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A thin and miniature piezoelectric panel speaker has been developed in this paper. The
system is modeled using the energy method in conjunction with the finite element method.
The electrical system, mechanical system and acoustic loading are considered in com-
bined fashion. The genetic algorithm (GA) and the Taguchi method are employed to

achieve optimal designs with low fundamental frequency and high acoustic output. The

designs resulting from the optimization are then implemented and evaluated by experi-

ments. These experiments were carried out on the basis of quantitative and subjective
performance measures. The experimental results indicate that the piezoelectric panel
speakers are capable of producing comparable acoustic output with significantly less

electrical power than the conventional voice-coil panel speakers.
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1 Introduction the piezoelectric speaker was derived using the energy method
and the finite element methd®#EM). Unlike Ref.[1], the electri-
cal system, mechanical system and acoustic loading are consid-

tries of modern days. Commercial products such as personal d gd as a coupled system during dynamic modeling. This is im-

. . ftant for a light structure like a panel speaker, especially for low
assistantéPDAS), mobile phones, MP3 players are currently mal requencies where acoustic mass loading is not negligible. Sec-

ing their way into the market and everyone’s life. From the desqghd the Taguchi method and the genetic algoriti@A) are em-

point Qf View, one of the chief concerns of 3C products is mini oloyed to optimize the speaker design. The Taguchi method is
turization. This is particularly true for the loudspeaker that is ed for a preliminary search, whereas the GA is used to “fine
important component of 3C products. Panel speakers providg e~ the design parameters. Designs resulting from the optimiza-
potential solution to meet the requirement of miniaturizafibh  tjon are then implemented and evaluated experimentally. In order
Apart from small size, panel speakers also offer advantagesgfeyajuate the speaker performance, quantitative measures as
omni-directional radiation, linearity, insensitivity to room boundy,g|| as subjective indices are measured and summarized.

ary condition and bi-polar radiatidr2]. A detailed analysis of the

panel speaker can be found [ifti]. Despite all the advantages,
panel speakers suffer from two drawbacks that limit their use ;n  Modeling of Piezoelectric Panel Speakers
practical 3C applications. First, the exciter for a panel speaker is
traditionally the voice-coil type and could reach only approxi-
mately 2 mm thickness, which is still too thick to apply in man;’e
3C products such as mobile phones. Second, the electro-acoudtl
efficiency driven by the voice-coil exciters was found to be quite 2.1 Energy Method and Variation Principle. The basic
low [1], which presents problem of power consumption to mobilstructure of a piezoelectric panel speaker consists of a rectangular
electronic products. These physical limitations associated with tp#zoelectric ceramic plate and a thin rectangular panel of length
conventional voice-coil exciters hence motivate the present devel; and widthW,,, as shown in Fig. 1. Let the lateral displacement
opment of an alternative way of excitation for panel speakers. field bew=w(x,y,t). The bending strain energy of the panel is

In this paper, panel speakers excited by piezoelectric ceramgisen by[4]
are proposed, in an attempt to overcome the problems encountered 1
in voice-coil exciterd3]. Relatively high efficiency of piezoelec- |y ——
tric material makes the piezoelectric panel speaker an ideal devicd 2
for many battery-powered products. Although the piezoelectric (1)

panel speakers have been around for some time, these devices _ 3 _ . . .

mainly exist in the forms of narrowband acoustic radiators such _er?hD P&.Eﬁhpllz(%thvz) IS E‘?e _betrt:dlr\l(g stlff’ness gf lthe Fﬁﬂel’

buzzers, sounders, sirens, etc., where sound quality is gener Sel aencblfs ?he:;gissoengargtigésf th: g#SP?’h@%u%ggrp e

not of the major concern. By contrast, this work seeks to meet t ’ ] orthe panel. L
r(1anotes the second partial derivative with respect to the space

requirements of quality loudspeakers for speech and music rco'ordinatex; similar rule applies to the other variables. It should

dering. To this end, optimization techniques are utilized to achie\{)eé clear from the context, where all subscripts in the following

practical designs with minimum fundamental frequency and ﬂ% uations that are not in the definition of the variable should be

maximum sound pressure output. . . interpreted as differentiation with respect to the variable. In addi-
This paper is organized as follows. First, the dynamic model 9bn. the kinetic energy of the panel is given by

The 3C industry(Computer, Communication, and Consujner
has recently emerged as one of the most rapidly growing ind

In the following derivation of equation of motion for the piezo-
lectric panel speaker, the electrical system, mechanical system
g the acoustic loading are modeled as a coupled system.

