
other two perpendicular directions were then 
obtained from the number of pixels, and the stretch 
ratios were determined with correction for the effect 
of variation of the distance between the cameras 
and the specimen by the deformation. 

In the ultrasonic measurements, a Panametrics 
pulser-receiver 5072PR was used to excite a 
piezoelectric transducer (nominal center frequency 
2.25 MHz) to emit an ultrasonic wave pulse to the 
specimen in the direction perpendicular to the 
loading direction, via an acrylic block which acted 
as a delay medium. The reflected wave was 
recorded with the same transducer and stored in a 
PC as a digital waveform. The recorded waveform 
contains two echoes which are reflected at the front 
and back surfaces of the specimen. The wave 
velocity was calculated from the time difference of 
two echoes and the thickness of the deformed 
specimen determined from the digital images. 

3. Results and discussion  

The recorded waveforms are shown in Figure 3 
at two different nominal stresses in Cycles 1 and 13. 
It is seen in Figure 3 that the attenuation of the 
ultrasonic wave increased with the loading cycles, 
and with the stress in each loading cycle. The 
ultrasonic wave velocity in the specimen is shown 
in Figure 4 as a function of the applied nominal 
stress in different loading cycles. For some ranges 
of stress in each cycle, the velocity data is not 
shown since the wave attenuation was too high to 
quantify the wave velocity. 

Figure 4 clearly shows the effect of loading 
cycles on the wave velocity. Namely, while in Cycle 
1 the wave velocity is almost constant in a 
low-stress range and starts to decrease remarkably 
above 1000 kPa, such threshold behavior is not so 
evident in Cycles 11, 12 and 13, where the wave 
velocity starts to decrease at lower stresses. 
Furthermore, the results also indicate the effect of 
elapsed time after the preceding loading on the 
wave propagation characteristics. Namely, as 
compared to the decrease of wave velocity with the 
stress in Cycle 11, the velocity changes in Cycles 
12 and 13 are relatively small due to the elapsed 
times of 80minutes and 20 hours, respectively.  

The stretch ratios of the specimen in Cycles 1 
and 13 are shown in Figure 5. It is seen that the 
static stress-stretch relation of silicone rubber also 
changed by the loading cycles. This could be 
correlated to the change in the ultrasonic properties. 
It is the subject of our future study to examine the 
static stress-stretch relation as well as the wave 
propagation characteristics of elastomers based on 
the theory of compressible hyperelastic solids. 
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Fig. 3  Measured reflection waveforms 
in Cycles 1 and 13. 
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Fig. 4  Variation of the wave velocity with the 

nominal uniaxial stress. 
 

0 500 1000 1500
0.8

1

1.2

1.4

1.6

St
re

tc
h 

ra
tio

Nominal stress (kPa)

 Length
 Width
 Thickness

Cycle 1

0 500 1000 1500
0.8

1

1.2

1.4

1.6

St
re

tc
h 

ra
tio

Nominal stress (kPa)

 Length
 Width
 Thickness

Cycle 13

 
 

Fig. 5  Variation of the stretch ratios with the 
nominal uniaxial stress in Cycles 1 and 13. 

 

Experiment Evaluation of Velocity Control in Linear Ultrasonic Motor 
Using a Link Twin Square Plate Vibrator 

双正方板リンク形振動子を用いたリニア超音波モータにおける 
速度制御の実験評価 
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1. Introduction 
 The single-phase drive ultrasonic motor (USM) 
using a linked twin square plate vibrator as shown in 
Fig. 1 was proposed1). When applying the driving 
voltage VD = VA − VC with a vicinity of the resonant 
frequency, the left side square plate vibrates with the 
breathing mode; and the top end of the V-link 
vibrates in the slant direction and a pressed slider is 
moved to the right direction. The moving in the 
opposite direction is obtained by switching the 
applied voltage terminal to VB from VA. 
 In this report, to control the slider average speed, 
we tried an intermittent drive using a ON-OFF gate 
signal which has a variable duty cycle. In the 
intermittent driving, time variations of the slider 
displacement were step-like. The average velocity of 
the slider was changed by the duty cycle; however, 
its relation was non-linear. Additionally, the 
remarkable audible noise occurred. 
 
2. Experimental setup 
 The slider is pressed to the stator vibrator with 10N 
of the preload. In this experiment, the reverse 
operation driven by right side square plate is omitted.  

The driving signal is synthesized as shown in Fig. 2, 
and its signal is applied to the H-bridge circuit. The 
signal is based on the continuous wave of the 
frequency fD = 91.65 kHz when the phase of the 
input admittance of the vibrator is nearly −15º. The 
continuous signal is limited at 5000 cycles to restrict 
the maximum slider stroke. Thus, the driving time is 
55 ms. The gate-signal is changed its periodic time 
TG (5, 8, 10.9, 16.4 ms) and duty cycle D (20 – 
100%), and is applied to shut-down function of the 
FET-driver IC (IR2302). When the gate-signal is 
ON, the driving voltage VD and input current 
waveforms are shown in Fig. 3.  
 The moving displacement of the slider us is 
measured using a laser displacement sensor 
(Keyence LK-G155), and the instantaneous velocity 
vs is derived by the differentiation of the us.  

The instantaneous sound pressure waveform PLA 
as an audible noise is measured using a sound-level 

Fig.1 Structure and operation of the single-phase 
driven linear USM. 

Fig.2 Driving signal synthesis and driver. 
 
 

Fig.3 Driving wave form. 
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meter (Ono Sokki LA-5111) with the frequency 
correction of the A-weighting to consider a human 
auditory sensitivity. The microphone of the meter is 
positioned in 22 mm distance from the USM.  
 
3. Experimental results  
 Figure 4 shows the time variation of the slider 
displacement us when the gate-period TG is 10.9 ms. 
Except for D=100%, the slider displacements show 
stop-and-go time history. 
 However, if we regard the gradient of linear 
approximation of the displacement as an average 
velocity of the slider, the average velocity vavg can 
be controlled by the duty cycle D as shown in Fig.4. 
The relationships between the vavg and the D are not 
linear; however, the variable range of the vavg is 
wide. 
The smaller the TG, the smaller the linearity; because 
the influence of the nonlinear characteristics in the 
rise time becomes large. 
 Figure 5 shows time variations of the vs and the 
PLA. After the falling edge of the gate-signal, the 
sound pressure amplitude becomes large as shown in 
Fig. 5(b). However, after the 5000 cycles driving 
when the D=100% as shown in Fig. 5(a), the sound 
pressure is not notably large.  
 The state of the H-bridge circuit is different 
between the 5000 cycles end in D=100% and the 
low-gate-time. When the low-gate-time, the USM is 
electrically opened by the shut-down function of the 
FET driver. On the other, after the driving in 
D=100%, the electrical drive terminals are 
equivalently shorted.  
 
4. Conclusions 
 The intermittent square wave voltage causes the 
step-like displacement of the slider. The average 
velocity of the slider is changed by the duty cycle D 
of the gate-signal. When D=20%, the obtained 
minimum average velocity was 1.5% of the 
maximum velocity. 
 Hereafter, to obtain the electrically shorted 
condition even when under the gate-off-time, it is 
necessary to modify the driving circuit. 

 Fig.5 Average velocity characteristics. 
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Fig.4 Displacement of the slider driven with  
TG = 10.9 ms. 

(a) D=100%, entire time domain. 

(b) D=60%, time domain of the beginning. 
Fig.6 Velocity of the slider and sound pressure 

waveforms with TG = 10.9 ms. 
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