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Speakers Using the Taguchi
Method and Genetic Algorithm
A thin and miniature piezoelectric panel speaker has been developed in this pape
system is modeled using the energy method in conjunction with the finite element m
The electrical system, mechanical system and acoustic loading are considered in
bined fashion. The genetic algorithm (GA) and the Taguchi method are employ
achieve optimal designs with low fundamental frequency and high acoustic output
designs resulting from the optimization are then implemented and evaluated by e
ments. These experiments were carried out on the basis of quantitative and sub
performance measures. The experimental results indicate that the piezoelectric
speakers are capable of producing comparable acoustic output with significantly
electrical power than the conventional voice-coil panel speakers.
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1 Introduction
The 3C industry~Computer, Communication, and Consume!

has recently emerged as one of the most rapidly growing ind
tries of modern days. Commercial products such as personal
assistants~PDAs!, mobile phones, MP3 players are currently ma
ing their way into the market and everyone’s life. From the des
point of view, one of the chief concerns of 3C products is min
turization. This is particularly true for the loudspeaker that is
important component of 3C products. Panel speakers provid
potential solution to meet the requirement of miniaturization@1#.
Apart from small size, panel speakers also offer advantage
omni-directional radiation, linearity, insensitivity to room boun
ary condition and bi-polar radiation@2#. A detailed analysis of the
panel speaker can be found in@1#. Despite all the advantages
panel speakers suffer from two drawbacks that limit their use
practical 3C applications. First, the exciter for a panel speake
traditionally the voice-coil type and could reach only appro
mately 2 mm thickness, which is still too thick to apply in man
3C products such as mobile phones. Second, the electro-aco
efficiency driven by the voice-coil exciters was found to be qu
low @1#, which presents problem of power consumption to mob
electronic products. These physical limitations associated with
conventional voice-coil exciters hence motivate the present de
opment of an alternative way of excitation for panel speakers

In this paper, panel speakers excited by piezoelectric cera
are proposed, in an attempt to overcome the problems encoun
in voice-coil exciters@3#. Relatively high efficiency of piezoelec
tric material makes the piezoelectric panel speaker an ideal de
for many battery-powered products. Although the piezoelec
panel speakers have been around for some time, these de
mainly exist in the forms of narrowband acoustic radiators such
buzzers, sounders, sirens, etc., where sound quality is gene
not of the major concern. By contrast, this work seeks to meet
requirements of quality loudspeakers for speech and music
dering. To this end, optimization techniques are utilized to achi
practical designs with minimum fundamental frequency and
maximum sound pressure output.

This paper is organized as follows. First, the dynamic mode
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the piezoelectric speaker was derived using the energy me
and the finite element method~FEM!. Unlike Ref.@1#, the electri-
cal system, mechanical system and acoustic loading are con
ered as a coupled system during dynamic modeling. This is
portant for a light structure like a panel speaker, especially for l
frequencies where acoustic mass loading is not negligible. S
ond, the Taguchi method and the genetic algorithm~GA! are em-
ployed to optimize the speaker design. The Taguchi metho
used for a preliminary search, whereas the GA is used to ‘‘fi
tune’’ the design parameters. Designs resulting from the optim
tion are then implemented and evaluated experimentally. In o
to evaluate the speaker performance, quantitative measure
well as subjective indices are measured and summarized.

2 Modeling of Piezoelectric Panel Speakers
In the following derivation of equation of motion for the piezo

electric panel speaker, the electrical system, mechanical sy
and the acoustic loading are modeled as a coupled system.

2.1 Energy Method and Variation Principle. The basic
structure of a piezoelectric panel speaker consists of a rectang
piezoelectric ceramic plate and a thin rectangular panel of len
Lp and widthWp , as shown in Fig. 1. Let the lateral displaceme
field be w5w(x,y,t). The bending strain energy of the panel
given by @4#

Up5
1

2
DpE

0

LpE
0

Wp

@wxx
2 1wyy

2 12ywxxwyy12~12y!wxy
2 #dxdy,

(1)

whereDp5Ephp
3/12(12y2) is the bending stiffness of the pane

hp is the thickness of the panel,Ep is the Young’s modulus of the
panel, andy is the Poisson’s ratio of the panel. The subscript ‘‘xx’’
denotes the second partial derivative with respect to the sp
coordinatex; similar rule applies to the other variables. It shou
be clear from the context, where all subscripts in the followi
equations that are not in the definition of the variable should
interpreted as differentiation with respect to the variable. In ad
tion, the kinetic energy of the panel is given by

Tp5
1

2 E0

LpE
0

Wp

rpwt
2dxdy, (2)
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whererp is the area density of the panel and the subscript ‘t ’’
denotes the first partial derivative with respect to the time varia
t. Similarly, the kinetic energy of the PZT plate is given by

Tz5
1

2 Ex1

x2E
y1

y2

rzwt
2dxdy, (3)

whererz is the area density of the PZT plate.
In this paper, the piezoelectric equations are based on

h-form and the PZT plate is a hexagonal crystal class~6mm!. The
h-form of the linear piezoelectric equations is written as

F T1

T2

T6

E3

G5F c11
D c12

D 0 2h31

c12
D c11

D 0 2h31

0 0 c66
D 0

2h31 2h31 0 b33
S

GF S1

S2

S6

D3

G , (4)

whereT is the stress,S is the strain,D is the dielectric displace-
ment, E is the field strength,h is the piezoelectric voltage con
stant,cD is the elastic stiffness under the condition of consta
dielectric displacement, andbS is the permittivity under the con-
dition of constant strain.

