
3. Results and Discussion  

Fig. 2 depicts the typical acquired 
instantaneous snapshot images of cavitation bubble 
cloud taken at a time delay of 50 μs after shock 
wave generator triggered. Light exposure time were 
chosen to set to (a) 50, (b) 100, (c) 150, and (d) 200 
μs for which the dynamic behavior of cavitation 
bubble was projected onto a single image. It was 
observed that the bubbles appeared sparsely and 
were spherical shape for the light exposure time 
from 50 to 150 μs (Fig. 2(a) and (b)). The number 
and size of bubbles decreased slightly in Fig. 2(c) 
compare to Fig. 2(b). A dark area appears at the 
edges of bubbles and moves toward adjacent 
bubbles(Fig. 2(c) right hand side). The bubbles that 
had relatively long lifetime remain in the focal area 
and were observed to form jets during their inertial 
collapses as seen in Fig. 2(d). 

The spatial distribution of cavitation bubbles 
are projected to the accumulated images of the 20 
snapshot images of cavitation bubbles (Fig. 3)[6]. 
Small bubbles that were generated by the shock 
wave are illustrated in the accumulation of the 
images acquired for the initial 50 μs light 
illumination (Fig. 3(a)). In contrast, large bubbles 
were observed in the accumulation of the images 
obtained with 100 μs light exposure condition 
(Fig.3(b)). It was shown that the small bubbles are 
distributed outside the focus area, and become 
blurred and disappeared as the illumination time 
increases (Fig. 3(c) and 3(d)).  

 

4. Conclusion 

The trajectory of the dynamic response of the 

cavitation bubbles to shock wave visualized under 
the illumination of a micro pulsed light is projected 
for the light exposure time onto an image. It was 
found that, if the exposure time covers the entire 
bubble lifetime, the bubble collapse and jet 
formation can be projected on the image. An 
appropriate control of the timing and length of the 
light exposure may enable one to selectively view 
the desired features of the cavitation bubble 
activities in the shock wave field. 
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Fig 3. The images resulting from the accumulation of the 20 snapshot images of cavitation bubbles visualized under the 
light exposure time of (a) 50 μs, (b) 100 μs, (c) 150 μs, (d) 200 μs. 
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1. Introduction 

The acceleration sensor suitable for MEMS 
structure is required for application to the attitude 
control and navigation systems of moving objects 
such as a vehicle and a robot. As such a sensor, the 
author has studied the frequency-change-type 
acceleration sensor utilizing the phenomenon that 
the resonance frequency of a flat-type bending 
vibrator changes by axial force. 1, 2) When the 
coupling vibration exists between two or more 
vibrators used for the two-axis sensor, the 
resonance frequency of each vibrator is not able to 
control independently. 

Here, in the two-axis acceleration sensor 
consisting of four bending vibrators, the method of 
reducing the coupling vibration is investigated 
using the finite-element analysis. 
 
2. Structure of Two-Axis Acceleration Sensor 

2.1 Structure of sensor 

The structure of the metal 
frequency-change-type two-axis sensor is shown in 
Fig. 1. A cross-type vibrator used consists of four 
bending vibrators with out-of-plane mode. One end 
of each vibrator is connected together to the center 
of gravity of the mass, and the other end is fixed to 
the frame. The mass is also fixed to the frame 
through four bent-type support bars. When 
acceleration αx or αy is applied to the x or y axis 
direction, the axial force to each vibrator is 
generated by the mass, and so the resonance 
frequency of each vibrator is changed by this force. 
Acceleration can be estimated from the frequency 
change. 

2.2 Vibration modes of vibrator 

Each vibrator of the cross-type vibrator of 
Fig. 1 is designed so as to vibrate independently at 
almost equal resonance frequency. Fig. 2 shows the 
calculated vibration modes of two vibrators 
arranged along the x axis direction. The vibrators 
are vibrating independently at the nearly equal 
frequencies, f01 and f03, and the coupling vibration is 

not observed. Moreover, the two vibrators along the 
y axis direction vibrate independently at the 
resonance frequencies, f02 and f04. In addition, the 
coupling vibration between the vibrators arranged 
along the two axis directions at right angles is not 
observed in this case. In order to design each 
vibrator so that the coupling vibration does not 
generate, the length of the short arm is adjusted in 
advance to make the displacement uz of both ends 
minimum. As a result, the displacement is 
extremely reduced by about 10-4 to the 
displacement uz0 at the center of the central arm of 
the vibrator. 1)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The displacement ratios at the center of the 
central arm of two vibrators arranged along each 
axis direction, uz03/uz01 (uz01/uz03) and uz04/uz02 
(uz02/uz04) are calculated as Fig. 3 when the length ℓa 
of the short arm is changed. From the result, the 
ratios become almost zero in a certain range of the                                             
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Fig. 2  Vibration modes of vibrator in the case of 
no adhesion of ceramics. 

Fig. 1  Structure of two-axis acceleration sensor. 
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length ℓa. Accordingly the design for not generating 
the coupling vibration became possible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Coupling Vibration of Bending Vibrator 

3.1 Effect of piezo-electric ceramics 

In order to measure the sensor characteristics, 
a small thin piezo-electric ceramic plate 
(5 2 0.2mm3) adheres to the upper surface of the 
center of the central arm of the vibrator designed so 
as not to generate the coupling vibration. The 
vibration modes are calculated as Fig. 4. The two 
vibrators arranged along each axis direction result 
in the coupling vibration respectively. Fig. 5 shows 
the calculated result of the displacement ratios in 
this case. The arm length ℓa must be adjusted so that 
the ratios become a minimum value. However, the 
values do not become zero. This leads to the result 
of generating the coupling vibration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

3.2 More reduction of coupling vibration 
      Asymmetry along the thickness direction by 
adhering of the ceramics may become the cause of 
generating of the coupling vibration. For this reason, 
the ceramics with the same dimensions were also 
adhered to the lower surface of the central arm. The 
modes of vibration were calculated as Fig. 6. The 
coupling vibration of Fig. 4 is not observed in this 
case. The vibrators are vibrating independently at 
the nearly equal frequencies. The displacement 
ratios are calculated as shown in Fig. 7. The ratios 
of Fig. 5 are reduced remarkably. The ceramics of 
the lower surface may be replaced with the same 
material as the vibrator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 
 

The method of reducing the coupling 
vibration between the vibrators of the cross-type 
vibrator used in the frequency-change-type two-axis 
acceleration sensor was investigated by the 
finite-element analysis. As a result, it became clear 
that there is a limit in the method of reducing the 
coupling vibration by adjusting the length of the 
short arm. Moreover, remarkable reduction was 
obtained by taking into consideration symmetry 
along the thickness direction of vibrator. 
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Fig. 3  Displacement ratios to arm length ℓa  
in the case of no adhesion of ceramics. 

f f
Fig. 4  Vibration modes of vibrator in the case of  
ceramics adhered to upper surface. 

Fig. 5  Displacement ratios to arm length ℓa in the case 
of ceramics adhered to upper surface. 
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Fig. 6  Vibration modes of vibrator in the case of
ceramics adhered to upper and lower surfaces. 

Fig. 7  Displacement ratios to arm length ℓa in the case 
of ceramics adhered to upper and lower surfaces. 
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