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Vibration Analysis of Piezoelectric Materials 
by Optical Methods 

Hsien-Yang Lin, Jin H. Huang, and Chien-Ching Ma 

Abstract-This study provides two noncontact and real- 
time optical measurement methods to assess the displace- 
ment, natural frequencies, and mode shapes of a vibrating 
piezoelectric material. The methods are carried out using 
amplitude-fluctuation electronic speckle pattern interfer- 
ometry (AF-ESPI) and laser Doppler vibrometer (LDV), 
which are full-field and point-wise displacement measure- 
ment, respectively. Because the fringe patterns measured 
by AF-ESP1 appear as a clear picture at the natural fre- 
quency, both natural frequencies and mode shapes of the 
vibrating material can be successfully obtained. In the LDV 
system, a swept-sine excitation signal from the function 
generator to the beam can result in a corresponding peak 
in frequency response curve at natural frequencies. From 
the frequency response curve, the natural frequencies are 
thus acquired. Measured results by both methods are seen 
to be in good agreement with theoretical predictions by the 
Galerkin method and finite element method. 

I. INTRODUCTION 

IEZOELECTRIC materials are typically used to generate P an acoustic pulse from an input external loading (or 
electrical signal) and detect an acoustic pulse, then, con- 
vert it into a low impedance voltage signal. Research and 
development activities in these materials are now intense 
and widespread. Practical applications are numerous and 
spread across many areas such as sensors for active vibra- 
tion control or actuators for precise motion control. This 
trend may account for why these materials constitute an 
important branch of the recently emerging technologies of 
modern engineering materials. A prominent feature of uti- 
lizing piezoelectric materials is the study of the full-field 
and real-time vibration behavior for piezoelectric materi- 
als. Therefore, so the reliable response of piezoelectric ma- 
terials can be obtained, it is necessary to visibly examine 
the vibration response from an experimental point of view 
so the characteristics of the materials can be elucidated 
thoroughly. Thus, the present paper is aimed at filling this 
information need in this area and presents two noncontact 
and real-time optical methods for measurement of the vi- 
bration properties of piezoelectric materials. 
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The first optical measurement method is the electronic 
speckle pattern interferometry (ESPI) that is known as 
TV-holography or electro-optical holography. The ESPI 
combines the object and reference beams and directs them 
collinearly toward the detector array of frame-transfer 
charge-coupled device (CCD), which interfaces to a com- 
puter for video electronics processing of speckle patterns, 
then displays on a television-monitor in real time (about 
30 ms). As compared with conventional holographic inter- 
ferometry, the interferometric fringe patterns of ESPI are 
recorded using a video camera, thus eliminating the chem- 
ical film development process. Because the interferometric 
image is recorded and updated every 1/30 s ,  ESPI is faster 
and more insensitive to environment than holography. For 
these reasons, ESPI has become a powerful technique used 
in many academic researches and engineering applications. 
Due to ESPI using a video recording and display, its real- 
time nature makes it practical for vibration measurement. 
The first recorded work on ESPI is by Butters and Leen- 
dertz [I], who investigated the out-of-plane displacement 
of a vibrating disk. Since then, many researches have been 
forwarded in the area of deformation analysis [a], [3], es- 
pecially for vibration measurement [4]-[6]. In an effort to 
increase image contrast, Ma and Huang [7], [SI further de- 
veloped the amplitude-fluctuation ESPI (AF-ESPI) based 
on the work in [SI. From their works, AF-ESP1 clearly dis- 
plays the interferometric fringe patterns with high quality 
for identification of natural frequencies and mode shapes; 
therefore, this method will be adopted in this study. 

The second optical measurement technique used in this 
work is the laser Doppler vibrometer (LDV), which mea- 
sures the moving velocity or displacement of an object by 
detecting the frequency shift of the laser. This method 
has been used to meet various metrology needs for many 
years [9]-Ill] because it provides precise noncontact mea- 
surement of particle motion on the solid surface and has 
an extremely wide signal bandwidth ranging from DC to 
20 MHz and an ultra-high resolution better than nanome- 
ters. It appears that such a measurement system enables 
the dynamic study of piezoelectric materials. 

Through these two optical measurement approaches, 
the displacements, natural frequencies, and mode shapes of 
a vibrating piezoelectric- material with different boundary 
conditions are achieved. In addition, in light of the results 
presented in the work, theoretical predictions based on the 
Galerkin method and finite element method (FEM) utiliz- 
ing ABAQUS commercial software package [12] also are 
made. The acceptable correspondence of the experimen- 
tal data with numerical results reveals that the presented 
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methodologies on measuring vibration response of piezo- 
electric materials own an available exactitude. 