By the Kirchhoff plate theory, it is assumed that the transve
shear deformation is zero and angles of rotation are small.
strains are assumed to follow

S152zwxx , S252zwyy , S6522zwxy , (5)

By Eqs. ~4! and ~5!, the internal energy of the PZT plate can b
written as@5#

Fig. 1 Schematic diagram of the piezoelectric panel speaker
360 Õ Vol. 126, JULY 2004

rom: http://vibrationacoustics.asmedigitalcollection.asme.org/ on 04/27/2
ble

the

-
nt

rse
he

e

Uz5
1

2 Ehp

hE
y1

y2E
x1

x2

~T1S11T2S21T6S61E3D3!dxdydz

5
c11

D ~h32hp
3!

6 E
y1

y2E
x1

x2

~wxx
2 1wyy

2 !dxdy

1
c12

D ~h32hp
3!

3 E
y1

y2E
x1

x2

wxxwyydxdy

1
h31D3~h22hp

2!

2 E
y1

y2E
x1

x2

~wxx1wyy!dxdy

1
b33

S D3
2~h2hp!

2 E
y1

y2E
x1

x2

dxdy

2
2c66

D ~h32hp
3!

3 E
y1

y2E
x1

x2

wxy
2 dxdy, (6)

whereh5hp1hz .

Fig. 2 FEM mesh structure for modeling the piezoelectric
panel speaker „a… a 12-dof plate element, with dofs indicated at
node 3 „b… complete mesh with 144 elements for the piezoelec-
tric speaker
Transactions of the ASME
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On the other hand, the virtual work done by the non-iner
forces and the external voltage can be expressed as

dWv ir 5E
y1

y2E
x1

x2

f ~x,y,t !dwdxdy1E
y1

y2E
x1

x2

vz~ t !dD3dxdy,

(7)

wheref (x,y,t) denotes the external force on the surface andvz(t)
denotes the voltage applied to the PZT.

2.2 FEM Model. Since the piezoelectric ceramic and th
vibrating panel are very thin, two-dimensional finite eleme
should suffice in the subsequent analysis. In the FEM formulat
the lateral displacementw of an element is interpolated by thir
degree polynomials of physical coordinates@6#

w5xa, (8)

where

x5@1,x,y,x2,xy,y2,x3,x2y,xy2,y3,x3y,xy3#

is the physical coordinate vector and

a5@a1 ,a2 ,a3 ,a4 ,a5 ,a6 ,a7 ,a8 ,a9 ,a10,a11,a12#
T

f

Journal of Vibration and Acoustics
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on,

is the coefficient vector to be determined. Assume the elemen
of length 2b and width 2a. The nodal degree of freedoms~dof!
consist of lateral deflectionswi and rotations]wi /]x5u i and
]wi /]y5q i , i 51, 2, 3, 4, as shown in Fig. 2(a). The dofs of the
element are grouped into a vector

d5@w1 ,u1 ,q1 ,w2 ,u2 ,q2 ,w3 ,u3 ,q3 ,w4 ,u4 ,q4#T

The mesh configuration of finite elements is shown in Fig. 2(b).
To express theaj , j 51,2, . . . ,12 interms of the physical ordi-
nates and the slopes at four corners, (x,y)5(2a,2b), (x,y)
5(a,2b), (x,y)5(a,b) and (x,y)5(2a,b), we make the fol-
lowing substitutions

w5w1 , ]w/]x5u1 , ]w/]y5q1 at ~x,y!5~2a,2b!,

w5w2 , ]w/]x5u2 , ]w/]y5q2 at ~x,y!5~a,2b!,

w5w3 , ]w/]x5u3 , ]w/]y5q3 at ~x,y!5~a,b!,

w5w4 , ]w/]x5u4 , ]w/]y5q4 at ~x,y!5~2a,b!

into Eq. ~8! and obtain
3
w1

u1

q1

]

w4

u4

q4

4 53
1 2a 2b a2 ab b2 2a3 2a2b 2ab2 2b3 a3b ab3

0 1 0 22a 2b 0 3a2 2ab b2 0 23a2b 2b3

0 0 1 0 2a 22b 0 a2 2ab 3b2 2a3 23ab2

] ] ]

1 2a b a2 2ab b2 2a3 a2b 2ab2 b3 2a3b 2ab3

0 1 0 22a b 0 3a2 22ab b2 0 3a2b b3

0 0 1 0 2a 2b 0 a2 22ab 3b2 2a3 23ab3

4 3
a1

a2

a3

]

a10

a11

a12

4

t

the
or in matrix notation

d5Ta

Therefore,

a5T21d (9)

