the blood model during the cardiac
cycle. In T1 and T2, the Outl appears shear stress obviously, and there is shear stress in
ulnar bifurcation artery as well, here the shear stress appears obviously. The bifurcations of
Out2 and Out3 have shear tress, but with lower magnitude. On the other hand, the palmar
arch has no shear stress, and our results are the same as in printed paper.1” But shear stress is
in the second bifurcation of blood model in T2.
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DISCUSSIONS

People place more and more emphasis on health in the 21st century, but the cardiovascular
diseases were the top 10 leading causes of death in USA by the report of the Centers for
Disease Control and Prevention. So we paid attention to study the hemodynamic simulation,
in addition, combined with noninvasive electronic instruments to evaluating the physical
condition. The human arm artery is a special position, and the clinical staff tests the blood
pressure from here for many years. At the same time, the radial artery has received
considerable attention in traditional Chinese medicine for thousands of years.

Here we selected the main parts of the arm arteries, which include the brachial, interosseous,
ulnar, radial and palmar arch arteries. Choudhari and Panse® selected the ascending aorta,
carotid, brachial, interosseous, ulnar and radial arteries; then their model did not include
palmar arch artery. Kim er a/1” simulated the model including radial, ulnar, deep and
superficial palmar arch arteries, but not the interosseous artery. Watanabe et a/.1® constructed
the complicated model topology, and their model comprised 108 arterial segments, with 64
main arteries and 44 perforator arteries, and so therefore need a long simulating time. The
static pressure and velocity profiles were shown at different times in three papers and
appeared in the brachial and bifurcations obviously. Based on our results, Figs. 4 and 5
proved the previous reports, respectively. The heart ejection time was in T1 of the peak
systolic state, the arteries blood got high velocity, static pressure and shear stress in brachial,
radial and main bifurcations. However, the microarteries were influenced unobviously based
on our simulated results. In particular, Fig. 5 shows the shear stress. Therefore, this
phenomenon explains why the small diameters and distal vessels receive less influence.

Figure 4 shows the velocity profiles in the geometry model, comparison to the printed
paper,15 in their simulation model; the mean blood flow through the ulnar artery results
(0.7069 cm?3/s) is higher than the radial artery of the mean blood (0.6627 cm3/s). Based on
our simulation results, the average blood velocity of the ulnar artery is higher than the
common radial artery, which also proves that the ulnar artery prevails over the radial artery
as a blood supplier to the vessels in the wrist and hand. In addition, the phenomena were
most common situations encountered in the clinical diagnosis process. According to our
simulation results, the artery of remote radial indices appeared high velocity profile, which
was caused by the return flow and elastic artery. Before we always studied the radial pulse
waveform by the applanation tonometry-based automated vascular testing device, 18 the
radial pulse waveform existed the reflected wave.2! Therefore, these findings proved the
simulation results.

Figures 5 and 6 show the pressure and shear stress, respectively. The results obtained using
the Fluid simulations were found to be different in artery positions. The result of the
pressure change represented the vessel dispensability and blood flow distribution, which
influenced the wall of the deformable artery. The shear stress played an important role in the
natural history of atherosclerosis and aneurysm. These arterial diseases in the arm arteries
are less common than those in aorta and cerebral arteries. However, the shear stress of the
experimental and numerical investigations related to the arm artery has been rarely
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performed. Based on our results, the shear stress was obtained in the bifurcations and
proximal ulnar artery obviously.

Now we tried to study the hemodynamics about the human arm arteries. First, we only
simulated the blood model by the Fluent software and grasped knowledge of hemodynamics
and constructed the artery model. Secondly, we loaded the pressure into the artery model by
transient structure software and simulated the artery reformation, equivalent stress, shear
stress and equivalent total strain. Finally, combined with Ansys software and electronic
instruments furthermore developed the Ansys of secondary software to assess the health
status of the subjects.

CONCLUSIONS

This paper has provided the finite element model for arteries using the professional
modeling software, given the simulation results of the arteries in the human arm. Previously,
most researchers have not studied such small arteries. Here, we consider the arterial network
including the brachial, interosseous, ulnar, radial and palmar arch arteries. The velocity
profile of Outl is 4.8 times larger than 1.2 m/s of the inlet velocity. The shear stress mainly
appears in the bifurcations of the artery model, whereas the palmar arch arteries have almost
no shear stress. The maximum pressure is obtained when the inlet velocity has a maximum
value, especially in the radial artery. Therefore, our results proved that we got the pulse
waveform easily at the radial artery point by noninvasive instruments. In contrast, based on
our results, we could check the pulse wave in the radial point by many noninvasive
instruments. In the future, in order to pave the way for clinical application, we will take
further steps to seek improvement in arm artery modeling, for the simulation of the
bidirectional fluid structure coupling in the human arm arteries.
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Fig. 1.
Artery model with blood in the human arm.
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Velocity (m/s)

Fig. 2.
Flow velocity waveform in the inlet.
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Fig. 3.
Mesh model of the blood geometry.
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Fig. 4.
Velocity profile for blood model.
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Fig. 5.
Static pressure plot for blood model.
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Fig. 6.
Shear stress plot for blood model.
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Table 2

Details of Carreau Model Parameters in Fluent.

Coefficients Input Value
Time constant, lambda (s) 3.313
Power-law index, 77 0.3568

Zero shear viscosity (kg/m s) 0.056
Infinite shear viscosity (kg/ms)  0.0035
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