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1. Introduction

Since the piezoelectric effect was first discovered
in 1880 by the French scientists Pierre and Paul-Jacques
Curie, the use of piezoelectric materials has really in-
creased in modern engineering applications, especially in
the field of smart structures, where they are used as actua-
tors and/or sensors. Although the magnitudes displace-
ments and/or voltages are small, piezoelectric materials
have been adapted to an impressive range of applications.
An interesting application in laser technology devices is
controlling the intensity of laser beam power up to zero,
realized by various laser beam shutters for safety and beam
control applications.

Piezoelectric bending actuators are designed as
double layer elements. In operation, one of the layers ex-
tends while the other compresses. As a result, it courses the
element to bend. Piezo bimorphs is a class of electrome-
chanical transducers converting an electrical voltage into a
mechanical displacement and vice versa. These types of
actuators provide the value of a bending displacement
much more than planar ones [1]. The paper considers op-
timal design problems in the context of piezoelectric bi-
morph actuator dynamics. The width profile of a piezoelec-
tric bimorph actuator is optimized. The study utilized by
the finite element method (FEM) to optimize the width
profile of the cantilever beam in order to determine the
resonance frequencies of the bimorph. The optimal form of
actuator was found considering to theoretical calculations
and experiment results. More specifically, we are inter-
ested in controlling the tip-deflection of a cantilever beam
subjected to a static and time-harmonic loading on its free
extreme [2].

The problem of establishing optimal piezoelectric
transducer’s geometrical form has been studied by many
authors, but since these approaches usually assume that
size, shape and number of actuators are given a priori, they
may lead to suboptimal solutions. It is also interesting to
optimize both structural and control parameters at the same
time. One of the first works in this area was given in [1]
which used fixed number and position of actuators for ac-
tively controlled beam structures [3].

Recently, some authors have begun to apply to-
pology optimization to find optimal piezoelectric actua-
tors’ distribution on plates and shells in the static case and
beams in the dynamic case, assuming constant thickness or
width in all of them. Some interesting results are obtained
by using shape optimization techniques. In [3] an iterative
technique to optimize the shape of piezoelectric actuators
over beams and plates is used in order to achieve desired
shapes of the structure.

The second design problem deals with finding the
optimal distribution of piezo-actuator width along the
structure under the same loading conditions, but keeping
constant the thickness [3].

2. The layout of investigated laser beam shutter and
working principle

Investigated piezoelectric laser beam shutter con-
sists of the bimorph type piezoelectric actuator /, special
plate for the beam shutting 2 and holder of bimorph 3. It’s
design is illustrated by view from the top and the view
from the front (Fig. 1). Bending deformations of bimorph /
can be actuated by the piezoelectric effect. The direction of
deformation and deformation rate depend on materials
used in actuator, polarization direction and electric field
that depend on supply voltage. Laser beam 4 is blocked if
electricity doesn’t influence piezo actuator, but in that case
if actuator is acted by supply voltage, bimorph actuator is
bended by amplitude 4 (Fig. 1, b) and laser beam 4 goes
without disturbing through laser shutter system [2].
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Fig. 1 The scheme of piezoelectric laser beam shutter:
a — view from the top, b — view from the front: b
and ¢ - width of piezoelectric actuator ends,
h - height, L - length of piezo ceramic plate,
P - direction of polarization, 4 - amplitude

3. Bimorphs used in design of laser beam shutting
system

The piezoelectric bimorph actuator (Fig. 1) is a
beam made of two uniaxial piezoelectric layers, laminated
together with opposite polarities.

Therefore, the piezoelectric elements are electri-
cally connected in series as shown in Fig. 1, b, in which
two piezoelectric elements with opposite poling directions



are directly bonded, and then covered by electrodes. The
application of an electric field across the two layers of the
bimorph causes one layer to expand, while the other layer
contracts.

When an external voltage is applied, the induced
strain generates moments that bend the bimorph beam. The
calculated static deflection of the beam is compared with
the analytical solution, described hereafter and with the
finite element modeling and experimental results.

The piezoelectric material used for the bimorph is
PZT (lead zirconate titanate). The material properties of
PZT (type CTS-23) are shown in Table 1.

Table 1
Properties of the PZT material CTS-23
Property Values
Density, kg m ~ 7.4 x10°
Dielectric constant 1200
Coupling factor 0.42
charge constant ds;, mv ! —140 x 102
Young’s modulus, Pa 70 x 10
Mechanical quality factor 200

The external surfaces of the piezo bimorph are
plated with a uniform layer of nickel electrodes, approxi-
mately 2 pm thick. The bimorph shown in Fig. 1 is driven
into bending vibration by applying an AC voltage across
the electrodes (peak to peak amplitude is 19 V).