With Eq. ~9! inserted into~8!, the lateral displacementw of the
element can be rewritten as

w5xT21d (10)

On the other hand, the displacement fieldw can also be inter-
polated over an element using the shape function matrixN

w5Nd (11)

which identifies the shape function matrixN as

N5xT21 (12)

Substituting Eq.~11! into ~6! and assembling the element stif
ness matrices into the global matrix, the internal energy of
PZT plate can be expressed as

Uz5I 1DTK1D1I 2DTK2D1I 3DTK3D1I 4DTK4q1I 5q2

2I 6DTK6D, (13)

where

I 15c11
D ~h32hp

3!/6, I 25c11
D ~h32hp

3!/6, I 35c12
D ~h32hp

3!/3,

I 45h31~h22hp
2!/2Ae , I 55b33~h2hp!/2Ae ,
-
the

I 652c66
D ~h32hp

3!/3,

K15(
n51

s E
2b

b E
2a

a

B1
TB1dxdy, wxx5B1d, B15]2N/]x2,

K25(
n51

s E
2b

b E
2a

a

B2
TB2dxdy, wyy5B2d, B25]2N/]y2,

K35(
n51

s E
2b

b E
2a

a

B1
TB2dxdy,

K45(
n51

s E
2b

b E
2a

a

~B11B2!Tdxdy

K65(
n51

s E
2b

b E
2a

a

B5
TB5dxdy, wxy5B5d,

B55]2N/]x]y,D5(
n51

s

d,

where s is the total number of elements,D35q/Ae , q is the
electric charge on the electrodes,Ae is the area of each elemen
andD is the global dof vector.

By the same token, the strain energy and kinetic energy of
vibrating panel can be expressed as

Up5
1
2 DTK7D, (14)
JULY 2004, Vol. 126 Õ 361
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Tp5
1
2 rpḊTK8Ḋ, (15)

In addition, the kinetic energy of the PZT plate can be written

Tz5
1
2 rzḊ

TK9Ḋ, (16)

The virtual work done by the external force and electric charg
expressed as

dWv ir 5dDTf1vzdq, (17)

The relevant symbols in Eqs.~14!–~17! are defined as follows

Ḋ5dD/dt,K75E
2b

b E
2a

a

B7
TDKB7dxdy, B7

T5@B1 B2 2B5#,

DK5F Dp yDp 0

yDp Dp 0

0 0
~12y!

2
Dp

G ,
a

o

s

t

d

362 Õ Vol. 126, JULY 2004
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K85E
2b

b E
2a

a

NTNdxdy,K95E
2b

b E
2a

a

NTNdxdy,

f5(
n51

s E
2b

b E
2a

a

f ~x,y,t !dxdy,vz5
1

Ae
(
n51

s E
2b

b E
2a

a

vz~ t !dxdy

2.3 The Lagrange’s Equation. The dynamic model of the
piezoelectric panel speaker can be obtained by substituting
preceding energy terms into the Lagrange’s equation

5
d

dt S ]L

]ḊTD 2
]L

]DT
5f

2
]L

]q
5vz

, (18)

where theLagrangian L5Up1Uz2Tp2Tz . With some manipu-
lations, the dynamic model of a piezoelectric panel speaker ca
shown as
H @~rpK81rzK9!v222I 1K122I 2K222I 3K312I 6K62K7#D2I 4K4q5f
2I 4K4

TD22I 5q5vz
, (19)
ing

ce-
whereḊ5v5 j vD, D̈52v2D.

2.4 Acoustic Loading. Although the acoustic loading is
distributed type of external force, an analysis can still be carr
out, using the following discrete approximation. Letp and v be
the pressure vector and velocity vector measured at discrete p
on the structure surface. In physical coordinates,p andv can be
related with a radiation impedance matrixZ @7#

p5Zv (20)

For a baffled planar radiator, the matrixZ can be approximated a

Z5racs3
12e2 jkAAe /p

jkAe

2p

e2 jkr 12

r 12
¯

jkAe

2p

e2 jkr 1n

r 1n

jkAe

2p

e2 jkr 21

r 21
12e2 jkAAe /p

¯ ]

] ] � ]

jkAe

2p

e2 jkr m1

r m1
¯ ¯ 12e2 jkAAe /p

4 ,

(21)
wherera is the air density,cs is the sound speed,k is the wave
number, r mn is the distance between the nodesm and n (r mn
5r nm , 1<m,n<N). Thus, the external force vectorf is simply
the pressure multiplied by the effective element areaAe

f5Aep5AeZv5 j vAeZD (22)

2.5 Proportional Damping. In order to incorporate the
damping mechanism into the system,proportional damping@8# is
assumed in this paper for simplicity. That is, the damping ma
C is given by

