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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 

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, ει(t), and 
a reflected wave, εr(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 ει(t) − εr(t) for the measured blood flow. 
Twice the amplitude of the reflected wave 2εr(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 

manuscript received February 20, 2013; accepted July 15, 2013. Part 
of this work was supported by the regional Innovation strategy support 
Program of the ministry of Education, culture, sports, science, and 
Technology.

y. Ikenaga, s. nishi, y. Komagata, and m. matsukawa are with the 
Faculty of science and Engineering, doshisha University, Kyoto, Japan 
(e-mail: mmatsuka@mail.doshisha.ac.jp).

m. saito and T. asada are with murata manufacturing co. ltd., 
Kyoto, Japan.

P.-y. lagrée is with cnrs and Université Pierre et marie curie Paris 
6, Institut Jean le rond d’alembert, Paris, France.

doI http://dx.doi.org/10.1109/TUFFc.2013.2834



IEEE TransacTIons on UlTrasonIcs, FErroElEcTrIcs, and FrEqUEncy conTrol, vol. 60, no. 11, novEmbEr 20132382

relationship between age and the maximum value of the 
reflected wave showed moderate correlation between age 
and the amplitude of the reflected wave (R2 = 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 (R2 = 0.48) 
and cavI (R2 = 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 
III 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 

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 

Fig. 1. relationship between concentration of glycerin solution and liquid 
viscosity or density at 25°c [5].
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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:
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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, 

Fig. 2. measurement system. 

Fig. 3. observed pressure waves at measurement points 1, 2 and 3  
(water). 

Fig. 4. observed pressure waves by changing the liquids.
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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 
εp = 0.052, and η = 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 (↑) 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. 

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 

TablE I. Parameters in the 1-d Theoretical model. 

A Tube’s cross section P Intravascular pressure
R Tube’s radius x longitudinal variable
R0 Tube’s initial radius (4 mm) σ Poisson’s ratio (0.5)
K Tube’s bulk modulus Q Flux
η Tube’s viscosity ρ Fluid density
E Tube’s young’s modulus (173 kPa) v Kinematic viscosity
h Tube’s thickness (2 mm) εp nonlinear coefficient

Fig. 5. comparison between measurement and simulation for tube a. 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-

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 

Fig. 7. spectrum ratio of first and second waves for tube a.

Fig. 8. attenuation coefficients obtained from spectrum ratio.

Fig. 9. measurement system of human artery phantom with four  
bifurcations. 
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extracted from these two waves using the technique for 
in vivo measurement [10]. The procedure of the in vivo 
technique is shown in Fig. 12. Here, the input flow veloc-
ity and pressure wave are defined as ui(t) and Pi(t). The 
reflected flow velocity and pressure wave from point a 
and points b and c are defined as ura(t), Pra(t), urbc(t) 
and Prbc(t), respectively. We estimated the pressure wave 
[Pi(t) − Pra(t) + Prbc(t)] from the measured flow wave 
[ui(t) − ura(t) + urbc(t)]. 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 [pi(t) + 
pra(t) + prbc(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 
[2pra(t)] was then doubled. Therefore, the reflected wave 
was divided in half [pra(t)]. 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 [pi(t) and 
prbc(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 P1 and P2 of the ex-
perimental result was 1: 0.92. according to Fig. 8, the dif-

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 P1 to P2 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-

TablE II. details of a simple Human artery model. 

name
length 
(mm)

diameter 
(mm)

Thickness 
(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.

Fig. 10. observed pressure wave and flow velocity waveform (water) in 
the phantom.

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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