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Abstract

Traditional smart-material actuator systems are hard-wired, so that they are likely sensitive to
electromagnetic interference in many operating conditions and environments. A photostrictive type of
opto-electromechanical actuator activated by high-energy lights can introduce actuation and control effects
without hard-wired connections. In this paper, the behavior of photostrictive opto-electromechanical
actuators bonded to the surface of two-dimensional (2D) elastic structures for active vibration control is
investigated. General opto-piezo-thermo-elastic equations for predicting opto-piezo-thermo-elastic
behavior of photostrictive opto-electromechanical actuators are presented. All material constants of
photostrictive actuators are calibrated based on laboratory experiments. Analytical solutions and
numerical results demonstrate that the spatially configured discrete opto-electromechanical actuators
at carefully selected locations can effectively suppress the dominating fundamental vibration modes of
2D structures.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, tremendous research efforts have been focusing on active structural vibration
control using traditional electromechanical transducers (such as piezoelectric, electrostrictive, and
magnetostrictive actuators) [1-7]. Usually, these traditional actuators require hard-wired
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connections to transmit the control signals. Due to the existence of external electromagnetic field
in many operating environments, often there is electromagnetic interference using the traditional
electromechanical transducers. In order to remedy this problem, optically driven distributed opto-
electromechanical actuators, which can provide actuation without hard wires, need to be
developed.

Photostrictive material is capable of producing a strain on its surface in response to a
high—intensity light. The feasibility and the performance of the photostrictive type of actuator
applied to one-dimensional systems have been demonstrated by a number of researchers [8—11].
The couplings of photostriction, photodeformation, pyroelectricity, thermoelasticity and opto-
piezothermoelasticity of two-dimensional planar opto-electromechanical photostrictive actuator
were investigated by Liu and Tzou [12]. Recently, Shih and Tzou [13] developed a constitutive
modeling for one- and two-dimensional distributed photostrictive actuators.

In this paper, the general opto-piezo-thermo-elastic equations for predicting behavior of
photostrictive opto-electromechanical actuators are presented. All the material constants of
photostrictive material are calibrated based on a laboratory experiment. A theory for the
vibration control of two—dimensional elastic structures by photostrictive opto-electromechanical
actuators bonded to the structure surface has been developed. This theory is applied to the
vibration control of a simply supported rectangular plate using different combinations of
actuators symmetrically bonded to the plate surface. In the development of smart structures, it
was observed that distributed actuators, when placed symmetrically about the centerlines, have
control deficiencies. One method to improve the controllability of distributed actuator is to
position actuators appropriately. Since effective control depends on the location of actuators, in
this paper, actuator locations are studied in order to provide good controllability and to improve
actuator effectiveness.

2. An opto-electromechanical actuator

An opto-electromechanical actuator is made of photostrictive material, which is both
photovoltaic—producing electricity from light—and piezoelectric—creating motion from electricity.
The combination of photovoltaic and piezoelectric effects is called photostriction. Photostrictive
materials are ferrodielectric ceramics that have a photostrictive effect. PLZT is a photostrictive
material with the general formula [(Ph,La)(Zr, Ti)Os] that can be used as a photostrictive actuator.

When the high-energy illumination is irradiated on the photostrictive actuator, the light causes a
voltage generation between the end surface paired electrodes. This process is the photovoltaic effect.
The induced photovoltaic voltage (E;) induces actuation strains due to the converse piezoelectric
effect. When illuminated, the light energy also heats up the actuator. The body temperature of the
opto-electromechanical actuator rises. This temperature change then triggers the pyroelectric effect.
For an opto-electromechanical actuator irradiated by high-intensity light, the induced in-plane
electric field E(t) and the body temperature 0(¢) at the time instant #; can be estimated by [12,13]

E(t) = E/tj—1) + [Es — Ei(tj-1)] gl(fj)ef(a/”“')l(’ijl — E/(t;—1)pe P At (1)

S

0(ty) = 0(1j-1) + {lI(1)P — y0(1;- )AL} /(H + yAr), 2)
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where Az is the time step, Ej is the saturated photovoltaic field, « is the opto-electromechanical
actuator constant, f§ is the voltage leakage constant, P is the power of the absorbed heat, A is the
heat transfer rate, H is the heat capacity of the opto-electromechanical actuator, /(z)) is the light
intensity at time #;, and a,=a/b (length/width) is the aspect ratio.