The purpose of this investigation is to find opti-
mal geometrical parameters of bimorph transducer with the
aim to reach operating frequency bandwidth as wide as
possible. Bandwidth depends on resonant frequency of the
first bending form of actuator, so it is very important to
relate actuator’s geometric parameters with the first reso-
nant frequency and specified amplitude of oscillation. In
that case the design of piezoelectric shutter would be ra-
tional and consistent with the technical characteristics of
the system.

Calculations and experiments were made for three
cases: when ratios of the width of ends of the actuator were
1:1 (b =c¢), 1:2 (b =c”2) and 1:3 (b = ¢/3). Their dimen-
sions are shown in Table 2.

Table 2
PZT material CTS-23
Width ratio b=c b=cr b=c/3
Length L, m 0.055 0.055 0.055
Width b, m 0.01 0.01 0.01
Width a, m 0.01 0.005 0.0033
Height 7, m 0.002 0.002 0.002

4. Theoretical analysis

The static analysis of piezoelectric cantilever ac-
tuators is typically performed using an approach employed
by Timoshenko for calculating the deflection of a thermal
bimorph [4]. In Timoshenko’s analysis, the principal of
strain compatibility is employed between two cantilever
beams joined along the bending axis. The deflection of the
two-layer structure due to forces generated by one or both
of the layers is then determined from static equilibrium.
For the case of a piezoelectric heterogeneous bimorph, the

45

structure of interest consists of a piezoelectric layer bonded
to a purely elastic layer. The purpose of the elastic layer is,
in essence, to offset the neutral axis of the two-layer sys-
tem so that a lateral strain produced by piezoelectric effect
is translated into an applied moment on the bimorph. Such
structures are commonly used in macroscale applications
such as active structural damping and precision positioning
systems. For these macrodevices, the two-layer Ti-
moshenko model (bimorph model) is sufficient for deter-
mining the quasi-static behavior of the system since any
additional (e.g., bonding) layers are relatively thin and can
be ignored.

To design and use bimorphs rationally, it is cru-
cial to understand their coupled electromechanical behav-
ior using modeling. Generally, a bimorph actuator consists
of two ceramic plates bonded together, with the negligible
bonding layer (Fig. 2) and driven with opposite electrical
fields.

Fig. 2 Deflection of piezoelectric bimorph: a - piezoelectric
bimorph, b - cross section of bimorph, c - deflection

Linear piezoelectric effect of piezoelectric bi-
morph can be expressed as

(1

where d3; is charge constant, depends on used material,
m V''; E,is Young’s modulus, Pa.
Curvature of piezoelectric bimorph is given by

6(d3172E172 - d3171E171)(1 + m)2

humz +1ﬂ(1+ nm) +3(1+m)*
nm
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where the thickness of piezoelectric bimorph is /; in our
casem=1landn=1.
Ratio of thickness is

3)

Ratio of Young’s modulus, if piezo materials of
bimorph layers are different

“4)

Often, in a bimorph, we use the same material on
both layers, but apply an opposite potential to each

Vi=-V, =V 5)
This leads to

1 6d,V

— =20 (©)
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Fig. 3 Displacements of piezoelectric bimorph: 4z — verti-
cal displacement, 4x — horizontal displacement,
p — curvature of piezoelectric bimorph, » — arc of
piezoelectric bimorph.

Displacements of piezoelectric bimorph in z and x
directions can be calculated as

r2 r4
Ae(r) v — - 7
(1) 5507 %)
Ax 1”3 7’3 8
r)=-— +—
(r) 6p7 120" (®)

The fundamental resonance frequency of a canti-
lever beam of length L, thickness 4 and uniform width is
given by

Eh’
12p,

A

= 9
A e )
where p,is the material density, £ is Young’s modulus and
A1 =1.875 is a constant resulting from the fixed-free

boundary conditions of the cantilever beam [5].
5. Harmonic analysis

Harmonic analysis of piezoelectric actuator was
made by using finite element method and also with ex-
periments [6-8].

The dimensions of piezoelectric actuator model
were chosen as it is shown in Table 2. Common FE model
for numerical calculations are shown in Fig. 4 [9].

Fig. 4 Common FE model of piezoelectric actuator

As a result of calculations and experiments with
bimorph piezoelectric transducers, we obtained amplitude-
frequency characteristics. Resonant frequencies are shown
in Table 3.

Table 3
Resonant frequency, Hz
Width ratio | Numerical results | Experimental results
by FEM
c/b=1 310 307
c/b=0.5 380 379
¢/b=0.33 420 419
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6. Displacements of piezoelectric laser beam shutter

In order to compare the theoretical deflection
model of a bimorphs with experimental results, three
55 mm long bimorphs with variable width ratio of ends a/b
were actuated by applying a dc voltage between the upper
and lower electrodes and measuring the deflection at the
tip [10]. The geometric parameters for a bimorph cantilever
beams are shown in Table 2.