C5aMd1bKd , (23)

wherea and b are constants. In our problem, 100,a,250 and
531027,b,1.531026. Md andKd denote the mass matrix an
stiffness matrix, respectively, and are calculated according to
following equations
ied

ints

rix

the

Md52I 5~r lK81rzK9!,

Kd52I 5~22I 1K122I 2K222I 3K312I 6K62K7!1I 4K4K4
T

With the damping matrixC added to Eq.~19!, the displacement
vectorD can be solved as follows

D52I 4~K1 j vC!21K4vz , (24)

where

K5$2I 5@~rpK81rzK9!v222I 1K122I 2K222I 3K312I 6K6

2K72 j vAeZ#1I 4K4K4
T%

2.6 Radiated Sound Pressure. Now that the surface dis-
placements have been obtained from Eq.~24!, the radiated sound
pressure at any field point can be calculated using the follow
matrix Eq.@7#

pf ar5Ev, (25)

wherepf ar is the radiated sound pressure vector,v is the surface
velocity vector that can be calculated by differentiating displa
ments obtained from Eq.~24!, and E is the propagation matrix.
For a baffled planar radiator, the propagation matrixE can be
approximated as

E5 j
r0cskAe

2p 3
e2 jkr 11

r 11

e2 jkr 12

r 12
¯

e2 jkr 1n

r 1n

e2 jkr 21

r 21

e2 jkr 22

r 22
¯

e2 jkr 2n

r 11

] ] � ]

e2 jkr m1

r m1

e2 jkr m2

r m2
¯

e2 jkr mn

r mn

4 , (26)

where Ae is the effective element area andr mn is the distance
between the elementn and the field pointm.
Transactions of the ASME
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Table 1 The first set of optimal parameters obtained using the Taguchi method. The upper part is the L 8„4Ã24
… orthogonal array

Factor

Run A B C D E

1 1 1 1 1 1
2 1 2 2 2 2
3 2 1 1 2 2
4 2 2 2 1 1
5 3 1 2 1 2
6 3 2 1 2 1
7 4 1 2 2 1
8 4 2 1 1 2

Factor

Level

The f t of each level

A ~PZT position! 1 2 3 4
57 55 31 29

25.0096 40.0299 37.1684 6.5007
B ~Young’s modulus
of Panel material!

6 GPa 60 GPa
29.5755 24.7788

C ~PZT shape! 1:1 1:2
45.0582 9.2960

D ~PZT Area:
Panel Area!

1:9 1:4
10.1983 44.1560

E ~Suspension! Simply supported Spring supported
26.1170 28.2373

Run 1 2 3 4 5 6 7 8
f 0 (Hz) 150 200 100 1000 200 150 500 300

pavg (dB) 86.2292 87.1675 91.8806 78.6667 75.2395 94.2445 84.8024 79.1
n
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3 Optimal Design of Piezoelectric Panel Speakers

3.1 Taguchi Method. The Taguchi method is an experime
tal design procedure well suited for examining a multi-factor d
sign problem using a minimum number of observations@9#. A
general Taguchi procedure provides three kinds of functions:
tem design, parameter design, and tolerance design. For our p
lem at hand, we focus primarily on parameter design. The goa
parameter design is to pin-point the optimal configuration o
system according to a cost function. The cost function we wish
maximize in our problem is

f t5
10(pavg294)/20

f 0
310,000, (27)

where f 0 is the first resonance frequency with sound press
level greater than 40 dB,pavg is the average of magnitude o
sound pressure level~in dB! above the frequencyf 0 .

To illustrate the Taguchi procedure, we start with aL8(4324)
orthogonal array shown in Table 1. The notationL8(4324) means
that the experimental design requires eight observations and
factors: the first one at four levels and the other four at two lev
In Table 1, the numbers 1;2 indicate the corresponding levels o
a factor. The values of cost function are calculated accordin
the orthogonal array at the upper part of Table 1. For example
value of cost function corresponding to the second level of fac
B ~Young’s modulus of panel material! is the algebraic average o
the 4 occurrences of level 2 among the 8 runs:

f Bt5
f Bt21 f Bt41 f Bt61 f Bt8

4
524.7788,

Similar procedure applies to the other entries of cost funct
calculation. The larger values of the cost function correspond
better performances achieved by a particular combination of
rameter.

A preliminary search of optimal design of the panel speake
summarized in Tables 1 and 2. In each table, the dimensions o
panel are 42 mm384 mm30.1 mm. The parameters consider
in the design are the PZT position, Young’s modulus of pa
Journal of Vibration and Acoustics
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material, PZT shape, ratio of PZT area versus panel area,
suspension. Various levels of each parameter are examine
these tables. Because there are many levels of PZT positions~fac-
tor A!, we subdivided the cases into 3 tables. The fundame
frequencyf 0 of Run 4 appears somewhat high because, accord
to the setting in Table 1, the panel speaker in Run 4 is mad
stiffer material ~the Young’s modulus560 GPa) and is simply
supported~as opposed to the compliant support in the other ca!.
Higher damping results in larger cost function. Damping do
help the acoustic output at least at the nearfield. From the res
we also found that large values of cost function occurred when
PZT position is between nodes 31 and 68, Young’s modulus
panel material is between 0.6 and 600 GPa, and the PZT sha
square. As indicated by the results obtained using the Tag
procedure, the ratio of PZT area versus the panel area should
large as possible. This is due to the fact that the cost function, w
a modal analysis based on the fundamental mode, can be sho
be a monotonically increasing function of area, and a monoto
cally decreasing function of thickness. Hence, the area of the P
is no longer considered in the following GA optimization. Th
type of suspension appeared inconsequential. Next, we decid
‘‘fine-tune’’ only two design parameters, the Young’s modulus
panel and the PZT position.

