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Abstract 

This study investigated the solid-liquid coupling vibration characteristics of piezoelectric disks in 
hydroacoustic devices. Holographic experimentally measurements and finite element method were used 
to determine the resonant frequencies and mode shapes of piezoelectric disks in fluids. Three 
experimental techniques were used to measure the vibration characteristics. First, the holography of 
electric speckle pattern interferometry (ESPI) was used to determine the resonant frequencies and mode 
shapes associated with the vibration of piezoelectric disks interacting with fluids. Second, a laser 
Doppler vibrometer (LDV) was applied to determine the resonant frequencies of piezoelectric disks 
from frequency spectrum by using dynamic signal swept-sine analysis. Third, the impedance analysis 
can identify the resonant frequencies and anti-resonant frequencies of the piezoelectric material under 
fluids. Two piezoelectric hydroacoustic devices were designed to verify the solid-liquid coupled 
vibrations of the two-layered piezoelectric disks, which are located above the surface of the fluid (1) 
under quasi-free boundary condition and (2) under rim-clamped boundary condition. The first 
piezoelectric hydroacoustic device has two piezoelectric disks bonded to PDMS polymer on upper and 
lower surfaces vibrating interactively with fluids. Another hydroacoustic device uses by two 
piezoelectric disks embedded on the rim of device vibrating in chamber to disturbance the fluids. We 
also used finite element method (FEM) to analysis on the vibration characteristics associated with the 
interaction between the fluids and piezoelectric-solid elements with acoustic elements. All experimental 
results are compared with the solid-liquid coupled vibration characteristics calculated using FEM and 
presented in good agreement. 

Keywords: electric speckle pattern interferometry, piezoelectric disk, solid-liquid coupling vibration 

characteristics, resonance frequency, mode shape 

1  Introduction 

1.1 Motivation 

  Recently, microfluidic systems have more advenced developments. As we known, microfluidic 

systems must be controlled precisely, and the traditional pump used on microfluid are not appropriate 

for using in microfluidic precision systems. The traditional pump has the disadvantages of being bulky, 

cumbersome and susceptible, because of electromagnetic interference and unpredictable vibrations. 

Nowaday, intelligent materials have been gradually used in the actuator of microfluidic system. 

Piezoelectric material is one of the most potential actuator used as hydroacoustical device, based on its 

easy-fabricating structure and rapid reaction. Even there were numerous of literature replacing 

piezoelectric actuator on electromagnetic motor to emphasis using on microfluidic components, most 
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of research concerned about it fluidic performance. This study is going to figure out solid-liquid coupled 

vibration characteristics of the piezoelectric materials under different fluids. The vibration 

characteristics of piezoelectric materials in the fluids are measured under two different boundary 

conditions as well. 

1.2 Literature 

In this study, piezoelectric disks used on two boundary conditions to obtained on the vibration 

characteristics, including their resonant frequencies and mode shapes. The experimental measurements 

were applied to measure on the vibration characteristics of piezoelectric disks in comparison with finite 

element method (FEM) under different fluids (air, water and glycerol). In 2006, Wu and Lu [1] found 

on that the natural frequency in fluid-structure coupling system would be much lower than that in 

uncoupled system, based using by FEM analysis. In 2008, Hou et al [2] applied on FEM to analysze in 

fluid-structure system compounds of PDMS polymer film with piezoelectric disk in valveless 

micropump. Ma et al [3] [4] made of piezoelectric micropump from aluminium-alloy structure 

compounded with PDMS polymer film. Through PDMS polymer film to isolated fluid with the 

piezoelectric rectangular plate was bonded to the aluminium-alloy structure to promote flow in the 

chamber. In 2009, de Lima et al [5] used by acrylic material to made of the structure of valveless 

piezoelectric bionic micropump, which used fishtail swing to achieve the effect of increasing flow rate. 

In our study, the piezoelectric two-layered disk have large deformation using on the hydroacoustic 

device. The solid-liquid coupled vibration characteristics are measured by experimental measurements 

and are calculated by FEM calculation. 

2  Thoeretical Analysis 

2.1 Piezoelectric Two-Layered Disk 

The d-form of the piezoelectric constitutive equation is used in the series-type piezoelectric two-layered 

disk. Two equations are represented using as following for upper and lower layer, respectively, 

{ 鯨沈珍岫通,鎚岻 = �沈珍賃鎮� 劇賃鎮岫通,鎚岻 − �賃沈珍継賃岫通,鎚岻経沈岫通,鎚岻 = −�沈珍賃劇珍賃岫通,鎚岻 + �賃沈珍� 継賃鎮岫通,鎚岻     {鯨沈珍岫鎮,鎚岻 = �沈珍賃鎮� 劇賃鎮岫鎮,鎚岻 + �賃沈珍継賃岫鎮,鎚岻経沈岫鎮,鎚岻 = �沈珍賃劇珍賃岫鎮,鎚岻 + �賃沈珍� 継賃鎮岫鎮,鎚岻                       (1) 

for the upper and lower piezoelectric element with the superscript u and l, respectively. In these 

equations, i j
S , 

kl
T , 

k
E , and 

i
D  are the components of strain, stress, electric field, and electric 

displacement, respectively. The i jkl
s , ki j

d , i j
  are the components of compliance, piezoelectric, and 

permittivity coefficients. 
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When the piezoelectric element is applied to voltage, the series-type piezoelectric two-layered disk is 

connected to the upper and lower layers of the piezoelectric ceramic in series electrically connection 

with the same electric field. The opposite polarization direction of upper and lower piezoelectric 

ceramic results in the shrink and extension, respectively, and produces a large bending deformation. 

