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Experimental Study on the Pressure
and Pulse Wave Propagation in Viscoelastic
Vessel Tubes—Effects of Liquid Viscosity
and Tube Stiffness
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Abstract—A pulse wave is the displacement wave which
arises because of ejection of blood from the heart and reflec-
tion at vascular bed and distal point. The investigation of pres-
sure waves leads to understanding the propagation character-
istics of a pulse wave. To investigate the pulse wave behavior,
an experimental study was performed using an artificial poly-
mer tube and viscous liquid. A polyurethane tube and glyc-
erin solution were used to simulate a blood vessel and blood,
respectively. In the case of the 40 wt% glycerin solution, which
corresponds to the viscosity of ordinary blood, the attenua-
tion coefficient of a pressure wave in the tube decreased from
4.3 to 1.6 dB/m because of the tube stiffness (Young’s modu-
lus: 60 to 200 kPa). When the viscosity of liquid increased
from approximately 4 to 10 mPa's (the range of human blood
viscosity) in the stiff tube, the attenuation coefficient of the
pressure wave changed from 1.6 to 3.2 dB/m. The hardening
of the blood vessel caused by aging and the increase of blood
viscosity caused by illness possibly have opposite effects on the
intravascular pressure wave. The effect of the viscosity of a
liquid on the amplitude of a pressure wave was then considered
using a phantom simulating human blood vessels. As a result,
in the typical range of blood viscosity, the amplitude ratio of
the waves obtained by the experiments with water and glycerin
solution became 1:0.83. In comparison with clinical data, this
value is much smaller than that seen from blood vessel harden-
ing. Thus, it can be concluded that the blood viscosity seldom
affects the attenuation of a pulse wave.

I. INTRODUCTION

THE increase of mortality from cardiovascular disease
(CVD), such as cardiac infarction and cerebral in-
farction, is a problem in developed countries. Because
there are no subjective symptoms before development of
these diseases, the medical treatment is often reactionary
rather than preventative. The main cause of CVD is ar-
teriosclerosis; its early detection is very important [1]—[5].
Arteriosclerosis is an excessive increase in aortic stiffness
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as a result of aging or illness. It causes arterial stenosis
and modifies the blood flow to tissues, resulting in the
development of various disorders. Currently, there are sev-
eral in vivo techniques to evaluate stiffness, such as the
pulse wave velocity (PWV) method, cardio—ankle vascular
index (CAVI), and ultrasonography, to evaluate arterio-
sclerosis [6]-]9]. Ultrasonography can be used for highly
precise diagnoses and is suitable for diagnosing a struc-
tural abnormality that has already developed, such as ste-
nosis. However, for the early detection of arteriosclerosis,
it has become important to develop an in vivo technique
to assess the initial hardening of the blood vessel in the
early stages of arteriosclerosis [1]. Recently, the analysis
of the pulse wave caused by intravascular pressure has at-
tracted attention as a novel means of diagnosing arterial
stiffness. Murgo et al. have reported that the wave profile
also clearly changes with increasing arterial stiffness [10],
[11]. In this situation, we have attempted to develop a new
diagnostic method using a pulse wave. The pulse wave
is a displacement wave of the skin surface that contains
two displacement components, an incident wave, €,(¢), and
a reflected wave, ,(t). The reflected wave propagates a
longer distance than the incident wave propagates, and
contains the vessel stiffness information [1]. Therefore, the
analysis of this wave is useful for the evaluation of vessel
stiffness. Our group has reported a noninvasive method
for extracting the reflected component from a pulse wave
[12]-[14]. In this method, we first measured the pulse wave
and the flow velocity at the left common carotid artery.
We used a customized piezoelectric transducer which was
developed by our laboratory in cooperation with Murata
Manufacturing Co. Ltd. The resonant frequency of the
sensor was about 40 kHz. At very low frequencies, the
transducer measures the displacement. A transform of the
conservation of mass, an elastic tube model, and a Voigt
model for a viscoelastic body were used to estimate the dis-
placement wave ¢, (?) — ,(¢) for the measured blood flow.
Twice the amplitude of the reflected wave 2¢.(t) (TARW)
was obtained by subtracting the amplitude of the esti-
mated displacement wave from that of the observed pulse
wave. This method was applied to subjects of ages rang-
ing from their twenties to sixties to evaluate differences in
the reflected component. In the study, we also show that
a one-dimensional model can simulate the wave propaga-
tion in a human body [15], [16]. In our former study, the
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Fig. 1. Relationship between concentration of glycerin solution and liquid
viscosity or density at 25°C [5].