3.2 The Genetic Algorithm „GA…. GA is one of the pow-
erful methods in solving optimization problems@10#. Analogous
to the natural selection of evolution, a typical GA session involv
three basic genetic operations,reproduction, crossoverandmuta-
tion. These operations are used in each generation to generate
population with differentchromosomesin which the design pa-
rameters are encoded. With evolution of sufficient number of g
erations, the optimal solution corresponding to the largestfitness
functioncan be found. The principal difference between GA a
other optimization methods is that GA operates on multiple st
ing points in random fashion, making it less susceptible to
problem of local optima.

The first step of GA is to encode the design parameters
binary strings called chromosomes. The resolution of a param
space is determined by the formula
JULY 2004, Vol. 126 Õ 363
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Table 2 The second and third sets of optimal parameters obtained using the Taguchi method

Factor

Level

The f t of each level

A ~PZT position! 1 2 3 4
57 56 81 43

19.6073 42.2398 24.6517 36.0920
B ~Young’s modulus
of Panel material!

6 GPa 600 GPa
32.4006 28.8948

C ~PZT shape! 1:1 1:3
59.0211 2.2743

D ~PZT Area:
Panel Area!

36:144 49:144
29.1084 32.1870

E ~Suspension! Simply supported Spring supported

20.5801 40.7153

Run 1 2 3 4 5 6 7 8
f 0 (Hz) 150 400 100 1200 250 150 900 150

pavg (dB) 89.1464 66.7733 92.4828 69.6750 78.2962 90.1393 72.5775 94.5

Factor

Level

The f t of each level

A ~PZT position! 1 2 3 4
33 32 68 69

26.7669 49.9882 57.3610 23.7653
B ~Young’s modulus
of Panel material!

6 GPa 0.6 GPa
37.9973 40.9434

C ~PZT shape! 1:1 1:4
77.8504 1.0902

D ~PZT Area:
Panel Area!

49:144 64:144
25.2752 53.6655

E ~Suspension! Simply supported Spring supported

41.9260 37.0147

Run 1 2 3 4 5 6 7 8
f 0 (Hz) 100 150 100 800 750 50 1050 150

pavg (dB) 88.3091 61.6007 93.8806 74.6149 70.1613 89.1072 69.4322 90.9
t
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REp
5

Ep
U2Ep

L

2l p21
, (28)

whereEp
U andEp

L are the upper and lower limits of the parame
to encode, e.g., Young’s modulus of the panel. If 1 GPa<Ep
<200 GPa and the desired resolution isREp

50.1945,l p510 and
if Ep52.7507, the chromosome is encoded as@0000001010#.

The Fitness function serves as the performance index for GA
chromosome with high fitness has higher probability of reprod
ing offspring in the next generation. Our goal of the GA optim
zation is to minimize the fundamental frequencyf 0 and to maxi-
mize the average sound pressure levelpavg in the bandwidth 12.8
kHz, as shown in Fig. 3(a). The same fitness function defined
Eq. ~27! is used in the optimization procedure.

Reproduction directs the search of GA towards the best in
viduals. The reproduction probability of the chromosome is de
mined by the fitness function. The chromosome of the pres
population is reproduced in the next generation according to
probability

Si5
f ci

(k51
Pl f ck

, (29)

where f ci is the fitness function of thei th chromosome andPl is
the population size. For instance, there are four chromosom
c1;c4 , in the 0th generation with fitness functions 30, 9, 68 a
52. Substituting these values into Eq.~29! leads to the reproduc
tion probabilities S150.1887, S250.0566, S350.4277, S4
50.3271, respectively. These probabilities are then concaten
into a real line, as shown in Fig. 3(b). Clearly, the chromosome
c3 andc4 are the most likely to reproduce in the next generati
364 Õ Vol. 126, JULY 2004

rom: http://vibrationacoustics.asmedigitalcollection.asme.org/ on 04/27/2
er

. A
c-
i-

n

di-
er-
ent
the

es,
d

ated

n.

In the present population, four random numbers between 0 an
are generated. For example, if the four random numbers
0.3644, 0.1835, 0.9237 and 0.4427, the chromosomes surviv
next generation will bec3 , c1 , c4 andc3 , respectively.

Crossover serves to exchange the information of chromoso
via a probabilistic process in the mating pool. First, the crosso
ratio Cr is defined. In general, 0.8<Cr<1 and we chooseCr
50.9. Two chromosomes in the present population are sele
randomly. Second, an arbitrary splice point at the chromosome
selected. Third, the chromosomes codes after the splice poin
interchanged. To illustrate, assume two chromosomesc1 and c2
with the splice point at the third bit:c15011D0111 and c2
5101D1001. After crossover, two new chromosomes are gen
ated:c̃15011D1001 andc̃25101D0111.