Lp Wp
DPJO JO [WE, -+ Wo+ 20wy + 2(1— v) Wi, Jdxdy,
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Fig. 1 Schematic diagram of the piezoelectric panel speaker

wherep,, is the area density of the panel and the subscrtft *

denotes the first partial derivative with respect to the time variak*

t. Similarly, the kinetic energy of the PZT plate is given by

1 (%2 (VY2 )
- z Pt dxd Y
X1 JY1

wherep, 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 ci@sm). The
h-form of the linear piezoelectric equations is written as

®)

T, Cgl sz 0 —hy s,
To| | Caz cn 0 —hafls, 4
Te| | © 0 ¢ O Se |’
E D
* —hy —hy 0 B35 *

whereT is the stressS is the strainD is the dielectric displace-
ment, E is the field strengthh is the piezoelectric voltage con-
stant,c® is the elastic stiffness under the condition of consta
dielectric displacement, ang® is the permittivity under the con-
dition of constant strain.

By the Kirchhoff plate theory, it is assumed that the transverse
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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
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shear deformation is zero and angles of rotation are small. The

strains are assumed to follow

S1= =Wy, S;=—ZWy,  Sg=—2ZW,y,

Q)

By Egs.(4) and (5), the internal energy of the PZT plate can be

written as[5]
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D3(h—hp)
'833 3( J j dxdy

- 2c66(h3—hg) jYZ
3 Y1

whereh=hg,+h,.

Xo 5
wi dxdy, (6)

X1
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On the other hand, the virtual work done by the non-inertias the coefficient vector to be determined. Assume the element is
forces and the external voltage can be expressed as of length 2 and width 2a. The nodal degree of freedonidof)
consist of lateral deflections; and rotationsdw; /dx= 6; and
Y2 (X2 Y2 (X2 aw;lagy=19;,i=1, 2, 3, 4, as shown in Fig. 2f. The dofs of the
oW, = f f(X,y,t)deXderf f v,(t) 5D zdxdy, element are grouped into a vector
Y1 J X Y1 J Xy

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

d:[W1101r011W21021621W31037031W47041ﬁ4]1—

The mesh configuration of finite elements is shown in Fidd)2(

2.2 FEM Model. Since the piezoelectric ceramic and theTO express the,,j=12,...,12 interms Oj the physical ordi-
tes and the slopes at four corners,yj=(—a,—b), (x,y)

vibrating panel are very thin, two-dimensional finite elementga - _ o
should suffice in the subsequent analysis. In the FEM formulatiolgw?r’] E&bgtﬁl;n(sb) and (.y)=(~a,b), we make the fol-
the lateral displacement of an element is interpolated by third 9

degree polynomials of physical coordinaf€$ W=w;, awlox=6;, wlay=9, at(xy)=(—a,—b),
w=xa, (8)
W=W,, JwW/dx=0,, Jwldy=179, at(x,y)=(a,—h),
where
X=[1X,y,5X%xy,y2. 33 32y, xy2,y%, X%, xy°] W=Ws,  OWIOX=0s,  owldy=Ds at (xy)=(ab),
is the physical coordinate vector and W=Wy, JW/IX=0,, Jwldy=79, at (x,y)=(—a,b)
a:[al 82,83,384,85,36,a7,ag la97a10valllalﬂT into Eq. (8) and obtain
|
~ _[1 -a -b a® ab R -a® -a’h -—-ab®> -b® a% ab® 1.
‘g’l 0O 1 0 -2a -b 0 3@ =2ab P 0 -3a%h -bd Zl
1 2
9, |0 0 1 0 -a -2b 0 a? 2ab  3b* —a® —3ab’|| 5,
Wa 1 —-a b @ -—-ab ¥ -a® a% -—ab® b® -—ah —ab® ||%wo
Oa 1 0 -2a b 0 32 -2ab P 0 3 b ||
| V4] 2 2 3 5| L812)
L0 O 1 0 —a 2b 0 a —2ab 3b —a —3ab” |
I
or in matrix notation |e=2025(h3—hg)/3,
d=Ta
S b a
Therefore, Klzzl f f BIB,dxdy, W,=B.d, B;=a*N/ox%,
a=T'd ©) b
With Eq. (9) inserted into(8), the lateral displacement of the s b [a
element can be rewritten as K,= 2 f j B;Bzdxdy, wy,=B,d, B,= 92N/ ay?,
=1 J-pJ -
w=xT1d (10) ! .
. . . S b a
On the other hand, the dl_splacement flmoban_ also be_ inter- Ks= 2 J J BIBzdxdy,
polated over an element using the shape function matrix =1 J-bJ-a
w=Nd (11) S b a
— T
which identifies the shape function matfikas KA_HEl J:b 7a(Bl+BZ) dxdy
N=xT ! (12) S o ra
Substituting Eq(11) into (6) and assembling the element stiff- KG=E f f BiBsdxdy, Ww,,=Bsd,
ness matrices into the global matrix, the internal energy of the n=1J-bJ-a
PZT plate can be expressed as s
U,=1,DTK;D+1,DTK,D+15DTK 3D+ 1 ,DTK ,q+ 1 562 BszﬁzN/t?Xﬁva:nZl d,
—16D"K¢D, (13)  wheres is the total number of element®;=q/A., q is the
electric charge on the electro is the area of each element
where lectric charg he el des, is th f h el