11. PRINCIPLE OF EXPERIMENTAL TECHNIQUES 

LOELECTRICS, AND FREQUENCY CONTROL, VOL. 49, NO. 8, AUGUST 2002 

Minor 

A.  Amplitude Fluctuation Electronic 
Speckle Pattern Interferometry 

The most familiar way of ESPI used for vibration anal- 
ysis is the time-averaging method with an image sensor 
(mostly CCD array is used) integrating the speckle inter- 
ferogram field pixel by pixel during camera frame period. 
Two different optical design setups are commonly used 
(out-of-plane sensitivity and in-plane sensitivity) for the 
vibration measurement. Fundamentals with regards to the 
AF-ESP1 method for in-plane and out-of-plane measure- 
ment can be found in [7] and [SI. Because the piezoelec- 
tric material adopted in this work is thin, it will display 
larger transverse (out-of-plane) motion compared to any 
possible in-plane components, especially in the low nat- 
ural frequencies. Hence, only the out-of-plane sensitivity 
optical setup is used in this study. As shown in Fig. 1, a 
He-Ne Laser (Uniphase 1135P, JDS Uniphase, San Jose, 
CA) with 30 mw and wavelength X = 632.8 nm is used 
as the coherent light source. The emitting laser beam is 
split into two parts by a variable beamsplitter. One beam 
is directed toward the tested piezoelectric specimen, then 
reflects to the CCD camera acting as the object beam. The 
second one serves as a reference beam, is illuminated on the 
surface of a reference plate and reflects into the CCD cam- 
era via the beamsplitter. The object and reference beams 
are combined into the CCD sensor array through a zoom 
lens (Nikon Micro-Nikkor, 55 mm, Nikon, Melville, NY, 
USA). It is important to note that the optical path and the 
light intensity of these two beams should remain identical 
in the experimental setup. A CCD camera (Pulnix TM- 
7CN, Pulnix America, Inc., Sunnyvale, CA, USA) and a 
frame grabber (Dipix P360F, Dipix Technologies Inc., Ot- 
tawa, Ontario, Canada) with a digital signal processor on 
board are used to record and process the images obtained 
from interferogram of the object and reference beams. Af- 
ter the object is vibrating, the interferogram recorded by 
the CCD camera is stored in an image buffer as a reference 
image. The next frame then is grabbed and is subtracted 
by the image processing system. The CCD camera con- 
verts the intensity distribution of the interference pattern 
of the object into a corresponding video signal at 30 frames 
per second. The signal is electronically processed and con- 
verted into an image on the video monitor. The interpre- 
tation of the fringe image is similar to reading of a dis- 
placement contour. To achieve a sinusoidal output) a func- 
tion generator (HP-33120A, Hewlett Packard, Palo Alto, 
CA) connected to a power amplifier (NF Electronic Instru- 
ments 4005 type, NF Corporation, Kohoku-ku, Yokohama, 
Japan) is used as an input source, which generates period- 
ical exciting force to the specimen. 

The detailed experimental procedure of the AF-ESP1 
technique is performed as follows. First, a reference image 

Fig. 1. Optical setup with out-of-plane sensitivity for ESPI. 

is taken after the specimen vibrates, then the second image 
is taken, and the reference image is subtracted by the im- 
age processing system. If the vibrating frequency is not at 
the natural frequency, only randomly distributed speck- 
les are displayed and no fringe patterns will be shown. 
However, if the vibrating frequency is in the neighbor- 
hood of the natural frequency, stationary distinct fringe 
patterns will be observed. Then the function generator is 
cautiously and gradually turned, the number of fringes will 
increase and the fringe pattern becomes more clear; but, 
the position of nodal lines will not change as the natural 
frequency is approached. From the aforementioned exper- 
imental procedure, the natural frequencies and the corre- 
sponding mode shapes can be determined at the same time 
using the AF-ESP1 optical system. 

