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ABSTRACT 

This paper is focused on optimization of piezoelectric panel speakers.  Two piezoelectric ceramic plates serve to ex-
cite the diaphragm in the speaker.  With the optimization procedure, the best position to mount piezoelectric ceramic 
plates on the diaphragm is determined.  A finite element model is established using the energy method, where the 
electrical system, mechanical system and acoustic loading of the transducer are considered as a coupled system.  The 
simulated annealing (SA) algorithm is exploited to attain low fundamental resonance frequency and high the acoustic 
output. Experiments were conducted to verify the numerical model.  The experimental results were in good agree-
ment with the numerical prediction.  The performance of the optimized configuration was significantly improved 
over the non-optimal design. 

INTRODUCTION 

Recently, miniaturized loudspeakers have been exten-
sively studied owing to the rapid growth of consumer 
electronics.  The major challenge of the components in 
consumer electronics is how to reduce their sizes 
without compromising the performance.  For example, 
for laptop computers bundled with CULV (Consumer 
Ultra Low Voltage) processors and handheld devices, 
the traditional loudspeakers usually fail to fulfill the 
space or thickness constraints.  These physical limita-
tions hence motivate the present study of an alternative 
design using piezoelectric panel speakers. 

Piezoelectric materials have found applications in 
many areas of sensors and actuators since the 
discovery of piezoelectricity by Curie brothers [1] a 
century ago.  However, it was not until recently people 
started to explore the possibility of using it as driving 
mechanism for panel speakers, e.g., Taiyo Yudan [2], 
Murata [3], NXT [4], etc.  One advantage of such 
device is that the electroacoustic efficiency of 
piezoelectric materials is considerably higher than 
their voice-coil counterpart, which is an appealing 
feature for battery driven products. 

Lee and White [5] applied additional layers onto canti-
lever acoustic device to reduce the fundamental fre-
quency and improve acoustic output.  Woodard [6] 
used tailoring vibration response, vibration topography, 
acoustic chamber and tailoring damping to improve 
the acoustic performance.  Chu et al. [7] optimized the 
shape of piezoelectric plate to reduce the fundamental 
frequency.  Various approaches such as the genetic 
algorithm and Taguchi method dealing with optimal 
design were reported in literature [8~10].  Improving 

acoustic output at lower frequency becomes the com-
mon topic in piezoelectric speakers design. 

In this paper, a new configuration of piezoelectric 
panel speaker in conjunction with simulated annealing 
[11] (SA) algorithm is proposed to optimize the piezo-
electric speakers design.  Instead of directly applying 
the piezoelectric ceramic plates on the diaphragm, we 
use two cantilever piezoelectric ceramic plates 
clamped at a surrounding frame.  Spacers are inserted 
between the piezoelectric ceramic plates and the dia-
phragm through which forces are transmitted to the 
diaphragm.  For this piezoelectric panel speaker, a 
finite element model was developed in the paper to 
serve as the basis of design optimization.  The energy 
method is employed to establish the dynamic model of 
the piezoelectric speaker. Acoustic loading is ac-
counted for during the modeling stage because of its 
light diaphragm structure.  With the numerical model, 
optimization based on the simulated annealing (SA) 
algorithm is carried out to reach the best compromise 
between the fundamental frequency and acoustic out-
put.  The outcome of the optimization procedure is the 
best position to deploy the piezoelectric ceramic plates. 

MODELLING OF PIEZOELECTRIC PANEL 
SPEAKER 

The energy method in conjunction with the finite ele-
ment method (FEM) is employed to derive the equa-
tions of motion for the coupled electrical and me-
chanical systems.  The radiation loading is taken into 
account in light of the Rayleigh’s integral. 
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Finite element model 

The loudspeaker structure under study is shown in Fig. 
1.  It consists of a diaphragm, a pair of piezoelectric 
ceramic plates and a pair of spacers.   
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Figure 1. Schematic diagram of the piezoelectric 

panel speaker. 

Finite element analysis (FEA) is employed to model 
these components.  The lateral displacement w is in-
terpolated by cubic polynomials of physical coordi-
nates [12] 

,Νdw                                                                       (1) 

where 

Twwww ],,,,,,,,,,,[ 444333222111 d , 

N denotes row vector of shape functions.   The degrees 
of freedom (dof) of each node (i) consists of one lat-
eral deflection 

iw , rotation 
ii xw   and 

ii yw  . i = 1, 2, 3, 4, as shown in Fig. 2.   
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Figure 2. 12-dof rectangular Kirchhoff plate element 

with dofs indicated at node 3. 