andD is the global dof vector.
By the same token, the strain energy and kinetic energy of the
vibrating panel can be expressed as

l4= h31(h2_h;2))/2Ae! I5=Bs(h—hp)/2A,, Up=%DTK7D, (14)

I =cPi(h®=h})/6, 1,=cTy(h®~h3)/6, I3=cDy(h®~h))/3,
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_1 T . b a b a
To=2ppD KgD, (15) K8=j f NTNdxdy,Kg:f f NTNdxdy,
In addition, the kinetic energy of the PZT plate can be written as —bJ-a —bJ-a

1 NT - S b a 1 S b a
Tz=2p:DKoD, (18 - f f FOx,y, Ddxdyv,= o ) f f v (tydxdy
—bJ-a Aen:l -bJ —a

The virtual work done by the external force and electric charge is n=1

expressed as 2.3 The Lagrange’s Equation. The dynamic model of the

W, = 6D'f+v,6q, (17) piezoelectric panel speaker can be obtained by substituting the

The relevant symbols in Eq§l4)—(17) are defined as follows preceding energy terms into the Lagrange’s equation

b ra d| dL L
D:dD/dt,K7:f f BIDB,dxdy, BI=[B, B, 2Bs], dt| ypv) DT
—-bJ -a
b : (18)
aL
Dp UDp 0 — (9—:VZ
vD, D 0 ) ; ) .
Dy = , where theLagrangian L=U,+U,—T,—T,. With some manipu-
0 0 (1-v) D lations, the dynamic model of a piezoelectric panel speaker can be
2 P shown as
|
[(ppK8+pZKg)w2—2|1K1—2|2K2—2|3K3+2|6K6—K7]D—|4K4q:f (19)

—1,K}D—2I5q=V,

whereD=v=jwD, D= — w?D. Mg=2l5(pKg+ p,Ko),

— T
2.4 Acoustic Loading. Although the acoustic loading is a Ka=21s(—211K1=215K;= 215K+ 216Ke—K7) +14K4Ky

distributed type of external force, an analysis can still be carried ) ) )

out, using the following discrete approximation. Letandv be  With the damping matrixC added to Eq(19), the displacement
the pressure vector and velocity vector measured at discrete poifft§torD can be solved as follows

on the structure surface. In physical coordinaegndv can be

related with a radiation impedance matéx|7] D=—I4(K+jwC) 'K,v,, (24)
p=2v (20)  where
For a baffled planar radiator, the mat#xcan be approximated as

K={215[ (ppKg+ p,Kg)@?—21,K;—21,K,— 213K 3+ 216K

r i —jkr i —jkrin
1—e-ikmTm KAee T2 JKA. e T K= jAZ]+ 1K KT}
277 rlz 27T I‘ln
iKA, e T2t 2.6 Radiated Sound Pressure. Now that the surface dis-
e 1—e ikVATT ... : placements have been obtained from B, the radiated sound
Z=p,Cs 2™ T2 ,  pressure at any field point can be calculated using the following
: : : matrix Eq.[7]
i —jkr
Jkﬁe fm s 1—e ikAeTm Prar=EV, (25)
277 rml
) (é 1) whereps,, is the radiated sound pressure vectors the surface