However, the gene will become increasingly homogeneou
one gene begins to dominate after several generations and e
tually results in premature convergence. To alleviate this probl
mutation is introduced into the GA procedure. Let the mutat
ratio beMr . In general, 0<Mr<0.01 and we chooseMr50.01.
The mutation point is determined randomly. Mutation is done
alternating the gene from zero to one, and vice versa. For
ample, a chromosomec1 with the mutation point at the third bit is
c15101D10100. After mutation, the chromosome becomesc̃1
5100D10100.

The aforementioned GA procedure was applied to the desig
the piezoelectric panel speaker. The parameters to optimize
clude the PZT position and the Young’s modulus of the panel. T
learning curve of the PZT position is shown in Fig. 4(a). With
only 5 iterations, the fitness function has converged. From F
4(b), we found the optimal PZT position on the panel to be 1/4
long side, 1/3 of the short side. On the other hand, the learn
Transactions of the ASME
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curve of the Young’s modulus of the panel is shown in Fig. 5. T
optimal Young’s modulus is found within approximately 6 iter
tions. Similarly, the optimal Young’s modulus of the panel
found to be 1.48 GPa.

In addition, the Taguchi method was used again to reach a
design. The dimensions of the panel are 35 mm325 mm
30.1 mm, which are close to those of a mobile phone. The
rameters to optimize are the PZT shape, panel material, damp
perforation of cabinet and suspension. The results are summa
in Table 3. From Table 3(a), the optimal design was found to be
PZT shape is a rectangular plate (2 cm32 cm or 1.5 cm33 cm)
or a circular disk with radius 1 cm, treated with damping, carb
fiber (0°, 90°), noperforation, and long side suspended. Sim
larly, from Table 3(b), the optimal design was found to be: ca
bon fiber (0°, 90°), PZTshape is rectangular (1.5 cm33 cm),
treated with damping, no perforation, and suspended with fo
material.

4 Numerical Simulation and Experimental Investiga-
tions

In this section, numerical simulations and the experimental
vestigations were undertaken to verify the proposed optimal
signs of the piezoelectric panel speaker. The piezoelectric p
speakers are embedded in a baffle while testing and measur
an anechoic room. The implemented piezoelectric panel spe
and experimental arrangement are shown in Fig. 6. The rele
data of the PZT and the panel are summarized in Table 4.
piezoelectric panel speaker implemented on a practical mo
phone is also shown in Fig. 7.

Fig. 3 Pictorial descriptions for optimization of panel speaker
design „a… frequency response. f 0 is the first resonance fre-
quency greater than 40 dB. p avg is average sound pressure
above the frequency f 0 „b… the reproduction probabilities of
four chromosomes, c 1Èc 4 , with fitness functions, 30, 9, 68,
and 52, respectively, concatenated in a real line.
Journal of Vibration and Acoustics
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4.1 Frequency Response of On-axis Sound Pressure.The
on-axis pressure at 0.5 m from the baffled piezoelectric pa
speaker was measured. Random signal of 30 Vrms, band-lim
to 12.8 kHz was used as the input. This input voltage level m
look higher than the input level used in common voice-coil lou
speakers. This is due to the high input capacitive impedance o
PZT, where a high voltage but small current driver is genera
required. Thus, a DC-DC converter is needed to boost the ba
voltage to the required level. Based on Eqs.~24! and ~25!, the
frequency responses obtained from experiment and the simula
are compared in Fig. 8, where the condition of damping is
sumed asa5150,b51026. The results of the piezoelectric pan
speaker model are in reasonable agreement with the experime
terms of gain level and the first resonance. The discrepancy o
second resonance could be due to mismatch of boundary co
tions and material constants between the numerical simulation
the experiment. In particular, the effective stiffness and damp
at the suspension is very difficult to model. This could contribu
to the errors in the frequency response at high order modes.

Using the FEM model as a simulation platform and Taguchi/G
as an optimization tool, we further examine the design configu
tions that maximize the ratio of average gain level and the fun
mental frequency. Figure 9 shows the effect of the PZT positio
The optimal design~PZT at 1/4 of long side, 1/3 of the short sid
as shown in Fig. 4(b)) results in f 05232 Hz, pavg568.55 dB,

Fig. 4 Optimization of panel speaker design using GA „a… the
learning curve of the position of PZT. The result has converged
within about 5 iterations. „b… The optimal position of PZT found
by GA.
JULY 2004, Vol. 126 Õ 365
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which amounts to the cost function 0.30, while a non-optim
design~PZT mounted at the center! results in f 05266 Hz, pavg
567.26 dB, which amounts to the cost function 0.25. The des
at the optimal position of the PZT performed better than usin
non-optimal one. The first fundamental resonance frequenc
the optimal position reduces to approximately 50 Hz. In Fig.
the frequency responses of the piezoelectric panel speaker
compared for two panel materials with different Young’s modul

Fig. 5 The learning curve of the optimal Young’s modulus of
panel. The result has converged within about 6 iterations.
366 Õ Vol. 126, JULY 2004
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The Young’s modulus of the PC panel is 2.7 GPa, which is cl
to the optimal value obtained from the GA. This nearly optim
design results inf 05240 Hz, pavg580.61 dB, which amounts to
the cost function 0.34, while a non-optimal design~copper! results
in f 05224 Hz, pavg566.21 dB, which amounts to the cost fun
tion 0.29. The sound pressure level produced by the PC pan
about 14 dB higher than that produced by the non-optimal cop
panel.