The mesh configuration is shown in Figs. 3(a) and (b).   
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(b) 

Figure 3. FEM mesh structure for modeling the piezo-
electric panel speaker. (a) Complete mesh with 144 
elements for diaphragm. (b) Complete mesh with 56 

elements for piezoelectric ceramic plates. 

The generalized Hamilton principle has the following 
form 

 2

1

0),,(
t

t t dttwwLδ ,                                                (2) 

where 

UΓL  ,                                                                (3) 

Γ and U are the kinetic energy and generalized poten-
tial energy defined as 

 
SZP S ttSS ttZS ttP dSwρdSwρdSwρΓ
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1

2

1

2
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 
SPZ S SS PV

dSUdSUΦdVU ,                        (5) 

where Pρ , Zρ , and 
Sρ  are the area densities of the 

diaphragm, piezoelectric ceramic plates and spacers, 
respectively.  

PS , 
ZS , and 

SS  are the areas of the 

diaphragm, piezoelectric ceramic plates and spacers, 
respectively. q is the electric charge on the electrodes.  
The subscript “tt” symbolizes the second partial de-
rivative with respect to time t; similar rule applies to 
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the other variables.  Φ  denotes the potential energy of 
the piezoelectric ceramic plates and can be written as a 
quadratic form 

ΞSΞΞSS eεc TTTΦ 
2

1

2

1 ,                            (6) 

where S and Ξ are the vectors of the strain and electri-
cal field. c, e, and ε  are the matrices of elastic, piezo-
electric, and dielectric constants.  The bending strain 
energy of the diaphragm and the spacer is given by 

222 )1(22 xyPyyxxyyxxP wwνwwwU  , 

222 )1(22 xySyyxxyyxxS wwνwwwU  ,                (7) 

where Pυ  and Sυ  are the Poisson’s ratios of the dia-

phragm and the spacer, respectively.  Substituting Eqs. 
(1), (4) and (5) into Eq. (2) yields the global finite-
element equations: 

fηDDD  qKCM  ,                                       (8) 

vζq DηT ,                                                            (9) 

D is the vector of global degree of freedom. f and v are 
non-inertia forces and can be derived in light of the 
principle of virtual work.  The other matrices and vec-
tors are given by 
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where s1, s2 and s3 are the total number of elements for 
diaphragm, piezoelectric ceramic plates and spacers, 
respectively. 
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stiffness of the diaphragm and the spacer, respectively, 
z1 is the thickness of the diaphragm, z2 is the stacking 
thickness of diaphragm and spacer.  

PeS , 
ZeS , and 

SeS are the area of each element of the diaphragm, 

piezoelectric ceramic plates and spacers, respectively.  
EP and ES are the Young’s modulus of the diaphragm 
and the spacer, respectively.  h is the piezoelectric 
voltage constant, cD is the elastic stiffness under the 
condition of constant electric displacement, βS is the 
permittivity under the condition of constant strain, and 
the subscripts signify the orientation and mechanical 
quantities. 

C is assumed as the proportional damping [14] in this 
paper for simplicity, i.e., the damping matrix 

)( Tηη KMC  ,                                     (19) 

where   and   are constants. 

Radiation Impedance 

Let p and v be the pressure vector and the velocity 
vector measured at discrete points on the surface of the 
structure.  p and v are related by a radiation impedance 
matrix Z [13] 

vp Z .                                                                    (20) 

For a baffled planar radiator, the matrix Z can be ap-
proximated by a discrete Rayleigh’s integral as 
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where aρ  is the air density, cs is the sound speed, k is 

the wave number, rmn is the distance between the 
nodes m and n (rmn=rnm, 1≦m, n≦N).  Therefore, the 
external force vector f is simply the pressure multi-
plied by the effective element area Ae  

Dvpf ZZ eee AjAA  .                                   (22) 

Incorporating the damping matrix C and the external 
force vector f into Eq. (8) enables rewriting the dis-
placement vector D as 

  vAjj T
e ηηηD

12 )(


 ZCKM  .  (23) 

Radiated sound pressure 

Now that the surface displacements have been ob-
tained from Eq. (23), the radiated sound pressure at a 
field point can be calculated using the following ma-
trix equation [13] 
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vp Εf
,                                                                (24) 

where pf is the radiated sound pressure vector, v is the 
surface velocity vector that can be calculated by dif-
ferentiating displacements in Eq. (23), and E is the 
propagation matrix.  For a baffled planar radiator, the 
propagation matrix E can be approximated as  
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where rmn is the distance between the center of the 
element n and the field point m. 