. . . . . velocity vector that can be calculated by differentiating displace-
wherep, is the air densityc; is the sound speed is the wave  ments obtained from Eq24), andE is the propagation matrix.

number,ry, is the distance between the nodesandn (fmn  For a baffled planar radiator, the propagation magixcan be
=rym, I=m,n<N). Thus, the external force vectdbris simply approximated as

the pressure multiplied by the effective element akga

f=Agp=AsZv =] wAZD (22) el etz el
) . . r r r
2.5 Proportional Damping. In order to incorporate the _,lkl _,lkz _,1k”
damping mechanism into the systepnpportional dampind 8] is K e M e lM22 o en M
assumed in this paper for simplicity. That is, the damping matrix E=i PoCsKAe [ [ r (26)
C is given by 27 . . . ’
C=aMy+BKy, (23) e kmi o ikrm e~ IKImn

wherea and B8 are constants. In our problem, @& <250 and L I'm2 Fmn

5x 10 '<B<1.5X107 5. M4 andK4 denote the mass matrix and
stiffness matrix, respectively, and are calculated according to thdaere A, is the effective element area amg,, is the distance
following equations between the elememt and the field poinm.
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Table 1 The first set of optimal parameters obtained using the Taguchi method. The upper part is the

Lg(4%2%) 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
Level
Factor The f, 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 6 GPa 60 GPa
of Panel material 29.5755 24.7788
C (PZT shape 11 1:2
45.0582 9.2960
D (PZT Area: 1:9 1:4
Panel Area 10.1983 44.1560
E (Suspension Simply supported Spring supported
26.1170 28.2373
Run 1 2 3 4 5 6 7 8
fo (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 79.1988

material, PZT shape, ratio of PZT area versus panel area, and
) ) ) ) suspension. Various levels of each parameter are examined in
3.1 Taguchi Method. The Taguchi method is an experimenthese tables. Because there are many levels of PZT posifans
tal design procedure well suited for examining a multi-factor dgor A), we subdivided the cases into 3 tables. The fundamental
sign problem using a minimum number of observati$8h A  frequencyf, of Run 4 appears somewhat high because, according
general Taguchi procedure provides three kinds of functions: syg§-the setting in Table 1, the panel speaker in Run 4 is made of
tem design, parameter d_esigr], and tolerance design. For our prgdger material (the Young's modulus 60 GPa) and is simply
lem at hand, we focus primarily on parameter design. The goal gfpportedas opposed to the compliant support in the other)case
parameter design is to pin-point the optimal configuration of gigher damping results in larger cost function. Damping does
system according to a cost function. The cost function we wish k| the acoustic output at least at the nearfield. From the results,
maximize in our problem is we also found that large values of cost function occurred when the
10fPavg—94)/20 PZT position is between nodes 31 and 68, Young’s modulus of
fi= f (27) panel material is between 0.6 and 600 GPa, and the PZT shape is
0 square. As indicated by the results obtained using the Taguchi
where f, is the first resonance frequency with sound pressupgocedure, the ratio of PZT area versus the panel area should be as
level greater than 40 dBp,,q is the average of magnitude oflarge as possible. This is due to the fact that the cost function, with
sound pressure levéin dB) above the frequenci. a modal analysis based on the fundamental mode, can be shown to
To illustrate the Taguchi procedure, we start withg{4x 2%  be a monotonically increasing function of area, and a monotoni-
orthogonal array shown in Table 1. The notatigf4 x 2%) means cally decreasing function of thickness. Hence, the area of the PZT
that the experimental design requires eight observations and fi§en0 longer considered in the following GA optimization. The
factors: the first one at four levels and the other four at two level&/pe of suspension appeared inconsequential. Next, we decided to
In Table 1, the numbers~12 indicate the corresponding levels of fine-tune” only two design parameters, the Young's modulus of
a factor. The values of cost function are calculated according Rgnel and the PZT position.