B. Laser Doppler Vibrometer 

The second optical technique used for measuring the 
dynamic response of piezoelectric materials is a LDV mea- 
surement system incorporated with the advanced vibrom- 
eter/interferometer device (AVID, AHEAD Optoelectron- 
ics, Inc., Chung-Ho, Taipei, Taiwan). A description of 
AVID’S components and working principle is given in com- 
plete detail in [9], and is briefly outlined below. Instead of 
using an acoustic optical modulator) the AVID system uti- 
lizes circular polarization interference configuration, which 
can significantly reduce the size of the vibrometer and 
avoid the radio frequency (RF) electromagnetic interfer- 
ence effects created by the high frequency signal required 
to drive the acoustic optical modulator. With the circu- 
lar polarization interference technique and digital signal 
processing with built-in phase decoding algorithms, the 
system can be designed to measure dynamic displacement 
and vibration responses of almost any object. The op- 
tical system, depicted in Fig. 2, for measuring dynamic: 
displacements is based on the principle of the Michelson 
interferometer and the Doppler effect. In Fig. 2, a sta- 
bilized He-Ne laser is split into two interfered arms by 

. 
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Fig. 2. Schematic diagram of the LDV optical setup for absolute displacement measurement [9]. 

the polarization beamsplitter (PBS1) within the optical 
head. Beam 1 passes through beamsplitter (PBS2) and 
is focused to a point on the tested object. For absolute 
displacement measurement, a corner cube reflects beam 2 
acting as a reference beam. As beam 1 and beam 2 are split 
by PBS1, the two beams will possess “p” and “s” polariza- 
tion states, respectively. These two returning beams after 
passing through PBSl are linearly polarized and are or- 
thogonal with each other, then reflected by a beamsplitter 
(BS). A quarter waveplate oriented at 45 degrees, denoted 
QWP(45), is used to transform the two returning light 
beams into a right circularly polarized light and a left cir- 
cularly polarized light. The sum vector of the two circular 
polarized light beams can be viewed as a linearly polarized 
light with its polarization axis located at  specific angle. Be- 
cause the movement or displacement of the tested object 
will result in the different propagation speeds of the left- 
and right-hand polarized light, the two combined beams 
remain behaving like a linearly polarized light, but with 
an inclined angle relative to the horizontal axis due to the 
movement of tested object. The resultant linearly polar- 
ized light beam then is divided into two interfered light 
beams by a nonpolarization beamsplitter NPBS. Two po- 
larizers P1 and P2, situated at 45 degrees apart, trans- 
forming the polarization states into quadrature intensity 
signals that can be detected by photodiodes, are utilized 
to make a 90-degree phase difference of the light inten- 
sity measured at  respective photodiode PD1 to PD4. The 
four quadrature signals detected by photodiodes can be 
expressed as [13]: 

where f d  is the Doppler phase shift due to the movement, 
and 00 represents the relative phase difference between 
beam 1 and beam 2. 

The signals P and Q standing for I1 - I, and standing 
for 1 2  - 1 4 ,  respectively, are amplified and shaped by the 
circuit board. These two signals differ by 90 degree phase 
angle are put into an analog-to-digital converter. By plot- 
ting these two signals P and Q on a X-Y plane, a Lis- 
sajous graph is constructed. That is, a circular pattern is 
formed when the phase difference between the two beams 
change by 360 degrees (or the tested object displaces half 
wavelength). Decoding the angle for any specific point on 
this circle is known as the P/Q signal decoding. Hence, by 
measuring the phase variation 6 ,  one readily obtains the 
displacement D by the formula [9], [ 131 : 

Fig. 3 exhibits the LDV experimental setup adopted 
in the present work to examine the vibration behavior of 
piezoelectric materials. First, a function generator (HP- 
33120A) sends a swept sine-exciting signal to the power 
amplifier, then the amplified signal is input to the piezo- 
electric specimen, and the outgoing laser light is directed 
to a specific point of the upper surface of the specimen. 
Finally, the measured data in the time domain are trans- 
formed into frequency domain. As a result, we can easily 
identify the natural frequencies of piezoelectric materials 
from the spectrum response curve. 