4.2 Sensitivity. Sensitivity was also employed as a perfo
mance index in this paper. The input signal is the random nois
30 Vrms, band-limited to 12.8 kHz. The relevant data of the pa
speakers are listed in Table 5. Sound pressure level was mea
on-axis at the distance 0.5 m from the source, under the free-
condition. With 0.117 W input electric power, the sensitivity
Speaker1 measured 88.3 dB. The same measurement was rep
for another panel speaker driven by a different PZT material. W
0.078 W input electric power, the sensitivity of Speaker2 m
sured only 80.2 dB. These results suggest a higher piezoele
coefficient (h31) leads to higher sensitivity.

4.3 Efficiency. The efficiency is defined as the ratio of th
radiated acoustical power to the input electrical power. The in
electrical power is calculated according to

Win'
1

2 (
i 51

N

E@ uVi u2#
Re~Zi !

uZi u2 D f 5
1

2 (
i 51

N

Pvv i ReS 1

Zi
DD f

(30)

where N is number of frequencies,Vi and Zi are the Fourier
transforms of the input voltage and the electrical impedance at
i th frequency,E@ .# is the expectation operator, andPvv i is the
power spectral density of the input voltage at thei th frequency.
Table 3 The optimal configurations determined by the Taguchi method for a GA session

Factor

Level

The f t of each level

A ~PZT shape! 1 2 3 4
Disk (r 51 cm) Plate (1 cm31 cm) Plate (2 cm32 cm) Plate (1.5 cm33 cm)

0.4054 0.0771 0.4478 0.5008
B ~Damping! With damping Without damping

0.4964 0.2192
C ~Panel material!

(Thickness50.1 mm)
Carbon fiber(0°,0°) Carbon fiber(0°,90°)

0.3036 0.4119
D ~Perforation! Perforation No perforation

0.2550 0.4605
E ~Suspension! Long side suspended Short side suspended

0.4965 0.2190

Run 1 2 3 4 5 6 7 8
f (Hz) 1200 700 2000 2200 500 1600 1200 3000

pavg (dB) 70 60 62 50 60 72 75 60

Factor

Level

The f t of each level

A ~Panel material!
(Thickness50.1 mm)

1 2 3 4
Laminate Carbon fiber(0°,90°) Carbon fiber(0°,0°) Copper
0.2127 1.4561 0.9592 0.9930

B ~PZT shape! Plate (1.5 cm33 cm) Plate (2 cm32 cm)
0.7107 1.0998

C ~Damping! Without damping With damping
0.5873 1.2231

D ~Perforation! Perforation No perforation
0.7845 1.0260

E ~Suspension! White foam Black foam

1.5516 0.2589

Run 1 2 3 4 5 6 7 8
f 0 (Hz) 1400 1000 1900 800 2000 700 750 2450

pavg (dB) 64 60 72 80 70 75 77 62
Transactions of the ASME
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In this work, ISO 3745 was employed for measuring the ra
ated sound power in the anechoic room@11#. The measured effi-
ciency of the Speakers 1, 2 and 5 wereh50.76%, 0.56% and
0.78%, respectively. As expected, the material with a higher
ezoelectric coefficient (h31) produced higher efficiency. For refer
ence, the efficiency of a panel speaker driven by a voice-c

Fig. 6 Experimental arrangement of the piezoelectric panel
speaker „a… physical construction of the piezoelectric panel
speaker „b… the experimental setup for the performance mea-
surement.

Table 4 Relevant data of the PZT and the panel used in the
simulation and experiments, to verify the FEM model. Dimen-
sions of the piezoelectric panel speaker are 60 mm Ã60 mm
Ã0.3 mm.

Parameter Value

Aluminum plate size 60 mm360 mm30.2 mm
density 2790 kg/m3

Young’s modulus 73.1 GPa
Poisson’s ratio 0.33

PZT size 20 mm320 mm30.1 mm
b33

S 2.30773107

h31 23.213108 V/m
c11

D 23.1631010 N/m2

c12
D 14.0731010 N/m2

c66
D 4.54531010 N/m2
Journal of Vibration and Acoustics
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Fig. 7 Photos of piezoelectric panel speakers „a… a baffled pi-
ezoelectric panel speaker. The panel material is transparent PC.
„b… A piezoelectric panel speaker implemented on a mobile
phone.