the orthogonal array at the upper part of Table 1. For example, the&2 The Genetic Algorithm (GA). GA is one of the pow-

value of cost function corresponding_ to the seconq level of factgffm methods in solving optimization problerfis0]. Analogous
B (Young's modulus of panel materjab the algebraic average of 1 e natural selection of evolution, a typical GA session involves

the 4 occurrences of level 2 among the 8 runs: three basic genetic operatiomsproduction, crossoveand muta-
fot faut fawt fais tion. These operations are used in each generation to generate new
Bt= 2 population with differentchromosomesn which the design pa-
rameters are encoded. With evolution of sufficient number of gen-
Similar procedure applies to the other entries of cost functia@rations, the optimal solution corresponding to the larfjastss
calculation. The larger values of the cost function correspond fienctioncan be found. The principal difference between GA and
better performances achieved by a particular combination of pather optimization methods is that GA operates on multiple start-
rameter. ing points in random fashion, making it less susceptible to the
A preliminary search of optimal design of the panel speaker oblem of local optima.
summarized in Tables 1 and 2. In each table, the dimensions of th& he first step of GA is to encode the design parameters into
panel are 42 mm 84 mmx 0.1 mm. The parameters consideredinary strings called chromosomes. The resolution of a parameter
in the design are the PZT position, Young’s modulus of panspace is determined by the formula

3 Optimal Design of Piezoelectric Panel Speakers

Xx10,000,

=24.7788,
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Table 2 The second and third sets of optimal parameters obtained using the Taguchi method

Level
Factor The f, 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 6 GPa 600 GPa
of Panel material 32.4006 28.8948
C (PZT shapge 1:1 1:3
59.0211 2.2743
D (PZT Area: 36:144 49:144
Panel Area 29.1084 32.1870
E (Suspension Simply supported Spring supported
20.5801 40.7153
Run 1 2 3 4 5 6 7 8
fo (Hz) 150 400 100 1200 250 150 900 150
Pasg (dB) 89.1464 66.7733 92.4828 69.6750 78.2962 90.1393 72.5775 94.5764
Level
Factor The f; 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 6 GPa 0.6 GPa
of Panel material 37.9973 40.9434
C (PZT shapg 11 1:4
77.8504 1.0902
D (PZT Area: 49:144 64:144
Panel Area 25.2752 53.6655
E (Suspension Simply supported Spring supported
41.9260 37.0147
Run 1 2 3 4 5 6 7 8
fo (H2) 100 150 100 800 750 50 1050 150
Pavg (dB) 88.3091 61.6007 93.8806 74.6149 70.1613 89.1072 69.4322 90.9578
EV_EL In the present population, four random numbers between 0 and 1
Re,= pr__lp (28) are generated. For example, if the four random numbers are
0.3644, 0.1835, 0.9237 and 0.4427, the chromosomes survive to
whereEy andEj are the upper and lower limits of the parametefext generation will bes, ¢y, ¢, andcg, respectively.
to encode, e.g., Young’s modulus of the panel. If 1& Crossover serves to exchange the information of chromosomes
<200 GPa and the desired resolutiorRis =0.1945,| ;=10 and via a probabilistic process in the mating pool. First, the crossover
A . . X
if £,=2.7507, the chromosome is encoded @300001010) ratio C, is defined. In general, 0s8C,<1 and we choos&,

The Fitness function serves as the performance index for GA.A0-9- Two chromosomes in the present population are selected
chromosome with high fitness has higher probability of reproduf@ndomly. Second, an arbitrary splice point at the chromosomes is
ing offspring in the next generation. Our goal of the GA Optimi§elected. Third, th_e chromosomes codes after the splice point are
zation is to minimize the fundamental frequerfgyand to maxi- Interchanged. To illustrate, assume two chromosomeand c;
mize the average sound pressure lgug), in the bandwidth 12.8 with the splice point at the third bitc,=011,0111 andc,
kHz, as shown in Fig. 3). The same fitness function defined in— 101,1001. After crossover, two new chromosomes are gener-
Eq. (27) is used in the optimization procedure. ated:¢,=011,1001 andc,=101,0111. _ )

