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1. Introduction 
Piezoelectric resonators, in particular quartz 

resonators, are widely used in electronic devices 
such as mobile phones. Recent advances in 
computer technology have enabled the application 
of finite element analysis to the design of 
piezoelectric resonators, and confirming the 
reliability of the calculated results is very important 
when designing such resonators. Comparing the 
mode shape predicted by analysis with the shape 
obtained experimentally is the best way to obtain 
positive proof of the design reliability. For this 
reason, a number of methods for plotting the 
vibration patterns of piezoelectric resonators have 
been developed and reported [1–16]. 

We have now developed an improved system for 
visualizing the 3-D vibration modes on the device 
surface in quasi-real time without the need for 
precise optical adjustment. Three visible 
wavelength semiconductor lasers with adequately 
separated wavelengths are used, and their incident 
angles are set to detect the two in-plane vibrations 
and one out-of-plane vibration. A color video 
camera using three CCDs (red, green, and blue) 
captures the three isolated speckle images generated 
by each laser. To reduce image noise and 
calculation time, we developed an enhanced 
two-dimensional correlation filter. Testing using 
AT-cut quartz resonators demonstrated the 
effectiveness of this improved system. 

2. Measurement Principle
The surface vibration displacement of 

piezoelectric resonators can be decomposed into 
two in-plane (u1 and u3) components and one 
out-of-plane (u2) component. These vibration 
components can be separately measured by 
changing the incident angles of the coherent light 
sources (e.g., semiconductor lasers) [17].  

(a) = 0 deg.  (b) = 45 deg.        (c) = 90 deg. 

Fig. 1. Interference images calculated on basis of laser incident angle 

Figures 1(a)–(c) show interference images 
calculated on the basis of the laser incidence angle 
for a fundamental thickness mode in a rectangular 
AT-cut quartz.  The maximum magnitudes of the 
in-plane and out-of-plane vibration amplitudes at 
the resonator surface were approximately the same. 
In the images, the variation in the interference 
magnitude is expressed as an absolute value: the 
white regions represent areas of large vibration, and 
the black regions represent areas of small vibration. 
At angles of 0 and 90° (1(a) and (c)), the vibration 
components were unaffected by each other. 

Fig. 2. Block diagram of measurement system 

Figure 2 shows a block diagram of the 
measurement system. The resonator was driven by 
a signal generator (SG), and the driving signal was 
tuned to the resonant frequency. We used a 
frequency-shift technique to control the resonator 
driving state because the speckle patterns for the 
resonator driving and non-driving states are 
required for reconstituting the vibration modes. 
This technique enables software control of the 
resonator state without having to use an external 
control device. 

The three lasers, which had linear polarization, 
generated visible-wavelength beams; the optical 
wavelengths and powers were 655 nm and 10 mW 
for the red laser, 405 nm and 30 mW for the violet 
laser, and 532 nm and 1 mW for the green laser. 
Optical diffusers inserted between the lasers and 
collimator lenses produced homogeneous scattering 
on the sample surface. 
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Fig. 3 Calculated and experimental results for TS-1 mode with 
rectangular AT- cut resonator: (a) calculation, (b) experiment.
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Fig. 4 Calculated and experimental results for inharmonic mode with 
rectangular AT- cut resonator: (a) calculation, (b) experiment.

3. Evaluation

To evaluate the feasibility of the proposed system, 
we applied it to the fundamental thickness shear 
mode and the inharmonic mode of a rectangular 
1-MHz AT-cut quartz resonator. The dimensions of 
the resonator plate were x1(x) = 13.964 mm, x2(y') = 
1.737 mm, and x3(z') = 10.000 mm, and the standard 
deviation of the resonator surface roughness was 
5.5 m. The ratio of the maximum displacements 
between the in-plane (u1) and out-of-plane (u2)
vibrations was 0.7 from finite element analysis. We 
did not measure the u3 component because its 
amplitude is negligible compared to those of the 
other two components due to the nature of an 
AT-cut quartz resonator. 

One hundred pairs of images were accumulated 
for each speckle image, which took 12 sec. 
including the correlation calculation when the 
spatial resolution of the images was 640 × 480 
pixels. Even faster measurement can be achieved by 
reducing the spatial resolution and the number of 
image pairs. 

Figures 3(a) and (b) respectively show calculated 
[17] and experimental results for full-field motion 
of the fundamental thickness shear (TS-1) mode. 
The left image of each pair shows the mode shape 
for in-plane (u1) vibration, and the right one shows 
that for out-of-plane (u2) vibration. Again, the 
amplitude of the vibration displacement is 
expressed as an absolute value; that is, the white 
regions represent areas of large displacement, and 
the black regions represent areas of small 
displacement.  

The experimental results correspond well to the 
calculated images on the left. This shows that the 
proposed system estimates both the u1 and u2
components of the vibration displacement well. 

Figures 4(a) and (b) show calculated and 
experimental results for full-field motion of the 
inharmonic mode near the fundamental mode. 
Again, the proposed system estimated both the u1
and u2 components of the vibration displacement 
well.

4. Conclusion 
We have developed a 3D-mode shape 

visualization system that uses a laser speckle 
interferometer, a color video camera with three 
CCDs.

Since the frequency range of the proposed system 
is limited only by that of the RF-generator that 
excites the device under test, the system can be 
applied to ultra-high frequency devices such as 
MEMS devices operating in the GHz range. 
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