The two in-plane strains on the upper and lower layers are represented as following, 

鯨怠岫通,鎚岻 = −�戴怠継戴岫通,鎚岻      鯨怠岫鎮,鎚岻 = �戴怠継戴岫鎮,鎚岻    鯨態岫通,鎚岻 = −�戴怠継戴岫通,鎚岻      鯨態岫鎮,鎚岻 = �戴怠継戴岫鎮,鎚岻  (2) 

When the piezoelectric element input voltage, the parallel-type piezoelectric two-layered disk is 

connected in the series electrically connection with the same electric field being applied to the upper 

and lower piezoelectric ceramics. Due to the same polarization direction on upper and lower 

piezoelectric ceramics, the deformation is not the series type producing large bending deformation. 

Nevertheless, the out-of-plane motion is the dominated deformation following the d33 effect. 

鯨戴岫通,�岻 = �戴戴継戴岫通,�岻      鯨戴岫鎮,�岻 = �戴戴継戴岫鎮,�岻                                             (4) 

2.2 Acoutical-Solid Coupling 

From the inviscous and compressible flow, the Navier-Stokes equation can be represented as following: 

� �通�痛 = −��                                                              (5) 

 , where p is pressure，ρ is density，u is speed，t is time. 

If the fluid is continuous without internal gap, the continuous equation can be written as 

 − �2�′�痛2 + �態�′ = 0                                                         (6) 

Let  , 

, where C0  is speed of sound. The acoustic wave equation is represented as  

 
怠�02 �2�′�痛2 − �態�′ = 0                                                      (7) 

3  Measurement Technology 

3.1  Electronic Speckle Pattern Interferometry (ESPI) 

0
' ' '

p
p C 
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Electronic Speckle Pattern Interferometry (ESPI) evolved from Holography. There are two coherent 

light sources injecting on the object and reference planes. The deformation of the specimen is obtained 

by interference of the two lights with redartation of optical path. The real-time interferoimage can be 

captured by charge-couple device (CCD) and processed in computer. ESPI has the advantages of non-

contact and full-field measurement.  

3.1.1  Setup of Out-of-Plane Vibration 

As shown in Figure 1, the red light is the laser beam directed toward object and reference plane in ESPI 

Out-of-plane vibration measurement. Adjusting the appropriate height of the laser beam through the 

spatial filter and using the beam splitter to separate two light beams, one of the light beams inject to the 

surface of the object and the other inject to the reference plane to produce the interference.  

 

 

Figure 1: ESPI vertical set up 

3.1.2  Out-of-Plane Measurement of Virtual Image 

This vibration measurement method is for the vibration measurements of piezoelectric disk under liquid 

gravity. In original ESPI out-of-plane optical setup, only one-side plane of vibration be measured in 

horizontal or perpendicular setupes. However, when the hydroacoustical device is development and 

measured in ESPI system, the load of liquid gravity is needed to be observed in the influence of solid-

liquid coupled vibration. In the vertical ESPI setup, as shown in Figure 2, the lens focus is difficult to 

aim to specimen. In our study, capture the virtual image in the interference fringe pattern is easy to solve 

this problem, while keeping the load condition of the piezoelectric disk.  

Spatial Filter 

Beam Splitter 

Speckled 
Reference Beam 

CCD 
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Figure 2: Out-of-plane setup of virtual image 

The interference fringe obtained from ESPI is modulated by a zero-order Bessel function. The brightest 

line of the interfereiimage in the zero vibrating displacement, also called as nodal line. The bright and 

dark fringes are the contour distribution of the vibrating displacement so that the vibration motion can 

be measured by the full-field interference technique. 

By substitution from object and reference images, the vibrating displacements can be calculated from 

the interferoimage is represented as 

� = �宋 − �� = √�宋��匝 |岾����箭匝岫線�岻匝�宋岫箭�岻峇|                                 (8) 

, where the sensitivity  箭 = 匝�岫層+����宋岻�   in which the light wave length λ= 632.5 nm and angle of 

setup 
0

9 0  , and A is the amplitude of vibration  diaplacement. From equation (8), the zero-order 

Bessel Function �宋岫箭�岻 is including the vibrating amplitude and inversely calculate the value of A 

(um) as the range of sub-micro meter. 