Reproduction directs the search of GA towards the best indi- However, the gene will become increasingly homogeneous if
viduals. The reproduction probability of the chromosome is dete?€ gene begins to dominate after several generations and even-
mined by the fitness function. The chromosome of the presetHf"”y _resqlts in premature convergence. To alleviate this probl_em,
population is reproduced in the next generation according to tAgtation is introduced into the GA procedure. Let the mutation

probability ratio beM, . In general, 6=M,=<0.01 and we chooskl, =0.01.
The mutation point is determined randomly. Mutation is done by
S= fei (29) alternating the gene from zero to one, and vice versa. For ex-
_E::I_lfck' ample, a chromosom® with the mutation point at the third bit is

c,=101,10100. After mutation, the chromosome becortgs
wheref; is the fitness function of th8" chromosome an®®, is =100,10100.
the population size. For instance, there are four chromosomesThe aforementioned GA procedure was applied to the design of
c1~Cy, in the 0" generation with fitness functions 30, 9, 68 andhe piezoelectric panel speaker. The parameters to optimize in-
52. Substituting these values into H9) leads to the reproduc- clude the PZT position and the Young’s modulus of the panel. The
tion probabilities S;=0.1887, S,=0.0566, S;=0.4277, S, learning curve of the PZT position is shown in Fig.a4( With
=0.3271, respectively. These probabilities are then concatenatedy 5 iterations, the fitness function has converged. From Fig.
into a real line, as shown in Fig. B]. Clearly, the chromosomes 4(b), we found the optimal PZT position on the panel to be 1/4 of
c; andc, are the most likely to reproduce in the next generatiofong side, 1/3 of the short side. On the other hand, the learning
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Fig. 3 Pictorial descriptions for optimization of panel speaker 2 @

design (a) frequency response. f, is the first resonance fre- T S koo
quency greater than 40 dB. p,,, is average sound pressure

above the frequency f, (b) the reproduction probabilities of L,

four chromosomes, c¢;~c,, with fitness functions, 30, 9, 68,
and 52, respectively, concatenated in a real line.

(b

curve of the Young’s modulus of the panel is shown in Fig. 5. Thag.- 4 Optimization of panel speaker design using GA  (a) the
optimal Young’s modulus is found within approximately 6 iteralé@rning curve of the position of PZT. The result has converged
tions. Similarly, the optimal Young’s modulus of the panel i%ntgnAaboutSKeratlons. (b) The optimal position of PZT found
found to be 1.48 GPa. y A

In addition, the Taguchi method was used again to reach a final
design. The dimensions of the panel are 35x25 mm
X 0.1 mm, which are close to those of a mobile phone. The pa-
rameters to optimize are the PZT shape, panel material, dampiﬂ
perforation of cabinet and suspension. The results are summari
in Table 3. From Table %), the optimal design was found to be:
PZT shape is a rectangular plate (2x@&cm or 1.5 cnx 3 cm)

4.1 Frequency Response of On-axis Sound PressureThe
-axis pressure at 0.5 m from the baffled piezoelectric panel
aker was measured. Random signal of 30 Vrms, band-limited
0 12.8 kHz was used as the input. This input voltage level may
look higher than the input level used in common voice-coil loud-
or a circular disk with radius 1 cm, treated with damping, carbo Zgl_ake:]s. This k'f‘ dhue t? the Ig'gh mpulf capaC|t|vde_|mp9dance ofltlhe
fiber (0°, 90°), noperforation, and long side suspended. Simi- = " where a high voltage but small current driver is generally

larly, from Table 3p), the optimal design was found to be: Car_required. Thus, a DC-DC converter is needed to boost the battery

bon fiber (0°, 90°), PZTshape is rectangular (1.5 cn8 cm), voltage to the required level. Based on E¢&4) and (25), the

treated with damping, no perforation, and suspended with fogﬁgquency responses obtained from experiment and the'sim.ulation
material ' ' are compared in Fig. 8, where the condition of damping is as-

sumed asr=150,8=10"©. The results of the piezoelectric panel

speaker model are in reasonable agreement with the experiment in
4 Numerical Simulation and Experimental Investiga- terms of gain level and the first resonance. The discrepancy of the
. second resonance could be due to mismatch of boundary condi-
tions tions and material constants between the numerical simulation and