111. THEORETICAL MODEL FOR PIEZOELECTRIC BEAM 

A. Euler-Lagrange Equations and 
Natural Boundary Conditions 

In this section, a simple and analytical model is pro- 
posed to examine the vibration response of a piezoelec- 
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Fig. 3. Schematic diagram of the LDV measurement system for natural frequencies extraction. 

tric material. Particular attention is devoted to a one- 
dimensional piezoelectric beam with arbitrary bound- 
ary conditions at the edges. More complicated two- 
dimensional model analysis can be found in [14], [15]. Now, 
consider a piezoelectric beam with electroded faces normal 
to thickness h or z direction as shown in Fig. 4. The lin- 
ear piezoelectric constitutive equations coupled the elec- 
tric and elastic fields for a 6 mm symmetry piezoelectric 
material are given by: 

’ 

where oij, ~ i j ,  Ei, and Di are stress, strain, electric field, 
and electric displacement, respectively; Cij, eij, and K~~ 

are elastic stiffness, piezoelectric coefficient, and dielectric 
constant, respectively. The strain and electric field compo- 
nents in (3) are in turn related to the deflection w(z, t )  and 
the electric potential 4(z, z ,  t )  by the following relations: 

(4) 

in -which the comma denotes the partial differentiation. 

beams, adopt Hamilton’s principle [14]: 
To derive the equations of motion for piezoelectric 

where 6 denotes the variational operator, V represents the 
volume of the beam, SI and S2 stand for, respectively, the 
portion of the surface in which the transverse traction p 

and/or the electric charge a are prescribed, and the por- 
tion of the surface on which the electrical potential $ is 
prescribed, and’ni is the unit normal vector to ,572. Equa- 
tion (5) allows us to derive the general equation governing 
electromechanical responses of a piezoelectric beam in the 
subsequent developments. 

Suppose that the electric potential is expandable 
through the coordinate of beam thickness as: 

4(z, z ,  t )  = $(O)(z, t )  + z&)(z, t )  + z24(2) (z ,  t ) ,  
(6) 

where 4 ( O ) ,  $(l), and # ( 2 )  are unknown electric potential 
parameters. Then, substituting (6) and (4) into (5), per- 
forming all of the integration, taking variations with re- 
spect to all variables, and collecting terms that contain 
variations of the same displacements and electric poten- 
tials, gives the governing equations: 

C1lIw,zxxx - 2e3114$L + bP = pAw,tt, 

2e31Iw,,, - KIIJ$:$L + 4~331$(’) - IC~~I$!$!L - bt? = 0, 

(7) 
0. 

= 0, 

= 0, 

= 0, @:I 

= 0, 

= 0, 
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Fig. 4. Configuration of a piezoelectric beam. 

It is observed from (6) and (7) that the electromechan- 
ical coupling due to the piezoelectric coefficient e31 van- 
ishes when the electric potential is either a constant or a 
linear function of the beam thickness. This suggests that 
the electric potential is at least a quadratic function of the 
beam thickness. For this reason, we will examine the case 
of 4(x, z ,  t )  = ~ ~ $ ( ~ ) ( x ,  t )  only in the subsequent develop- 
ment. 

Next, we adopt the Galerkin method [16] to obtain vi- 
bration response of the piezoelectric beam. When the same 
number of degrees of freedom is used, this method gener- 
ally is much more effective than FEM. As illustrated exam- 
ples, this methodology is described for clamped-free and 
clamped-clamped boundary conditions in order. Accord- 
ing to the Galerkin method, the residual function Fi(5, t )  
is required to be orthogonal to some weighting functions 
r(z). That is: 

where r(z) may be chosen to be members of the approxi- 
mate solution, and the residual functions can be obtained 
from the governing equations (7) as: 

n 

k=l 
n 

k=l 

in which W k ,  @;), and @f)  are unknown parameters, and 
w is an excita.tion frequency. 

B. Clamped-Free Boundary Condition 

Parallel to the eigenfunction for elastic beam, the fol- 
lowing weighting function satisfying the boundary condi- 
tions is assumed to be: 

L 

+ cos X i  + cosh X i  

Here the dimensionless natural frequency parameter, Xi ,  
can be numerically calculated from the equation: 

Substituting (11)-(13) into (9) yields: 

where 

Thus, natural frequencies are readily obtained by solving 
the resulting eigenvalue problem as indicated in (14). 

C. Clamped- Clamped Boundary Condition 

Similarly, to satisfy the clamped-clamped boundary 
condition, the weighting function is taken as: 

L + cos X i  - cosh X i  

in which X i  satisfies: 

Substituting (11),,(16), and (13) into (9) gives: 

0 -a23 a33 (18) 
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where 

Following the same procedure outlined in the previous sec- 
tion, the natural frequencies can be obtained by (18). 