relationship between age and the maximum value of the
reflected wave showed moderate correlation between age
and the amplitude of the reflected wave (R? = 0.65) [12].
To evaluate the validity of this method for screening arte-
rial stiffness, TARW was compared with PWV and CAVI.
TARW was moderately correlated with PWV (R? = 0.48)
and CAVI (R? = 0.71) [12]. However, some dispersion was
observed in the measurement results. If other factors that
affect the amplitude of the reflected wave are found, we
can obtain the modified amplitude of the reflected wave,
which is a more highly precise index of vessel stiffness. It
should be noted that as blood vessels stiffen, the attenua-
tion of the reflected wave decreases [12]. On the contrary,
if blood viscosity increases, attenuation is expected to in-
crease. Blood viscosity then might affect the amplitude of
the reflected wave. In this study, we focused on how the
change of viscosity affects the reflected wave using an ar-
tery phantom. We experimentally investigated the effects
of both blood viscosity and tube stiffness on the pressure
wave propagation. A self-produced viscoelastic tube simu-
lant of blood vessels and a pump which works as a heart
reproducing a pulse flow were used. This paper is orga-
nized as follows: In Section II, a measurement system and
materials used in the experiment are explained. Section
IIT discusses the pressure wave propagation in viscoelastic
tubes. The effects of the hardness of the tube and liquid
viscosity on a pressure wave are investigated. In Sections
IV and V, the validity of the experiment is evaluated by
performing a numerical simulation using the one-dimen-
sional model. The attenuation coefficients of the pressure
wave are then estimated. Section VI explains the effect of
blood viscosity on the pulse wave propagation. From an
experiment using a phantom simulating a human blood
vessel, the effect of blood viscosity on the attenuation of
the pulse wave is also considered.

II. EXPERIMENT

A. Creating Viscoelastic Tubes

Two kinds of tubes (A and B) with different Young’s
moduli were fabricated using a polyurethane gel (Asker-C
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5 and 15, Exseal Corp., Gifu, Japan). The diameter and
thickness were set to 8 mm and 2 mm, respectively. The
Young’s modulus of tube A was approximately 200 kPa
according to a tensile test (Ez-test, Shimadzu Corp., Kyo-
to, Japan); the Young’s modulus of tube B was 60 kPa.
The Young’s modulus of an aged aorta ranges from 60 to
140 kPa [1]. The 200 kPa value for tube A is high; how-
ever, the blood vessels are not uniform and the Young’s
moduli are comparatively high in the distal part of the
body [1]. Thus, the Young’s moduli of tube A and tube B
are considered to be appropriate examples for hard and
soft blood vessels, respectively.

B. Creating Glycerin Solutions

Glycerin solutions were used in this experiment as a
blood simulant. Taking the experimental temperature
(room temperature 25°C) into consideration, glycerin so-
lutions of 10, 20, 30, and 40 wt% were used. Fig. 1 shows
the density and viscosity of this solution [17]. The viscos-
ity of human blood is approximately 4 mPa-s [18], which
is almost equivalent to the viscosity of a 40 wt% glycerin
solution.

C. Measurement System and Procedure

The experimental system for the pressure wave is
shown in Fig. 2. From a piston pump (custom-made, To-
mita Engineering Co. Ltd., Osaka, Japan) that imitated
the beating heart, the liquid was discharged to the tube
that was filled with the same liquid. The end of the tube
was occluded using a stainless-steel rod to prevent leak-
age. The liquids used were water and four kinds of glycerin
solution. The length of tube A was 196.2 cm; the length
of tube B was 180.1 cm. The lengths of the tubes were
set so that the first wave and the second wave (reflected
wave from the tube end) in Fig. 3 did not overlap. The
input flow velocity waveform was a half-cycle sinusoidal
wave. The period was 0.3 s and the total flow volume was
4.5 cm3. The pressure in the tube was measured using a
pressure sensor (AP-10S, Keyence Corp., Osaka, Japan).
The distances between the input and measurement points
were 25.0 cm (point 1), 52.0 cm (point 2), and 82.6 cm
(point 3).

III. EXPERIMENTAL RESULTS AND DISCUSSION

First, the observed pressure waveforms (liquid: wa-
ter) are shown in Fig. 3. The first wave enclosed with the
dashed line is a direct wave from the pump. The second
wave is an overlapped wave of the reflection wave from the
tube end and the re-reflected wave at the pump. Because
the distance between the measurement point and pump
is small, the reflected wave and the re-reflected wave are
mostly overlapped. At measurement point 3, which is far
from the pump, two peaks are seen in the second wave.
The velocities of the pressure waves in tube A and tube
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B are approximately 10 and 7 m/s. The amplitude of the
first wave decreased as a result of the position, showing
attenuation of the propagation. The same phenomenon
occurred when using the glycerin solutions.