Fig. 5 Experimental set up

Displacements of piezoelectric bimorph were
measured by experimental set up is shown in Fig. 5. It con-
sists of: : / — power amplifier EPA-104; 2 — signal genera-
tor Agilent 33220A; 3 —analog digital converter (ADC)
“PicoScope-3424”; 4 — laser displacement sensor LK-G82;
5 — laser sensor controller LK-G3001PV; 6 - Polytec OFV-
5000 vibrometer controller; 7 - Polytec OFV-512 fiber
interferometer; § - Polytec OFV-130-3 micro-spot sensor
head; 9 - Polytec computer; /0 — computer; /1 — piezoelec-
tric bimorph actuator.

Experimental and theoretical results of displace-
ments are shown in Fig. 6.
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Fig. 6 Experimental displacements of bimorphs with vari-

able width ratio of ends ¢/b: 1 — (¢/b=1); 2—(c/b =

=0.5); 3 - (c¢/b = 0.33); 4 — theoretical results
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7. Conclusions

The design and analysis of the piezoelectric bi-
morph actuator for the laser beam shutter systems was pre-
sented. Influence of the geometric parameters and form of
the piezoelectric bimorph on the resonant frequency of the



actuator was determined. Modal frequency and harmonic
response analysis based on FEM and experimental studies
of the actuator have been carried out. Both the finite ele-
ment computation and experimental results confirmed that
bimorph with width ratio of ends ¢/b = 0.33 had a 30%
higher resonant frequency of the bending vibrations, than
that with ¢/b = 1. Experimental results showed that bi-
morph actuators with width ratio of ends ¢/b = 0.33 had not
only higher resonant frequency, but almost the same dis-
placement output.
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V. Jurénas, R. Bansevicius, S. Navickaité

PIEZOELEKTRINESE LAZERIO SPINDULIO
SKLENDESE NAUDOJAMU BIMORFU DINAMINIU
PARAMETRU OPTIMIZACIJA

Reziumé

Straipsnyje pateikiami tyrimuy, skirty lazerio spin-
dulio sklendziy greitaeigingumui didinti, rezultatai. Paro-
dyta, kad egzistuoja bimorfinio pjezoelektrinio keitiklio
optimali forma, uztikrinanti maksimaly keitiklio rezonan-
sini daznj, esant i§ anksto uzduotai jo virpesiy amplitudei.
Palyginami teoriniai skaiCiuotieji ir eksperimentiniy tyrimy
metu gauti rezultatai. Pagal nustatytaji itaiso darbo diapa-
zona, eksperimentiskai ir teoriskai nustatomi bimorfo atsi-
lenkimai.

V. Jurenas, R. Bansevicius, S. Navickaite

PIEZOELECTRIC BIMORPHS FOR LASER SHUTTER
SYSTEMS: OPTIMIZATION OF DYNAMIC
CHARACTERISTICS

Summary

The paper considers optimal design problems in
the context of piezoelectric bimorph actuator dynamics.
The width profile of a piezoelectric bimorph actuator is
optimized. The study utilized the finite element method to
optimize the width profile of the cantilever beam in order
to determine the resonance frequencies of the bimorph.
The optimal form of actuator was found considering to
theoretical calculations and experiment results. The calcu-
lation method and experimental measurements of dis-
placements of piezoelectric bimorphs are presented.

B. IOpenac, P. bancasuuroc, C. HaBuikaiite

OIITUMU3AINA IMHAMNYECKIX
XAPAKTEPUCTHUK ITbE30O3JIEKTPUYECKOI'O
BUMOP®A NCCIIOJIB3YEMOI'O B 3ATBOPAX
JIABEPHOI'O JIVUHA

PeszowMme

B crathe TpencTaBiIeHHBI Pe3yJIbTaThl HCCIIEHO0-
BaHMs JMHAMHKHU 3aTBOPA JIA3EPHOTO JIy4a, BBITOIHEHHOTO
B BHIC MbE303JICKTPpUIECKOro oumopda.OnpeaencH onTu-
MallbHi TPO(QUIIb HIMPHHBI TbE303JIEKTPUUECKOr0 Mpeod-
pasoBarens OMMOP(HOTo THIa, 00ECIICUNBAIOIIANA MAKCH-
MaJbHYI0 PE30HAHCHYIO YacTOTy mpeoOpas3oBatesis MpH
OIpe/ieNIeHHO aMIuuTyAe BuOpanuii. [IpuMensis pe3yiib-
TaThl TEOPETUUECKUX M IKCIEPUMEHTAIBHBIX HCCIIEI0Ba-
HUI [ojydyeHa onTtumanbHas (opma mpeobpazoBarels.
[peacTaBieHHBI METOJMKA PACCUETa U IKCIEPUMEHTAIIb-
HBIE M3MepeHHs N3THOHBIX NedopManuii mbe3ooumMopda.
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