As noted earlier, heat can trigger the pyroelectric effect from which an additional voltage is
generated. The electric field Ey(¢), contributed by pyroelectric effect, can be determined from [14]

Eo(0) =000, ©

where P, is the pyroelectric constant and ¢ is the permittivity. In view of the above discussion, the
total induced electric field E(¢) including both the photovoltaic effect and the pyroelectric effect is

E@t) = Ei(1) + Eo(0) (4)

The actuator strain is along its polarization direction. In general, there are two temperature-
induced strain components. One is due to the thermal strain effect. The other is due to the
pyroelectric effect. The photovoltaic effect and pyroelectric effect can induce a positive strain.
Since heat interferes with the photostriction, the thermal effect introduces a negative strain. The
total magnitude of the light-induced strains can be expressed as

s(1) = ds;E(t) — 20(1)/ Y o )

where ds; 1s the piezoelectric-strain constant, A is a thermal stress coefficient, and Y, is
the Young’s modulus of the opto-electromechanical actuator. The corresponding stress can be
written as

T(1) = Yas(t) = ez E(1) — 20(2), (6)

where e33 is the piezoelectric-stress constant. The expression of the actuator stress 7(¢) is
established as a function of light intensity.

3. Parameter calibration

To validate the mathematical models and the constitutive relations, photodeformation
responses need to be calculated and compared with experimental data [8]. The dimensions of
the clamped—free bimorph opto-electromechanical actuator used in the test are ¢ = 21 mm, b =
Smm and 42 = 0.4mm. A bimorph opto-electromechanical actuator is made up of two layers of
photostrictive materials as shown in Fig. 1. These two layers are arranged in opposite polarities,
and the common electrodes (conducting material) are on the two end surfaces. When an
illumination irradiates on one photostrictive layer, the light can induce an extensional strain and
an electric field on the irradiated layer. The electric field will go through the conducting material
and be applied on another layer. The voltage then triggers the converse piezoelectric effect in that
layer and induce a compressive strain. In this paper, the bimorph actuator is defined in its local
(X,7,2) coordinate system.

In the experiments, ultraviolet beam is irradiated vertically to the bottom surface of the
test piece, as shown in Fig. 2. The normal stress 7(¢) in the upper layer is in compression while
the lower layer is in tension. Stresses multiplied by a cross-section area gives an equivalent
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force dF:
dF = b(exs E — A0)dy. (7

The bending moment M can be calculated as

ha/2 ha/2
M = / dM =2 / $dF =2 / bless E — 70)7 dp, (8)
0 0

Fig. 1. Bimorph optical actuator.
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Fig. 2. Bimorph actuator under irradiation of light.
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M = (ez3E — /0) 1

)

where 4, is the actuator thickness. The bending moment can be related to the transverse
displacement by
R0

M= Ya]@’

(10)

where [ is the area moment of inertia (/ = bhz /12) and is w the transverse displacement. Hence,
equating Egs. (9) and (10) led to

bl %W bh?
a6@=(€33E—/10) 4 (11
or
2 A o
M i 3(633E /LQ) ‘ (12)

ox2 Y h,

Based on Eq. (12) and the boundary conditions, the transverse displacement can be derived as

E —
W(2) :% Wﬁz. (13)

The measured time history displacement responses at the free end are plotted in Figs. 3-5, and
are compared with analytical solution calculated from Eq. (13). The surface temperature
responses are also calculated and compared with experimental data reported by Fukuda et al. [8]
(see Figs. 6-8). These figures demonstrate the proposed mathematical model is valid. The
calibrated parameters are summarized in Table 1, which will be used for case studies.

4. Application of opto-electromechanical actuators

To demonstrate the application, two pairs of opto-electromechanical actuators are considered.
The actuators are surface-bonded to a rectangular plate as shown in Fig. 9. The bonding
is assumed to be infinitely thin and perfect. Since the in-plane membrane control forces and
the in-plane twisting effect are usually neglected in the transverse vibration control of plates,
the study here focuses on bending control effects. An actuator patch with edges defined by x1, x»,
Y1, V2, as shown in Fig. 9, produces a strain over its area. If the polarization of the actuator
is in the x-direction, the induced bending moment in the plate can be written using unit step
function u(-) as

h+ h,
M =L Tl — ) = ux = )y = ) — uly = )l (14)

where /£ is the plate thickness.
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Fig. 3. Displacement response of the optical actuator for I (illumination intensity) =200 mW/cm> x , simulation; e,
experiment.
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Fig. 4. Displacement response of the optical actuator for I (illumination intensity) =100 mW/cm> x , simulation; e,
experiment.