In addition to the Galerkin method, numerical calcu- 
lations of natural frequencies as well as mode shapes also 
are performed by the ABAQUS finite element commer- 
cial package, in which 20-node, three-dimensional, brick 
piezoelectric elements (C3D20RE, Hibbitt, Karlsson & 
Sorensen, Inc., Pawtucket, RI) are selected to analyze the 
problem. The total number of elements and nodes used 
are 102 and 1006, respectively. The numerical results ob- 
tained by Galerkin and FEM methods will be compared 
with those by the proposed optical methods in Section IV. 

Iv. EXPERIMENTAL AND NUMERICAL RESULTS 

The examples that will be illustrated in this section are 
clamped-free and clamped-clamped piezoelectric beams. 
The former is a 38 x 2.5 x 0.5 mm piezoelectric cantilever 
beam made of Keramos K-270 (Keramos Advanced Piezo- 
electrics, Indianapolis, IN) piezoelectric ceramics. Its ma- 
terial properties are listed in Table I. To save space here, 
only the first five modes are presented. Fig. 5 summarizes 
the detailed modal parameters of the K-270 clamped-free 
piezoelectric beam. Those bold lines in FEM diagram ap- 
pearing in the right-hand part of Fig. 5 are a symbol of 
nodal lines of the beam, which show good agreement with 
the nodal lines (the brightest lines) measured by AF-ESPI. 
In finite element results, dashed lines and “-” symbol de- 
note the concave displacements; the solid lines and the “+” 
symbol stand for convex displacements. 

In the AF-ESP1 results, the fringes are contours of con- 
stant vibration amplitudes of the out-of-plane displace- 
ment. The related amplitude Ai can be quantitatively cal- 
culated by the roots Ri of the zero-order Bessel function of 
the first kind [ J&hAiX)I = 0, which represents the dark 
fringes in experimental measurement. The first 12 roots 
of Ri are 2.4, 5.52, 8.66, 11.79, 14.93, 18.07, 21.21, 24.35, 
27.49,30.63,33.78, and 36.92. Then the corresponding am- 
plitudes Ai of the out-of-plane displacement are evaluated 
by the following: 

where X = 0.633 pm. 
The deflection curves of the first five vibration modes 

for the theoretical and experimental results are indicated 

TABLE I 
MATERIAL PROPERTIES OF K-270 PIEZOELECTRIC CERAMICS. 

Quality K-270 

12.1 x 10-12 

-4.03 x 
-5.3 x 10-12 
15.3 x 
38.9 x 
32.5 x 

270 x 10-l’ 
490 x 10-l’ 
7500 
1.31 x lo-’ 
1.151 x lo-’ 

-120 x 10-12 

in the left-hand part of Fig. 5. Excellent agreements are ob- 
tained. Table I1 tabulates the natural frequencies obtained 
from experimental and theoretical methods. The measured 
results of natural frequencies by the two optical methods 
agree well with theoretical predictions, but all are lower 
than those by the Galerkin method and FEM. This dis- 
crepancy is probably due to the thickness variation across 
the beam, the material properties measurement, and the 
clamped boundary condition of the specimen. It also is ob- 
served that the relative error of LDV compared with theo- 
retical (Galerkin) values is larger than that of AF-ESP1 in 
the interval of lower natural frequencies. This may be at- 
tributed to the scan rate (100 KHz) and sampling points 
(8192) of the LDV system. In other words, after trans- 
forming the time domain data, the interval of the data is 
12.21 Hz (Le., only 0, 12.21, 24.42, 36.63 . . .  Hz are dis- 
played in a response curve). Such a large interval leads to 
a higher error ratio in the lower frequency region. 

Fig. 6 shows the frequency-response curve measured by 
the LDV system, in which the measured points are along 
the central line of the beam. The first five peaks corre- 
sponding to the first five natural frequencies are shown in 
good agreement with the measured values by AF-ESPI. 

For the clamped-clamped piezoelectric beam, the spec- 
imen, dimensioned by 45 x 2.5 x 0.5 mm, is also made of 
Keramos K-270 piezoelectric ceramics. Table I11 lists the 
first five natural frequencies determined by optical and nu- 
merical methods, respectively. Similar features are found 
for this case as compared with that in the clamped-free 
case. The discrepancies between the Galerkin and FEM: 
results are less than 1%. Fig. 7 shows a frequency-response 
curve measured by the LDV system. The natural frequen-- 
cies emerge clearly at the peak values in Fig. 7. 