The pressure wave at point 1 is shown in Fig. 4. The
amplitude of the first wave increased slightly, and the am-
plitude of a second wave decreased with increasing concen-
tration of the glycerin solutions. In addition, the arrival
time of the second wave changed because of the viscos-
ity. The increase of viscosity is likely the reason. When
the liquid viscosity and density increase, the impedance
of the fluid increases and the amplitude of the first wave
increases. In these liquids, the difference in the density
is very small compared with the difference in the viscos-
ity. Therefore, the amplitude of the first wave seems to
increase as the viscosity increases. In addition, when the
viscosity increases, the propagation loss increases and the
amplitude of the second wave decreases. In each result, the
offset of the waveform gradually increased over time. The
black dashed line shows the offset in Figs. 3 and 4. This is
because of the static pressure, which increased because of
the liquid discharge and the inserted stainless rod.

IV. NUMERICAL CALCULATION

Next, a numerical calculation of the pressure wave
propagation in the viscoelastic tube was performed us-
ing the one-dimensional model [15], [16], [19]. Our group
has already reported the validity of this one-dimensional
model for pulse wave propagation and applied it to a hu-
man artery model [15], [16], [19]. The following governing
equations were used:

A  0Q
ot T =V (1)
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Each parameter is shown in Table I. Eq. (1) indicates con-
servation of mass, (2) is the momentum equation, and (3)
indicates that the pressure perturbation is low. Because
we cannot obtain the actual input pressure wave, the first
wave at point 1 (Fig. 3) was used as the input waveform
for the calculation. The experimental results and numeri-
cal computation are compared in Fig. 5. Here, the viscos-
ity, density, and kinematic viscosity of water were used
in the numerical calculation. The experimental result is a
pressure wave at point 1. Because we used the observed
first wave as the input for the calculation, the first waves
are slightly different because of attenuation from the input
point to point 1. The propagation velocity of a pressure
wave depends on the Young’s modulus of the tube. Thus,
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Fig. 4. Observed pressure waves by changing the liquids.
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TABLE 1. PARAMETERS IN THE 1-D THEORETICAL MODEL.

A Tube’s cross section
R Tube’s radius
Ry Tube’s initial radius (4 mm)
K Tube’s bulk modulus
n Tube’s viscosity
Tube’s Young’s modulus (173 kPa)
h Tube’s thickness (2 mm)

P Intravascular pressure
Longitudinal variable
Poisson’s ratio (0.5)
Flux

Fluid density
Kinematic viscosity

b Nonlinear coefficient

=TT QOB

m

we tuned the Young’s modulus of the tube in the simula-
tion. At this time, to estimate the best-matching theoreti-
cal waves, the cost functions were used. As can be seen,
the numerical results are in good agreement with the ex-
periments when the modulus was assumed to be 172 kPa.
In addition, the optimum parameters were estimated as
ep = 0.052, and i = 0.038. The 172 kPa was a little lower
than the Young’s modulus obtained by the tensile test.
One reason may be the difference between static and dy-
namic measurements.

The numerical calculation was subsequently performed
using a Young’s modulus of 172 kPa. The results for the
cases of glycerin solutions are shown in Fig. 6. The ten-
dency of the pressure wave was similar to that of the ex-
perimental results shown in Fig. 4. The amplitude of the
first wave increased and the amplitude of the second wave
decreased because of the increase in viscosity of the liquid.

V. ATTENUATION COEFFICIENTS OF PRESSURE WAVES

We then estimated the attenuation coefficients of the
pressure wave. The following processes were performed:

1) The change in static pressure resulting from the dis-
charge of liquid was removed. Here, the change in
static pressure was presumed at the minimum point
of each wave in Fig. 4. The arrow (1) indicates the
minimum point in the water case.

2) The reflection wave from the tube end and the re-
reflected wave at the pump overlapped in the second
wave. Here, the wavelength is very long and the ar-
rival time difference of the overlapped waves is small.
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Fig. 5. Comparison between measurement and simulation for tube A.

Then, to estimate each amplitude, the amplitude of
the second wave was subsequently divided in half.