For another actuator patch, with edges x3, x4, ¥3, y4 and polarization in the y-direction instead
of x-direction, the induced bending moment is given as

mg, =" Zh” ha T(O[u(x = x3) = u(x = xa)] - [uly = y3) = u(y = yo)] (15)
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Fig. 5. Displacement response of the optical actuator for I (illumination intensity)=25mW/cm?. x, simulation; e,
experiment.
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Fig. 6. Temperature response (°C) of the optical actuator for 7 (illumination intensity) =200 mW/cm>. x , simulation;
®, experiment.

It should be pointed out that the opto-electromechanical actuators over the upper surface could
cause a positive curvature of the plate. On the other hand, the actuators on the lower surface can
bend the plate convex downward. Hence, the curvature is negative.
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Fig. 7. Temperature response (°C) of the optical actuator for 7 (illumination intensity) =100 mW/cm?. x , simulation;
®, experiment.
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Fig. 8. Temperature response (°C) of the optical actuator for / (illumination intensity) =25mW/cm?’. x , simulation; e,
experiment.
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Table 1
Calibrated parameters
Variable Value Notes
E, 243 % 10° V/m Saturated electric field
Y, 6.3 x 10'°N/m? Young’s modulus
o 0.02772 cm?/(w's) Optical actuator constant
p 0.01V/s Voltage leakage constant
P 0.23 x 10° cm?/s Power of absorbed heat
ds3 1.79 x IO’IOm/V Piezoelectric strain constant
H 16w/°C Heat capacity
Y 0.915w/°Cs Heat transfer rate
A 6.8086 x 10* N/m**C Stress-temperature constant
P, 0.25x 107*C/m**C Pyroelectric constant
& 1.65x 1078 F/m Electric permitivity

y

-~ plate
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A
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y1 """
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Fig. 9. Plate with opto-electromechanical actuators.

5. Dynamics of simply supported plate

For the case shown in Fig. 9, the opto-electromechanical actuators are assumed to not
significantly alter the inertial mass and effective stiffness of the base plate structure. This
assumption is likely to be reasonably accurate for the small and thin actuators. In view of this, the
actuator mass and stiffness will not be considered in this study. It is also assumed that the plate is
mechanically isotropic. Thus, the differential equation of motion takes the form

2 2
0 Mcév_i_a M;y

4 “
DV*w + phw = . 57 (16)
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where V* is the biharmonic operator, p is the mass density of the plate, and w is the plate
transverse displacement. D denotes the flexural rigidity of the plate, and is defined as

Yh?

=0 -2y (4

where Y is the Young’s modulus of the plate and u is the Poisson’s ratio.
In this study, simply supported boundary condition is assumed. The dynamic response can be
written as a summation of sinusoidal modes,

w3 =55 1 ~sin
Y

m=1 n=1
=> an(z)d)nm(x, », (18)

1 n=1

N

1

where the time-dependent functions 7,,,(¢) are the plate response amplitude of the mnth mode (or
modal coordinate), and L, and L, are the dimensions of the plate. The symbol ¢,,,(x, y) is used to
simplify the expression.

Substituting the modal expression (18) into the system equation (16) leads to an equation in
term of the modal coordinate. Integrating over the whole plate surface, applying the modal
orthogonality of natural modes, the modal equation can be written as

mn

. - 4 * M,
N + 2Comn Omntlyn + w2mn’7mn = ohL.L / o2 = P (X, y)dx dy
X=yJx Jy

2aga
4
+ pl’leLy /x /y‘ a > (bmn(x y) dx dy (19)

where (,,, is the damping ratio, and w,,, is the natural frequency of the mnth mode.
The substitution of Eq. (14) into the first term on the right-hand side of Eq. (19) permits this
term to be rewritten as

oM
L [ e bt sy

—2(h + hy)h,
- 2(ph+L L) : / / ~o (e = x0) = u(x = x)] - [uly = 1) = uy = y2)]) (. y)dx dy

—2(h + h)h,T (mL, mmx; mmnx, nmy, nmy,
= cos — cos cos — cos
phL.L, nlL, L, L, L, L,

= _anx- (20)

With reference to the third line of above equation, it should be pointed out that the first part in
Eq. (20) is related to material, geometry and the induced stress, whereas the second part is modal
and dimension dependent, and the third part defines the spatial characteristics. Similarly, an
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insertion of Eq. (15) into the second term on the right-hand side of Eq. (19) yields

phL L, // ¢mn(x y)dxdy

_ =2(h+ h)hy
= (ph-; L) T/V /y 5 ([u(x — x3) — u(x — x4)] - [u(y — y3) — u(y — y4)]) ¢,u(x, y)dxdy

_ =2(h+ h)h,T (nL, cos mmnx; cos mmnxy cos nmYs cos nmy,
 phL,L, mLy L, L, L, L,

ity @)

The symbols M, and M,,my are used to simplify the expressions and will be used later in the
paper.

