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Analysis of a Plate-type Piezoelectric Composite Unimorph Actuator
Considering Thermal Residual Deformation
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Abstract

The actuating performance of plate-type unimorph piezoelectric composite actuators having various
stacking sequences was evaluated by three dimensional finite element analysis on the basis of thermal
analogy model. Thermal residual stress distribution at each layer in an asymmetrically laminated plate
with PZT ceramic layer and thermally induced dome height were predicted using classical laminated
plate theory. Thermal analogy model was applied to a bimorph cantilever beam and LIPCA-C2 actuator
in order to confirm its validity. Finite element analysis considering thermal residual deformation showed
that the bending behavior of piezoelectric composite actuator subjected to electric loads was
significantly different according to the stacking sequence, thickness of constituent PZT ceramic and
boundary conditions. In particular, the increase of thickness of PZT ceramic led to the increase of the
bending stiffness of piezoelectric composite actuator but it did not always lead to the decrease of
actuation distance according to the stacking sequences of piezoelectric composite actuator. Therefore, it
is noted that the actuating performance of unimorph piezoelectric composite actuator is rather affected

by bending stiffness than actuation distance.
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Fig. 1 Deformed shape of a LIPCA-C2 with an
anticlastic curvature due to poisson effect
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Fig. 2 Schematic of unsymmetrically laminated plates with PZT

sequences

Table 1 Mechanical and piezoelectric properties
used in this study

PZT Carbon/ Glass/
Material properties  ceramic epoxy epoxy
(3203HD)  (fabric) (fabrig)
Elastic properties
En (GPa) 62 66.42 21.7
Ey» (GPa) 62 66.42 21.7
G2 (GPa) 25.57 435 3.99
Viz 0.31 0.054 0.13
CTE
a (10°C™) 35 0.16 14.2
o (10°C™ 3.5 0.16 14.2
Piezoelecrtic constant
dy (10mv™) -320 - -
dn (10" mV™ -320 - -
Thickness (mm) 0.25 0.105 0.07
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ceramic layer according to the different lay-up
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Fig. 3 An asymmetrically laminated plate with PZT
ceramic layer subjected to electric fields
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Fig. 4 Various boundary conditions applied to three
dimensional finite element analysis
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Fig. 5 The distribution of thermal residual stresses and locations of neutral plane in unsymmetrically laminated

plates with PZT ceramic layer
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Table 2 Comparison of actuation distance and
thermally induced dome height
according to the lay-up sequence type

Actuation distance

Lay-up type (10" mm) Dome height (mm)
A 0.827 0.263
B 1.187 0.878
C 0.948 0.658
D 1.288 1.119
E 1.494 1.148

Fig. 6 Schematic of a piezoelectric PVDF bimorph
cantilever beam

PZTAE Y 5 e EAstd F585e] &3
M FA Esioh uebd Fgol I ZAFW
949 FHolA #& W, FEH PZTAHAUTF
9¥o] EAsHE Type D B} 4971 254%S
o BHANE uiFAed AFrxen T F A

o},

42 =E72i9t @ HHl o3 F &0l

Table 25 HFFA e FFA =3
2 BAEE §F FolE veith pzTAlEH Y
EAdA ZAE Hyo oF FHAAA Az
o AEAYd @ HPd g7 F %O Type E
9} D7} 71 =gom Type A7F b Agith
ole} & AdE HEW FFRAM AFHE

245 AWRAST He AFTEE Hof U
HA% AFT2E AFAYY § ¥olE Ao
5 e BHE

e
)
=2
X

Ir

2
or
b
>
b
ne
tilo
jad
=
L
td
Id
i)
=
s

¢} LIPCA-C23HE 7)o 243l g3AdL AF3t
I Agsd oMo sixAzE viws] Bk
}.

Fig. 63} Zo] 3ol A& yigjo]HA 2F
2% ¥ ubo] 2 Z(bimorph) A <]Txo] ojRA
gro] shajAA A4EF GAAFRE A AFHF S

& olx

By $YRI 35719 84 415

’E‘ —e—FEA

€ 0)—0— —0— Analytic
@ o~

o S~

s

= 101

o

8 -204

o=

Q

hel

o -304

|_

-40 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Distance (m)

Fig. 7 deflection of piezoelectric bimorph cantilever
beam subjected to electric load of 1V by
finite element analysis based on thermal
analogy and analytic solution

hog 7+ 2o 0.5volt B HLE WL
SHAEtE Y T AIAFE @ YA 2R
o] 8% frarsMdzts} HHH oo A
2 Fig. 79 Jetdch #iMql 2189 57t €%
AAFE A ADE ol &3 FF FE& ¢

e 29 #4448 e A 18)& olgstd Tkl

Lar

3d,Vx’
2

w(x) = ”

(18)