OPTIMAL DESIGN OF PIEZOELECTRIC 
PANEL SPEAKER 

Simulated annealing algorithm 

Simulated annealing (SA) algorithm is a global opti-
mization technique based on the notion resembling the 
annealing process of metallurgy.  Given a cost func-
tion )(eJ defined as the function of the design pa-

rameter vector e = e(e1, e2, …., en) is to be maximized, 
the SA procedure can be summarized as follows: 

1) Choose initial temperature 0T  and 
ie , and specify 

the annealing schedule. 

2) Evaluate )( iJ e . 

3) Perturb 
ie to obtain neighboring parameters 

1ie  and 

evaluate )( 1iJ e . 

4) If )()( 1 ii JJ ee  , 
1ie  is updated as the current 

solution . 

5) If )()( 1 ii JJ ee 
, then accept 

1ie as the current 

solution if exp(-Δ/T)>τ, where Δ= )()( 1 ii JJ ee 
and τ 

is a random number following the uniform distribution 
in the interval [0,1]; otherwise go to step 3. 

6) Reduce the temperature if the number of iterations 
meet cooling schedule, otherwise go to step 3. 

7) Terminate the algorithm if fTT   ; otherwise go 

to step 3. 

In the context of the piezoelectric panel speaker design, 
the cost function we wish to maximize is 

avg( 94) / 20
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  ,                        (26) 

where the f0 is the first resonance frequency with the 
sound pressure level greater than 40 dB, the pavg is an 
average of the magnitude of sound pressure level in 
dB above the frequency f0.  Our goal of the SA optimi-
zation is to minimize the fundamental frequency f0 and 
to maximize the average sound pressure level pavg in 
the bandwidth 20 Hz to 8 kHz, as shown in Fig. 4. 
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Figure 4. On-axis SPL response of a piezoelectric 
panel speaker. f0 is the fundamental frequency greater 
than 40 dB, and pavg is average SPL from f0 to 8 kHz. 

Annealing Schedule 

The annealing schedule is crucial to the search per-
formance in that it determines the degree of uphill 
movement during the search.  To be specific, the fol-
lowing parameters need be specified in the annealing 
schedule: 

a) An initial temperature T0. 

b) Final temperature Tf  or a stopping criterion. 

c) Length for the Markov chains [11]. 

d) Rule for decrementing the temperature, e.g., 
Ti+1=αTTi  with αT being the annealing coefficient. 

Fig. 5 depicts an SA flow chart for optimizing piezo-
electric speaker parameters.  
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Figure 5. Flowchart of the SA optimization procedure 
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The data of the piezoelectric ceramic plates, the spacer 
and the diaphragm in our simulation are shown in 
Table 1.  

Table 1. The parameters of the piezoelectric ceramic 
plates, the diaphragm and the spacer used in the simu-
lation and experiments. 

 Material Parameter Value 

size 
0.06 m × 0.06 m × 
0.000254 m 

density 1200 kg/m3 
Young’s 
modulus 

7 GPa 
Diaphragm PC 

Poisson’s ratio 0.37 

size 
0.005 m × 0.035 m × 

0.000254 m 
density 1200 kg/m3 

Young’s 
modulus 

7 GPa 

 
Spacer 

 
PC 

Poisson’s ratio 0.37 

size 
0.02 m × 0.035 m × 
0.002 m 

density 7800 kg/m3 
S
33  3.52×107 

31h  -3.6772×108  V/m

Dc11  12.236×1010  N/m2

Dc12
 5.244×1010  N/m2 

Piezoelectric 
ceramic 

plate 
PZT 

Dc66  3.496×1010  N/m2 

 

The piezoelectric ceramic plates are made of lead zir-
conate titanate (PZT).  The diaphragm and spacers are 
made of polycarbonate (PC) with hard coat.  The posi-
tions to mount the piezoelectric ceramic plates are 
determined using the preceding SA optimization pro-
cedure such that minimal fundamental frequency and 
maximal acoustic output can be achieved. 

 

NUMERCIAL SIMULATIONS AND 
EXPERIMENTAL INVESTIGATIONS 

The prototype of the proposed piezoelectric panel 
speaker and the associated experimental arrangement 
are shown in Figs. 6(a) and (b), respectively.  