The ratio of the amplitude spectra obtained from the
first and second waves is shown in Fig. 7. Because the
discharge period of the pump was 0.3 s, the fundamental
frequency of the pulse was set to 1.67 Hz, and the at-
tenuation coefficients at this frequency were estimated.
The same processing was performed for the pressure wave
acquired by numerical calculation, and the result is shown
in Fig. 8. The experimental and calculated values showed
good agreement. In this experiment, a solution with the
glycerin concentration greater than 40 wt% was not used
because of the limitations of the pump. However, the vis-
cosity of human blood often increases to approximately
10 mPa-s when the hematocrit increases [18]. This viscos-
ity is equivalent to a glycerin concentration of 60 wt%. To
assess cases of high viscosities, complementary numerical
calculations were performed. Fig. 8 shows an exponen-
tial increase of attenuation coefficients resulting from the
change in concentration of the glycerin solution. The re-
sults for tube B are also shown in Fig. 8. In the case of
a glycerin solution of 40 wt% (normal blood viscosity),
the attenuation coefficient changed from 1.6 to 4.3 dB/m
because of the tube stiffness. This means that as the tube
softens, the attenuation coefficient increases when the
tube becomes softer, indicating that the amplitude of the
reflected wave decreases. In the range of human blood
[18], in tube A, the attenuation coefficients of a pressure
wave changed from 1.6 to 3.2 dB/m as the viscosity of the
liquid increased. Therefore, liquids with high viscosities
decrease the amplitude of the reflected wave. The harden-
ing of blood vessels by aging or illness, and the increase of
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Fig. 6. Calculated pressure waves by changing the liquids for tube A.
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blood viscosity have opposite effects on the intravascular
pressure wave. These opposite effects may occur in hu-
man arteries and be one reason for the dispersion of the
reflected wave amplitude in vivo [12].

VI. HUMAN ARTERY PHANTOM

A simple human artery phantom was also created to
consider the effect of blood viscosity on the amplitude
of the reflected wave. Water or a glycerin solution was
ejected into the phantom and the amplitude of the re-
flected wave measured by the in vivo technique [12]-[14]
was considered.

A. Details of the Model

A simple human artery phantom consisting of a main
artery, a left carotid artery, a femoral artery, and a sub-
clavian-radial artery on right and left sides was designed.
The phantom was made of polyurethane, with a Young’s
modulus of approximately 200 kPa [tensile test], which
was the same as that of tube A. The details of the model
are shown in Fig. 9 and Table II. The length of each blood
vessel was defined based on vessel data of an average adult
man [20]. The diameter and thickness were determined so
that the reflection coefficient at a bifurcation was negligi-

oo
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Fig. 8. Attenuation coeflicients obtained from spectrum ratio.
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ble. In addition, the end of each tube was regarded as the
vascular bed at the peripheral site, which is considered to
be a reflecting point of the pulse wave in the human body.
The reflection coefficient at this site is approximately 0.8
[1]. However, in the experiment, the tube end was closed
(reflection coefficient: 1.0), because it was difficult to re-
produce the reflection coefficient of 0.8.

B. Measurement System and Procedure

The experimental system is shown in Fig. 9. From a
custom-made piston pump (Tomita Engineering Co. Ltd.)
that simulated the heart, the liquid was discharged to the
model, which was filled with the same liquid. The tube
ends were occluded using a stainless-steel rod to prevent
leakage. The liquids used were water or 40 wt% glycerin
solution. The flow velocity waveform was a half-cycle si-
nusoidal wave. The period was 0.3 s and the total flow
volume was 4.5 cm3. The measurement point was set at
150 mm from the second bifurcation to point A. This
point was assumed as the carotid artery of the neck in
an actual human body. In our previous paper, this point
corresponds to the measurement point in the in vivo sys-
tem [12]-[14]. We measured the inner pressure wave and
flow velocity in the human artery model. We used a pres-
sure sensor (AP-10S, Keyence Corp.) to measure the inner
pressure wave and an ultrasonic Doppler system (Aplio
SSA-700A, Toshiba Medical Systems Corp., Tokyo, Ja-
pan) to measure the flow velocity. The center frequency of
the ultrasonic pulse (probe PLT-1204AT, Toshiba Medical
Systems Corp.) was 12 MHz.

C. Measurement Results and Discussion

The observed pressure wave and the flow velocity wave-
form are shown in Figs. 10 and 11. The pressure wave
includes various reflected waves. The first point at which
the slope of the pressure wave becomes gentle was defined
as the maximum amplitude of the direct incident wave
(incident peak). In each waveform, the amplitude was nor-
malized with the incident peak. The reflected wave was
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TABLE II. DETAILS OF A SIMPLE HUMAN ARTERY MODEL.

