
previous type of RheoSpec viscometer 8), the lower 
limit of measurable shear rate has become better by 
an order of magnitude. 

Note here that the typical viscosities of human 
blood are 10 and 4 mPa･s at the shear rate of 20 and 
500 s-1, respectively. Then, the usable torque 
magnitude in this setup was found to be adequate to 
observe the relaxation behavior of blood viscosity in 
wide range. 
 
3. Results and discussions  

Figure 3 shows the obtained viscosity curves 
of human whole bloods sealed with anticoagulant 
and a pseud blood (PB-10W-F, Yasec) being a non-
living sample with the similar physical properties to 
human blood. The anticoagulant used in these 
experiments was EDTA, which hardly affects the 
concentration ratio of each blood component. The 
blood specimens A, B, and C are drawn by different 
healthy persons. 

The region of shear rate from 20 to 400 s-1 
corresponds to that of the actual blood flow in the 
body environment. In this region, the viscosity curve 
of the pseudo blood shows no dependence on the 
shear rate, in other words, the Newtonian behavior. 
In contrast, the real blood specimens show relaxation 
behaviors of viscosity with the increasing shear rate, 
which is commonly known as the shear thinning 
behavior. 

The difference might be caused by the solidity 
or the deformation ability of the main substance in 
the dispersion medium. Namely, a red blood cell in 
the real blood have a structure covered with cell 
membranes, and show viscoelastic property, whereas 
microbeads in the pseudo blood are spheres made of 
solid polymers. 

Furthermore, it is interesting that the clear 
difference in the slops of the relaxation curves is 
found. This result shows the difference only due to 
the individual difference, but the viscosity curve of 
the same person probably changes depending on the 
day, or the hours. Examination of such data would be 
a diagnosis technique for vascular insufficiency. 

We now have special interest of the relaxation 
behavior in the region of shear rate less than 10 s-1, 
which was successfully observed using the present 
type of RheoSpec viscometer. In the slower region, 
the viscosity is supposed to be affected by interactive 
dynamics of the dispersed substances, such as 
aggregation, piling, and networking. Hence, the 
relationship between the shape of viscosity curve in 
wide range and the kinetic degrees of freedom of red 
blood cells will be investigated.  
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Fig. 2  Viscosity curves (viscosity v.s. shear rate ) 
obtained from this experimental setup for low 
viscous fluids at 25 °C. 
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Fig. 3  Measured viscosity curves for human 
blood specimens (closed circles) and a 
commercially available pseudo sample of human 
blood (open circles). 
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1. Introduction 

Ultrasonic transducers are core components for 
high-power ultrasonic applications. In general, they 
comprise piezoelectric ceramics and vibrating 
bodies. In conventional ultrasonic transducers, 
metals are commonly used as vibrating bodies. To 
achieve lightweight transducers for mass production, 
polymers are potentially applicable as the vibrating 
bodies owing to its low densities and high 
production efficiency. We have reported that poly 
phenylene sulfide (PPS) exhibits low mechanical 
loss in high-amplitude flexural vibration [1], and 
tried some functional ultrasonic devices with PPS. 
The PPS-based airborne ultrasonic transducer 
provides better performance than the metal-based 
transducers [2]. To gain a deeper understanding of 
vibrational properties of PPS, it would be 
meaningful to evaluate the mechanical losses in 
high-amplitude longitudinal and torsional 
vibrations.  

Mechanical quality factors (Q factors), 
inversely proportional to mechanical loss, indicates 
the suitability of a material as a vibrating body. To 
overcome the shortcoming of the existing methods, 
we proposed a new method on the basis of the 
original definition of the Q factor. The strain and 
frequency dependences of Q factors of several 
commonly-used polymers in flexural vibration and 
some metals in torsional vibration have been 
measured from the distributions of the vibration 
velocities on the side surface [1,3]. A method for 
measuring Q factors in longitudinal vibration is 
required, and the effect of thermal annealing on the 
Q factors of PPS should be evaluated. 