 

(a) 

0.3m

AMPAMP

Signal Analyzer

Power Amplifier

Microphone

 

(b) 

Figure 6. Experimental arrangement of the piezoelec-
tric panel speaker. (a) Physical construction of the 
piezoelectric panel speaker. (b) The experimental 

setup for the performance measurement. 

The boundary of PC diaphragm is approximated as 
simply supported.  The piezoelectric ceramic plates 
have been clamped completely onto the surrounding 
frame. 

Response simulation and experimental inves-
tigation 

A 25 Vrms sweep sine signal is used to drive the 
speaker, with the frequency varying from 20 Hz to 8 
kHz.  The on-axis SPL response was measured by a 
microphone positioned at the center axis with 30 cm 
away form the speaker.  Because of the high input 
capacitive impedance of the piezoelectric plate, an 
amplifier capable of supplying high voltage is used.  
The measured SPL response was compared with the 
simulation based on Eqs. (23) and (24) in Fig. 7.   
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Figure 7. Comparison of the on-axis pressure re-
sponses simulated using the FEM and the measure-

ment. 

The measurement and the prediction of the speaker 
responses are in good agreement in terms of the gain 
level and the fundamental frequency.  The discrepancy 
at the high frequencies could be due to the facts that 
the selected finite element mesh fails to account for 
such a high frequency range and the simply supported 
boundary conditions deviate from real conditions.  In 
addition, inaccuracy of material constants and numeri-
cal errors introduced by the shape function interpola-
tion can also contribute to the discrepancies at the high 
frequency responses. 
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Optimal design obtained using the SA algo-
rithm 

The parameters of annealing schedule for the SA 
search are summarized in Table 2.   

Table 2. The parameter setting of annealing schedule 
used in the SA optimization procedure. 

Parameter Value 

Initial temperature, 
0T  10 

Initial temperature, fT  10e-9 

Markov chains 4 

Temperature reduction rate, T 0.85 

With this setting, we search for the positions to mount 
the piezoelectric ceramics that would maximize the 
ratio of the average SPL to the fundamental frequency.  
The learning curve of the SA search is shown in Fig. 8. 
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Figure 8. The learning curve of the optimal positions 
of the piezoelectric ceramic plates. The result has con-

verged in 70 temperature steps (280 iterations). 

The cost function has converged to 3.954 after 70 
temperature steps (280 iterations).  The search pattern 
of optimal positions of the piezoelectric ceramic plates 
shown in Fig. 9 has converged form (46, 138) to (42, 
124).  
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Figure 9. The search history of SA for optimizing 
positions to mount the piezoelectric ceramic plates. 

The optimal positions to mount piezoelectric ceramic 
plates are at nodes 42 and 124 and physical construc-
tion is shown in Fig 10(a) (the node number is defined 
as the node anchored at the upper left corner of the 
spacer).  Fig. 10(b) compares the SPL responses of the 
optimal design and a non-optimal design of piezoelec-
tric ceramic plates.  The optimal design results in f0 = 
680 Hz, pavg = 82.6 dB, where the cost function attains 
3.95.  On the other hand, the non-optimal design with 
the piezoelectric ceramic plates mounted at node 57 
and 96, respectively,. results in f0 = 980 Hz, pavg = 
83.25 dB, where the cost function attains 2.96.  The 
design with the piezoelectric ceramic plates at the 
optimal positions markedly outperformed the non-
optimal design. The fundamental resonance frequency, 
f0, has been reduced with the optimal design by ap-
proximately 300 Hz (from 980 Hz of the original de-
sign to 680 Hz of the optimal design) with a slight 
0.65 dB SPL loss. 
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(b) 

Figure 10. Comparison between the original and the 
optimal designs of the piezoelectric panel speaker. (a) 
The optimal positions to mount piezoelectric ceramic 

plates.(b) On-axis pressure responses. 

CONCLUSIONS 

A new design of panel speaker driven by two cantile-
ver piezoelectric ceramic plates is presented.  A FEM-
based model has been developed to establish the simu-
lation platform for response prediction.  By taking 
acoustical loading into account, the FEM model 
yielded reasonable predictions in line with the experi-
mental results.  SA technique is employed to optimize 
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the positions to mount the piezoelectric ceramic plates 
such that the fundamental frequency and high average 
SPL output can be achieved.  As evident from the 
numerical and the experimental results, the optimal 
configuration had improved the acoustic performance 
of the piezoelectric panel speaker over the non-optimal 
design. 
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