Fig. 8 Comparison of the on-axis pressure response of the
FEM simulation and the measurement
JULY 2004, Vol. 126 Õ 367
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Fig. 9 On-axis pressure response responses of the piezoelec-
tric panel speaker are compared for an optimal design obtained
using GA and a non-optimal position

Fig. 10 Frequency responses of the piezoelectric panel
speaker. The effect of Young’s modulus of panel is investi-
gated. The Young’s modulus of the PC panel is close to the
optimal value obtained from the GA procedure
368 Õ Vol. 126, JULY 2004
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exciter was found to be 0.075%, which is almost one order l
than the piezoelectric counter part. This indicates that piezoe
tric panel speakers are very efficient and well suited for ma
battery-powered devices.

4.4 Subjective Listening Test. As mentioned previously,
one of the goals of the present study is to enhance the piezoe
tric device to a level for audio purpose. Therefore, subjective
tening test were carried out to assess the audio quality delive
by the piezoelectric panel speakers. Five kinds of piezoelec
panel speakers, listed in Table 6, were used in the listening t
Four subjective indices, loudness, clarity, liveness, and warm
are employed in the test. Specically, ‘‘clarity’’ is intelligibility of
audio signal, ‘‘naturalness’’ is the fluidity of rendering, ‘‘liveness
is the middle and high frequency reverberation (500 H
;2 kHz), and ‘‘warmth’’ is the low frequency reverberation~less
than 500 Hz! @12#. There were eleven subjects taking part in th
listening test. All of these subjects listened to a segment of mu
and another segment of speech. The results of listening test
shown in Figs. 11 and 12. It was found that the speaker No
produced the highest loudness, but the worst performance in

Fig. 11 Results of the subjective listening test for the music
input. Five configurations of piezoelectric panel speakers are
compared. The average and spread of test result are indicated
on the figure
Table 5 Relevant data of the PZT and the panel for two panel speaker configurations, used in the simulation and experiments.
Dimensions of the piezoelectric panel speaker are 60 mm Ã60 mmÃ0.3 mm

Speaker1 Speaker2

Panel size 42 mm384 mm30.1 mm 42 mm384 mm30.1 mm
Panel

material
Carbon fiber Carbon fiber

Boundary
condition

White foam White foam

PZT size 15 mm330 mm30.1 mm 15 mm330 mm30.1 mm
PZT

position
1/4 of long side, 1/3 of short side 1/4 of long side, 1/3 of short side

c11
D 23.1631010 N/m2 11.7331010 N/m2

c12
D 14.0731010 N/m2 7.7731010 N/m2

c66
D 4.54531010 N/m2 1.9831010 N/m2

h31 23.213108 V/m 28.13108 V/m
b33

S 2.30773107 1.943108
Transactions of the ASME
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Table 6 Five configurations of piezoelectric panel speaker used for a subjective listening test.
The dimensions of the panel speaker are 42 mm Ã84 mmÃ0.1 mm. The PZT is the same as that
used in Speaker 1 of Table 5

Speaker
number

Panel
material

Panel size
~mm!

PZT size
~mm!

PZT position
~mm!

Boundary
condition

No.1 Carbon
fiber

4238430.1 1533030.1 ~14,21! White
foam

No.2 PC 4238430.1 1533030.1 ~14,21! White
foam

No.3 Laminate 4238430.1 1533030.1 ~14,21! White
foam

No.4 Carbon
fiber1

damping

4238430.1 1533030.1 ~14,21! White
foam

No.5 Acrylic
fiber

4238430.1 1533030.1 ~14,21! White
foam
d
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other indices~total score529 and 31, respectively, for music an
speech listening!. On the other hand, the panel speaker No.
appears overall the best piezoelectric panel speaker for both m
and speech listening~total score540 and 38, respectively!.

5 Conclusions
Optimal design and implementation of miniature piezoelect

panel speakers have been presented in this paper. A FEM-b
model has been developed to serve as the simulation platfo
Optimal designs have been obtained with the aid of the Tagu
method and GA method. The Taguchi method is intended for
preliminary search of optimal configuration and experimental
sign. The GA method proves effective in fine-tuning the des
parameters. Based on these two methods, an optimal design m

Fig. 12 Results of the subjective listening test for the speech
input. Five configurations of piezoelectric panel speakers are
compared. The average and spread of test result are indicated
on the figure.
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odology for piezoelectric panel speakers is presented in this pa
The performance and adequacy as a broadband loudspeaker
proposed device is investigated. As confirmed by the numer
and experiment results of various indices, the piezoelectric pa
speaker using the optimal configuration indeed produced be
performance than the non-optimal ones.

From the experimental results, the advantages of the piezoe
tric panel speaker are two-fold. The piezoelectric panel spea
achieves an impressive efficiency~approximately 10:1! over the
voice-coil driven counterpart. In addition, the thickness of piez
electric panel speaker measures only 0.2 mm, which is also m
less than the 2.4 mm of the voice-coil counterpart. Overall,
piezoelectric panel speaker has displayed the potential for the
applications.
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