PPS belongs to semicrystalline polymers, of 
which the degree of crystallinity can be enhanced 
through thermal annealing [3,4]. In general, a 
material with a regular arrangement of molecules 
(or atoms), e.g., metals and ceramics, tends to 
exhibit low mechanical loss. It implies that, by 
performing thermal annealing on the commercial 
PPS products in laboratory, the mechanical loss 

may be lowered. The relationship between the 
mechanical loss of PPS and the annealing 
conditions, such as temperature and heating time, 
should be clarified for practical applications.  

In this study, first, we introduce a new method 
for measuring the Q factors under longitudinal 
vibration. Subsequently, we measure the Q factors 
of several PPS samples annealed with different 
temperatures and periods. 
2. Principle of Q-factor measurement method 

On the cylindrical specimen shown in Fig. 1, a 
longitudinal wave is excited by a vibration source 
located on one end. An axis (z) is set along the 
cylindrical specimen. The amplitudes and the 
phases of the vibration velocities at sampling points 
0, 1, and 2 are v0, θ0; v1, θ1; and v2, θ2; respectively. 
The Q factor is defined as the ratio of the reactive 
energy Ek to the dissipated energy Ed in a period 
between the cross-sections LL and LR:  

2 .k

d

EQ
E

              (1) 

The reactive energy Ek stored in the sample 
between L1 and L2 is expressed as 

2 2
1 1

1 1
2 2kE mv A z v          (2) 

where Δm denotes the mass of the specimen 
 

 
Fig. 1 Schematic of the developed method. ________________________________________________ 

Email: wujiang@sonic.pi.titech.ac.jp 

1P1-8



between LL and LR, A represents the cross-sectional 
area, and ρ is the density of the specimen. The 
dissipated energy Ed is the decrease in the active 
vibration energy along the z axis, and is given as 

 2 ,d in outE P P


           (3) 

where ω denotes the angular frequency; Pin and Pout 
represent the active vibration powers across the 
cross-sections LL and LR, respectively. In 
longitudinal vibration, the active vibration power 
P(z) across a certain cross-section is calculated 
from the normal force along the z axis F(z) and the 
vibration velocity of the outer surface of the 
cylindrical specimen v(z): 

*1( ) Re ( ) ( ) .
2

P z F z v z          (4) 

where Re represents the real part. The Pin and Pout 
can be respectively expressed as 

0 1 1 0sin( ) ,
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v vEAP
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      (5) 

and 
1 2 2 1sin( ) ,

2out
v vEAP

z
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
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 


      (6) 

where E denotes the elastic modulus. In theory, the 
Q factor of a small portion of the bar can be 
estimated from the vibration velocities of three 
points. The strain at a certain point ε(z) is expressed 
as 

 ( )1( ) .
d v z

z
j dz




          (7) 

Thus, the strain dependence of Q factor can be 
obtained.  
3. Q factors under different annealing conditions  

Using the developed method, we 
experimentally evaluate the influence of thermal 

annealing on the Q factor. The 10-mm-diameter 
PPS samples were heated in a thermostatic chamber. 
The annealing was performed at 100°C for 6, 12, 
and 24 hours. After annealing, the samples were 
quenched in air at 24°C for 1 hour. Note that the 
piezoelectric transducers, which were employed to 
excite vibration on the sample during measurement, 
were not heated. Fig. 2 demonstrates the strain 
dependences of Q factor of the PPS samples 
annealed under different temperatures and periods. 

Fig. 2(a) shows the results measured at 17 kHz. 
After heating for 6 hours, the Q factors had almost 
no variation comparing to the results without 
annealing. However, the Q factors of the PPS bar at 
0.01% increased to 380 and 520, after it was heated 
for 12 and 24 hours, respectively. Fig. 2(b) shows 
the results measured at 48 kHz. Observably, the 
Q-factor increase was lower at 48 kHz than that at 
17 kHz.  
4. Conclusions 

(1) A method for measuring the Q factors of 
materials in longitudinal vibrations is proposed.  

(2) The Q factors of PPS can be enhanced 
through thermal annealing.    
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Fig. 2 Q factor as a function of strain under different annealing temperatures and periods. 
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