Fig. 72% 8 nlojzx ¢hdn o] Ed(x=0.1m)°l
A @ A 2dg o843 frEeisAdds
A ok 0.8% 2289 oA ZF L2A s
o}

Fig. 82 49 ©exx] Z7o|A LIPCA-C29l
glsted QI7FAQM wWE ol3 FolWslE E
F583 27| ofa ¥olE :T A4FHE I
RO ZHA 9 qFAE PA HAEH. 2
A7}, LIPCA-C29] & EAFL A7MdSol $7t
+2 AgH oz F7sHgch A7kl 100V,
Q w, 4 AFLHY 27] ofA FolE uT

< Agz9t oF 9% ztolE



416

o
o,
of)

0.30 v T T v T T
0.25 —e— present predicted
) —a-- measured-from Ref.[9]
,g 0.20 —a— predicted-from Ref.[9]
E o
= ~a
£ 0.154 : e A
2 fx A
2 010 - 44 o
) o 3 & AT
2 o
< A T 4
0.05 TN
r=
=
0004 g y y T
0 20 40 60 80 100
Electric field (V)

Fig. 8 Comparison of the arc height of LIPCA-C2
according to electric field change

6 T T T T T
[1BCt

s{ zZzaBc2- - e I
M BC3

44 XXIBC4

SN\
7077
o702

o

%
c
Lay-up type

Fig. 9 Actuating displacement according to stacking
sequences and boundary conditions subjected
to electric load of 100V

3} ol ¥ol2 nA@ sdgol 4PAY =24
S22 A A57d AEASANE AdAE
HYHRAN LEdolz WA= FHIA
ok folt melHolel Beh A7lo UEhd v
s o] @ A} BAL ol A A4
Ao} AgAe wma & YNGR AYea
d9 Wold gEsitn weag. a8y 2
7 Aol AgaA H gAARE AR WA
g4 2 HysterisisT Ul Aoz A 3
E}_'(IS,W)

44 Tt54sYIt

Fig. 9 100ve] A& A7FE W Fig. 39|

LMo T

T A
3.0 T T T T T T
4. .. ‘ : —u—Type B| |
25 \ _ —e—TypeC
. ’ —a—Type D
A
£ 2.0 TN ) "oy~ TypeE|
€ 15/ = —vn A o
\/‘—u \. \Vs’\ :
E ‘ e S
£1.04 S 8
K= . ST
0.5 e
0.0

005 010 015 020 025 030
Thickness of PZT ceramic (mm)

Fig. 10 Influence of PZT thickness on hgpem
according to the stacking sequence

st AYP2x Zol(-142T)=
wAse AFTEH F xolE nstd fda
ZAFENE vEpdo. o)A
UG T2 AARA 1, 2, 49 FLd
T A58y FIF AR FALYE AAF
olin AAZZA 39 AfdE HSH BddAMY
ARFE Yepdoh mE HEElel g g9
AR ZABCHANA FFA5ol 713 £4 Rz
EEw 2ABCI)AA HF Ak zH A
STAEE AdEd AAzAC gt
© A2 gzA Jedth 358 Ys Type DO
E7t 2E ZAAZZAAA H%3 FFolU3 Type
AZF B8 FAstoh o9 e AdgE olv @ 3§t
Foll % =7] FES 2= 4 Fy9 FFIld
A7) 5ol 7sA o FAFrle AFTAH 2
2 YA ZAAzAC g FFAdse] gt
FajEot. dukdor F AL Ze 4
go] 245 ¢ dadldng® o
¥ ¥®°l= Type B9} 397} 713 =
th. a2 EF3t Type EY AW}
-2 Table 29} Fig. 504 & +
%ol AFA aZxn FHEHol PZT AHHF
Qo] EAgte] FPol W& AA 2AFAY
o) F-o o}

ol

N
o
o
o)
%
2,
o

45 PZTH2tY =7} M8 & solof n[x|l=

o3

Fig. 10& Fig. 20| Uehd HAFFRAA EE



AF QMY Teld BB 4A BYAR FURT $57)9 44 417

3, (mm

005 010 015 020 025 030
Thickness of PZT ceramic {mm)
(a) BC1

E N

8.4 (mm)

005 010 015 020 025 030
Thickness of PZT ceramic (mm)
() BC3

005 010 015 020 035 030
Thickness of PZT ceramic (mm)
(b) BC2

—s—Type B| - .
—e—Type C|. .
—a—Type D

005 010 015 020 025 030
Thickness of PZT ceramic (mm)
(d) BC4

Fig. 11 Influence of PZT thickness on the actuating displacement at various boundary conditions subjected to

electric load of 100V by finite element analysis
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Fig. 12 Influence of PZT ceramic thickness on the
actuation distance and bending stiffness of
piezoelectric composite actuator according
to the stacking sequence
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