In this section, numerical simulations and the experimental ithe experiment. In particular, the effective stiffness and damping

vestigations were undertaken to verify the proposed optimal datthe suspension is very difficult to model. This could contribute
signs of the piezoelectric panel speaker. The piezoelectric patethe errors in the frequency response at high order modes.
speakers are embedded in a baffle while testing and measured ibsing the FEM model as a simulation platform and Taguchi/GA
an anechoic room. The implemented piezoelectric panel speaksran optimization tool, we further examine the design configura-
and experimental arrangement are shown in Fig. 6. The relevdions that maximize the ratio of average gain level and the funda-
data of the PZT and the panel are summarized in Table 4. Thental frequency. Figure 9 shows the effect of the PZT positions.
piezoelectric panel speaker implemented on a practical mobilée optimal desigiiPZT at 1/4 of long side, 1/3 of the short side,
phone is also shown in Fig. 7. as shown in Fig. 4f)) results infy=232 Hz, p,,q=68.55 dB,
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Young's modulus of panel (GPa)

panel.

L
8 10 12 14
Generation

The Young’s modulus of the PC panel is 2.7 GPa, which is close
to the optimal value obtained from the GA. This nearly optimal
design results irfo=240 Hz, p,,4=280.61 dB, which amounts to
the cost function 0.34, while a non-optimal desigoppej results

in fq=224 Hz, p,,q=66.21 dB, which amounts to the cost func-

4 tion 0.29. The sound pressure level produced by the PC panel is
about 14 dB higher than that produced by the non-optimal copper

7 4.2 Sensitivity. Sensitivity was also employed as a perfor-
mance index in this paper. The input signal is the random noise of
30 Vrms, band-limited to 12.8 kHz. The relevant data of the panel

4 speakers are listed in Table 5. Sound pressure level was measured
on-axis at the distance 0.5 m from the source, under the free-field

7 condition. With 0.117 W input electric power, the sensitivity of
Speakerl measured 88.3 dB. The same measurement was repeated
for another panel speaker driven by a different PZT material. With
0.078 W input electric power, the sensitivity of Speaker2 mea-
sured only 80.2 dB. These results suggest a higher piezoelectric

coefficient f3;) leads to higher sensitivity.

Fig. 5 The learning curve of the optimal Young’s modulus of

panel. The result has converged within about 6 iterations. 4.3 Efficiency. The efficiency is defined as the ratio of the

radiated acoustical power to the input electrical power. The input
electrical power is calculated according to

which amounts to the cost function 0.30, while a non-optimal

design(PZT mounted at the cenderesults infy=266 Hz, py,q
=67.26 dB, which amounts to the cost function 0.25. The design

at the optimal position of the PZT performed better than using a
non-optimal one. The first fundamental resonance frequency where N is number of frequenciesy; and Z; are the Fourier
the optimal position reduces to approximately 50 Hz. In Fig. 1@ansforms of the input voltage and the electrical impedance at the
the frequency responses of the piezoelectric panel speakers iginefrequency,E[.] is the expectation operator, amj,,; is the
compared for two panel materials with different Young’s modulugower spectral density of the input voltage at tkie frequency.

Table 3 The optimal configurations determined by the Taguchi method for a GA session

N N
1 Rez;) . 1 1
WWZE1 E[|vi|2]_|z__|2' Af:zizl Pyo Re(—z_)Af
= : = :

(30)

Level
Factor The f, of each level
A (PZT shapg 1 2 3 4
Disk (r=1cm) Plate (1 cnx 1 cm) Plate (2 crx 2 cm) Plate (1.5 cm 3 cm)
0.4054 0.0771 0.4478 0.5008
B (Damping With damping Without damping
0.4964 0.2192
C (Panel material Carbon fiber(0°,0°) Carbon fiber(0°,90°)
(Thickness=0.1 mm) 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
Payg (dB) 70 60 62 50 60 72 75 60
Level
Factor The f, of each level
A (Panel material 1 2 3 4
(Thickness=0.1 mm) Laminate Carbon fiber(0°,90°) Carbon fibef0°,0°) Copper
0.2127 1.4561 0.9592 0.9930
B (PZT shapg Plate (1.5 cnx3 cm) Plate (2 cnx 2 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
fo (Hz) 1400 1000 1900 800 2000 700 750 2450
Pavg (0B) 64 60 72 80 70 75 77 62
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Piezoelectne panel speaker

05 m

(b}

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.

(b

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.