Length Diameter Thickness
Name (mm) (mm) (mm)

1 Aorta arch A 35 12 2

2 R subclavian radial artery 800 6 1.5
3 Aorta arch B 28 11 2

4 L carotid artery 650 6 1.5
5 Aorta arch C 42 10 2

6 L subclavian radial artery 72.7 6 1.5
7 Aorta 460 8 1.5
8 R femoral artery 318 6 1.5
9 L femoral artery 327 6 1.5

Numbers in the first column correspond to circled numbers in Fig. 9.

extracted from these two waves using the technique for
in vivo measurement [10]. The procedure of the in wvivo
technique is shown in Fig. 12. Here, the input flow veloc-
ity and pressure wave are defined as u;(t) and Pi(t). The
reflected flow velocity and pressure wave from point A
and points B and C are defined as u., (), Pra(t), tme(t)
and Pp,.(t), respectively. We estimated the pressure wave
[Pi(t) — Pa(t) + Pupe(t)] from the measured flow wave
[4:(1) — wa(t) + ume(?)]. In step 2, to estimate the appar-
ent pressure wave, a transform of the conservation of mass
and an elastic tube model were used. The reflected wave
was subsequently extracted by subtracting the estimated
pressure wave from the measured pressure wave [p;(t) +
Pra(t) + Pve(t)]. The flow velocity wave contained a vir-
tual negative reflection that originated from point A. The
amplitude of the extracted reflected wave from point A
[2ppa(t)] was then doubled. Therefore, the reflected wave
was divided in half [p.,(?)]. On the other hand, the pres-
sure wave with positive amplitude was estimated from the
reflected flow waves generated at points B and C. In this
case, the observed and estimated reflected waves [p;(¢) and
Pibe(t)] canceled each other. Therefore, the first peak of
the estimated reflected wave is the wave reflected at point
A. The obtained reflected waves are shown in Fig. 13. Be-
cause one end of the tube is closed, it is possible that the
static pressure increased.

The relationship between the attenuation coefficient of
the pressure wave and the amplitude of reflected waves
was then considered. The ratio of P; and Py of the ex-
perimental result was 1: 0.92. According to Fig. 8, the dif-
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Fig. 10. Observed pressure wave and flow velocity waveform (water) in
the phantom.

ferences of the attenuation coefficient between water and
glycerin 40 wt% (viscosity; 3.2 mPa-s) was 0.6 dB/m. The
reflected wave made a round trip between the measure-
ment point and the reflecting point A; the propagation
distance was approximately 1 m. The attenuation then
corresponds to the ratio of Py to Py of 1:0.93. There is
good agreement between both results. If the hematocrit
value increases, the blood viscosity increases by 2 to 3
times [14]. According to Fig. 8, in this blood viscosity
range, the attenuation coefficient changes by 1.6 dB/m.
The amplitude ratio then becomes 1:0.83. According to
the results shown in Fig. 1, the amplitude ratio becomes
0.36:0.30. The effect of attenuation in people in their
twenties is shown in Fig. 14. Thus, it can be concluded
that the viscosity of blood weakly affects the attenuation
of a pulse wave.

VII. CONCLUSION

In this study, we experimentally investigated the effects
of both blood viscosity and tube stiffness on the pres-
sure wave propagation using artificially fabricated tubes.
Viscoelastic tubes A (200 kPa) and B (60 kPa) were used
to simulate blood vessels. Glycerin solutions less than
9 mPa-s were used as blood simulants for the normal sit-
uation. The pressure wave propagation in the tube was
measured, and the attenuation coefficient was calculated.

In the case of glycerin solution of 40 wt%, which cor-
responds to ordinary blood viscosity, the attenuation coef-
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Fig. 11. Observed pressure wave and flow velocity (glycerin 40 wt%) in
the phantom.
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ficient of a pressure wave changed from 1.6 to 4.3 dB/m
because of the tube stiffness. In the range of human blood
viscosity, the attenuation coefficient of a pressure wave
changed from 1.6 to 3.2 dB/m because of the viscosity.
The hardening of blood vessels by aging and the increase
of blood viscosity seem to have opposite effects on intra-
vascular pressure waves. However, from the results of an
experiment using a human artery model, the effect of blood
viscosity on the attenuation of a pressure wave seemed
negligible. The human arterial network has a complicated
structure, and the propagation characteristics of the pres-
sure waves and pulse waves through this network are not
yet solved in detail. The flow measurement also seems
to contain some errors during in vivo measurements. For
clarification of the pulse wave characteristics, especially
the reflected wave component, further study is necessary
through both experiments and numerical calculation.
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Fig. 13. Comparison of the reflected wave obtained by the experiment.
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