Fig. 8 shows the corresponding mode shapes and deflec- 
tion curves for the first five natural frequencies. Excellent 
agreements are found for the experimental measurements 
and theoretical predictions. Moreover, owing to the ac- 
tual beam specimens possessing the 2.5 mm width, hence 
not only the abovementioned bending modes but also the 
torsional modes may exist. Because the present AF-ESP1 
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Fig. 5. Vibration properties of a K-270 clamped-free piezoelectric beam. 
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TABLE I1 
FIRST FIVE NATURAL FREQUENCIES BY OPTICAL AND THEORETICAL METHODS FOR A K-270 CLAMPED-FREE PIEZOELECTRIC BEAM 

(ERROR: COMPARED WITH THE GALERKIN 1\/IETHOD). 

l10 

Method AF-ESP1 LDV FEM GALERKIN 

Natural Natural Natural Natural 
frequency Error frequency Error frequency frequency 

(Hz) (%) (Hz) (%I (Hz) (Hz) 

Spechum response of dampedslamped piwelechic beam 
made of Keramos K-270 material (45 2.5 * 0.5 nun) 

Mode 1 188 -5.05 171 -13.60 198 198 
Mode 2 1190 -3.64 1111 -10.04 1232 1235 
Mode 3 3254 -5.54 3210 -6.82 3448 3445 
Mode4 6298 -6.75 6396 -5.30 6754 6754 
Mode 5 10420 -6.67 10682 -4.33 11160 11165 

TABLE I11 
FIRST FIVE NATURAL FREQUENCIES BY OPTICAL AND THEORETICAL METHODS FOR A K-270 CLAMPED-CLAMPED PIEZOELECTRIC BEAM 

(ERROR: COMPARED WITH THE GALERKIN METHOD). 

Method AF-ESP1 LDV FEM GALERKIN 

Natural Natural 
frequency Error frequency 

(Hz) (%) (Hz) 
Mode 1 856 -3.60 817 
Mode 2 2308 -6.10 2258 
Mode 3 4591 -4.67 4358 
Mode 4 7223 -9.28 7056 
Mode 5 11576 -2.67 10571 

Natural Natural 
Error frequency frequency 
("lo) (Hz) (Hz) 

-8.00 897 888 
-8.14 . 2473 2458 
-9.51 4839 4816 

-11.38 7994 7962 
11.11 11934 11893 

:I , , ' , , I . / ,  , , , ~, , , , , , 
20 

IO 

0 
0 0 8000 10000 12000 2000 4000 6000 8000 10000 12000 2000 4000 6000 

Frequency (Hz) Frequency (Hz) 

Fig. 6. Frequency response curve for a clamped-free piezoelectric 
beam measured by LDV. 

Fig. 7. Frequency response curve for a clamped-clamped piezoelectric 
beam measured by LDV. 

V. CONCLUSIONS 

This work has examined the displacement, natural fre-. 
quencies, and mode shapes of a vibrating piezoelectric ma-. 
terial by using AF-ESP1 and LDV. It has shown that the 
two optical methods have the advantages of noncontact, 
real-time, and high-resolution measurement for investigat-- 
ing the vibration problem of piezoelectric materials. Ac-- 

optical system is a full-field measurement technique, the 
torsional modes also can be observed. Fig. 9 shows the 
torsional mode shapes observed by the AF-ESP1 and cal- 
culated by FEM. Good agreement also is found for both 
approaches. 
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Fig. 8. Vibration properties of a K-270 clamped-clamped piezoelectric beam. 
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Fig. 9. Torsional vibration mode parameters of K-270 piezoelectric beam by AF-ESP1 and FEM. 

cording to our results, the natural frequencies measured 
by AF-ESP1 correlate well with LDV. The AF-ESP1 en- 
ables both the full-field mode shapes and natural frequen- 
cies obtained at the same time. The LDV system obtains 
the natural frequencies rapidly and easily. The good cor- 
respondence of the experimental data with theoretical re- 
sults by means of the Galerkin method and FEM verifies 
that the presented methodologies on measuring vibration 
response of piezoelectric materials have an available accu- 
racy. These results also demonstrate that the optical tech- 
niques proposed herein are applicable to many situations 
in engineering vibration analysis for piezoelectric materi- 
als with different boundary conditions. Moreover, the pro- 
posed methodologies for measuring the out-of-plane vibra- 
tion response of piezoelectric beams can be equally applied 
not only to measure in-plane response but also to gain 
simultaneously both out-of-plane and in-plane responses 

for any two-dimensional vibrating materials withlwithout 
piezoelectric coupling effect. 
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