In this work, ISO 3745 was employed for measuring the radi-

ated sound power in the anechoic ropbi]. The measured effi-
ciency of the Speakers 1, 2 and 5 weye-0.76%, 0.56% and
0.78%, respectively. As expected, the material with a higher — Simulation
ezoelectric coefficienti(z;) produced higher efficiency. For refer-
ence, the efficiency of a panel speaker driven by a voice-cc

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

X0.3 mm.

X60 mm

Parameter

Value

Aluminum plate size
density
Young'’s modulus
Poisson’s ratio
PZT size
B3
31
cgl
chz
Co6

60 m 60 mmx 0.2 mm

2790 kg/ni
73.1 GPa
0.33
20 mrx 20 mmx 0.1 mm

2.3077% 10

—3.21x10° V/Im
23.16x 10%° N/m?
14.07x 10° N/m?
4.545< 101° N/m?
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Fig. 8 Comparison of the on-axis pressure response of the
FEM simulation and the measurement
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Figzoelecne panel speaker

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. 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

100 T T

exciter was found to be 0.075%, which is almost one order less
than the piezoelectric counter part. This indicates that piezoelec-
tric panel speakers are very efficient and well suited for many
battery-powered devices.

4.4 Subjective Listening Test. As mentioned previously,
one of the goals of the present study is to enhance the piezoelec-
tric device to a level for audio purpose. Therefore, subjective lis-
tening test were carried out to assess the audio quality delivered
by the piezoelectric panel speakers. Five kinds of piezoelectric
panel speakers, listed in Table 6, were used in the listening test.
Four subjective indices, loudness, clarity, liveness, and warmth
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 Hz
~2 kHz), and “warmth” is the low frequency reverberatidiess
than 500 Hz [12]. There were eleven subjects taking part in the
listening test. All of these subjects listened to a segment of music
and another segment of speech. The results of listening test are
shown in Figs. 11 and 12. It was found that the speaker No. 1
produced the highest loudness, but the worst performance in the

Sound pressure level (Pa,dB)

20 I ]
10° 10*
Frequency (Hz)

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

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 ~ X60 mmX0.3 mm

Speakerl Speaker2
Panel size 42 mxd84 mmx 0.1 mm 42 mnx 84 mmx 0.1 mm
Panel Carbon fiber Carbon fiber
material
Boundary White foam White foam
condition
PZT size 15 mnx 30 mmx 0.1 mm 15 mnx 30 mmx 0.1 mm
PZT 1/4 of long side, 1/3 of short side 1/4 of long side, 1/3 of short side
position
c 23.16x 10 N/m? 11.73< 10" N/m?
c?, 14.07x 10" N/m? 7.77x 10" N/m?
Coe 4.545<10'° N/m? 1.98x 10" N/m?
h3; —-3.21x10° V/im —8.1x10° V/m
B3 2.3077x 107 1.94x 10°
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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 X84 mmX0.1 mm. The PZT is the same as that
used in Speaker 1 of Table 5

Speaker Panel Panel size PZT size PZT position Boundary

number material (mm) (mm) (mm) condition
No.1 Carbon 42X 84x0.1 15x30x0.1 (14,21 White
fiber foam
No.2 PC 4% 84x0.1 15<30%x0.1 (14,22 White
foam
No.3 Laminate 4% 84x0.1 15x30x0.1 (14,21 White
foam
No.4 Carbon 42X 84%x0.1 15x30x0.1 (14,21 White
fiber+ foam

damping
No.5 Acrylic 42X 84%0.1 15<30%x0.1 (14,21 White
fiber foam
Loudmness odology for piezoelectric panel speakers is presented in this paper.
5E T T T T 1 The performance and adequacy as a broadband loudspeaker of the

proposed device is investigated. As confirmed by the numerical
4 and experiment results of various indices, the piezoelectric panel
Lrveress speaker using the optimal configuration indeed produced better

5k : 1 performance than the non-optimal ones.

From the experimental results, the advantages of the piezoelec-

i ' tric panel speaker are two-fold. The piezoelectric panel speaker

_ Clarity : achieves an impressive efficien¢gpproximately 10:Lover the

5t 7 voice-coil driven counterpart. In addition, the thickness of piezo-
{——’H”’H electric panel speaker measures only 0.2 mm, which is also much

Wi L less than the 2.4 mm of the voice-coil counterpart. Overall, the

o 1 T - T - piezoelectric panel speaker has displayed the potential for the 3C
- applications.
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