4  Results and Discussion 

4.1 Vibration of Series-Type Piezoelectric Disk on Quasi-Free Boundary Condition  

From the results shown in Figure 3, it can be seen that the resonant frequency and mode shape of the 

piezoelectric disk have greatly influence on the fluid, because the PDMS polymer film interactives with 

the relative motion under various fluids. When the coupling fluid is air, the pressure inside and outside 

chamber is equivalent so that the resonant frequencies and mose shapes have no obvious difference in 

compared with the FEM result. The influence of vibration characteristics is more rigorous when 
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CCD 
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piezoelectric disk coupled with liquids. When the state of flow is steady and without bubbles, the 

experiment results may be camparable with the FEM analysis. Hence, the boundary condition can also 

be checked by the ESPI measurment. It is shown in Figure 3 that since glycerol has a higher viscosity, 

the experimental results of piezoelectric disk coupled with glycerol show better agreement than those 

coupled with water. 

4.2 Vibration of Parallel-Type Piezoelectric Disk on Rim-Clamped Boundary Condition 

As shown in Figure 4, the solid-liquid coupled vibration characteristics of piezoelectric disk in 

experimental measurement is consistence with the FEM results, because the piezoelectric disk is 

directly contacted with the fluid. The overall structure is also more predictable without the effect on 

PDMS polymer film interaction. The vibration modes in different fluids are similar under different 

fluids. However, in addition to the mode shape only with nodal, the other mode with nodal diameter 

can not determine its phase angle. When the hydroacoustical device is development, it is a vatal problem 

to design the modal pattern correspondent to the expected direction of structure. 

series-type 

Air 

FEM 

   

ESPI 

   
510 2090 4880 

FEM 485 2066 4704 
LDV 595 2175 4925 

Impedance 572 2165 4864 

Water 

ESPI 
(upper) 

   
200 1598 4198 

ESPI 
(lower) 

   
190 1780 3720 

FEM 196 1583 3717 
LDV 580 2150 4500 

Impedance 513 2091 4761 
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Glycerol 

ESPI 
(upper) 

   
430 1890 3600 

ESPI 
(lower) 

   
400 1670 3440 

FEM 344 1509 3564 
LDV 430 1880 4420 

Impedance 409 1707 3625 

Figure 3:  Solid-liquid coupled vibration characteristics of series-type piezoelecreic disk on 

quasi-free boundary condition 
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A
ir 

FEM 

     

ESPI 

    
700 1470 2460 2810 4390 

FEM 700 1455 2386 2721 4158 
LDV 730 1530 2550 2980 4500 

No Impedance 

W
a

ter 

ESPI 
(uppe

r)     
500 990 1692 1959 2973 

ESPI 
(lowe

r)     
480 990 1690 1927 3000 

FEM 472 996 1659 1900 2963 
LDV 500 810 1480 2190 3320 

No Impedance 
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Figure 4: Solid-liquid coupled vibration characteristics of parallal-type piezoelecreic disk on 

rim-clamped boundary condition 

5 Conclusion 

Through three experimental techniques to measure solid-liquid coupled vibration characteristics of the 

piezoelectric disks are generally agreement with FEM numerical calculation. From the results obtain 

by ESPI, the real-time vibration mode and corresponding resonant frequencies can be measured in order 

to improve efficiency under fluidic mechine, and can also detected its defect. In addition, the gravity, 

sound speed, and viscosity of the liquid have sufficient influence on the resonant mode both of 

experimental measurements and FEM. Although the mode shape is similar and only slight difference in 

various fluids, the resonant frequency is surely shift. Based on the techniques used in vibration 

measurement and analysis in solid-liquid coupled system, the vibration characteristics of piezoelectric 

elements can be designed on a more efficient procedure. 

References 

[1] Wu J., Lu L., “LIQUID-SOLID COUPLED SYSTEM OF MICROPUMP”, Acta Mechanica 
Solida Sinica, Vol.19, No.1, March, 2006. 

[2] Hou W., Das B., Jiang Y., Quin S., Zheng X.I., Pi X., Yang J., Liu H.G., Zeng J. and Zeng Z.G., 
“Simulation of the Diaphragm Properties of APZT-based Valveless Micropump”, IEEE 
Nano/Micro Engineered and Molecular Systems, 2008. 

[3] Ma H.K., Hou B.R., Wu H.Y., Lim C.Y., Gao J.J., Kou M.C., “Development and application of a 
diaphragm micro-pump with piezoelectric device”, Springer-Verlag,  14, pp.1001-1007, 2008. 

[4] Ma H.K., Chen B.R., Gao J.J., Lim C.Y., “Development of an OAPCP-micropump liquid cooling 
system in a laptop”, International Communications in Heat and Mass Transfer, 36, pp.225-232, 
2009. 

[5] De Lima C.R., Vatanabe S.L., CHoi A., Nakasone P.H., Felipe Pires R., Carlos Nelli Silva E., “A 
biomimetic piezoelectric pump: Computational and experimental Characterization”, Sensors and 
Actuators, A(152), pp.110–118, 2009. 

G
lycerol 

ESPI 
(uppe

r)     
460 950 1680 1940 2840 

ESPI 
(lowe

r)     
460 960 1500 1980 2600 

FEM 442 933 1558 1785 2790 
LDV 460 950 1600 1940 2840 

No Impedance 