In this study, the opto-electromechanical actuators are, respectively, placed on the top and
bottom surfaces of the plate. In this way, when the light is applied to one surface, the surface
bonded actuator induces a positive control action. However, when the light irradiates on the
surface of another actuator, the control action is negative. Thus, by alternately activating the light
sources, both positive and negative control actions can be generated for vibration control of the
plate. In view of this, Eq. (19) can be rewritten as

ﬁmn + 2Cmnwmnilmn + wfnnnmn + Sgn(ﬁmn)(anx + any) = 0’ (22)

where the symbol “‘sgn” denotes “‘sign of”’ and represents a function having value +1 if the
argument 7, is positive and value —1 if its argument is negative.
In this study, constant light intensity control is used. The light intensity /(7) can be expressed as

I(1) = GImax |7, (1)1, (23)
where G is the feedback gain.

6. Case study

Based on the modeling of the opto-electromechanical actuator and its coupling with an elastic
plate, dynamics and control effectiveness are investigated in this section. Results are presented for
the active vibration control of a plate with opto-electromechanical actuators. The dimensions of
the plate is L, = 0.8m, L, = 0.6m and 4 = 1.0mm. The opto-electromechanical actuators with
thickness of 0.25 mm are applied over the upper and lower surfaces for control of vibration of the
plate. The plate was assumed to be steel with material properties given as ¥=2.1 x 10'' N/m? and
p=7.8 x 10°kg/m>. The material properties of actuator are taken as ¥,=6.3 x 10'°N/m?, and
pa=7.6 x10°kg/m>. In this study, in order to show clearly the effects of active damping,
structural damping is not taken into account.

In this study, two different configurations of actuators are investigated and their layout is given
in Fig. 10. For configuration /, three actuators were symmetrically placed at the center of each
plate surface. In the second arrangement, two actuators were placed at x; = 0.05m, x; = 0.29m,
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Fig. 10. (a) Test configuration I; (b) test configuration II.

y1=024m, y, =03m, x3 =0.34m, x4 = 0.4m, y; = 0.06 m, y, = 0.30 m, respectively, on both
sides of the plate.

In this work, the analytical model is approximate since the mass and stiffness of the actuators
are not considered. To study the effect of the actuator patches on the dynamic response of plates,
a finite element model is developed. The finite element model was validated by comparing its
predictions with the exact natural frequencies of simply supported plates. The exact frequencies

can be determined by the formula
2 2
m\", (n
() (@)}

The first four natural frequencies of plates (exact values and the values predicted by the FE
method) are tabulated in Table 2. The frequencies for the plate with bonded actuator patches
(Configuration I) are also computed and presented in Table 2. It is seen from this table that the

5> | D
Opn = T4 | —

= (24)
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presence of the photostrictive patches leads to an increase in the natural frequencies of the plates.
Overall, the frequency changes are less than 2% that are practically insignificant.

The presence of actuator patches can increase the stiffness of the plate system. To further
investigate the effect of stiffness of the photostrictive patches, a static comparison has been
performed. Finite element analyses are applied to the plate without and with photostrictive
actuators. The geometry for the plate with bonded actuators is illustrated in Fig. 10(a). The plate
is subject to a uniform load of 100 Pa. The variations of the transverse deflection (along the L,/2
line) are shown in Fig. 11. From this figure, it can be seen that disparities are present. However,
the added actuator stiffness still does not significantly alter the stiffness of the plate. Based on the
above analyses, it can be seen that the developed mathematical model, although approximate
(neglecting the effects of the patches), suffices for the present study.

Table 2
Natural frequencies of the simply-supported plate models

Natural frequencies (Hz)

Exact FE FE
Modal indices (without patch) (without patch) (with patches)
(1,1) 10.7050 10.6435 10.8028
2,1 22.2665 22.0293 22.2811
(1,2) 31.2587 30.9893 31.3219
(2,2) 42.8202 41.9970 42.1448
5
I 1
4l g e
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Fig. 11. Displacements at y=L /2 for the plates with and without photostrictive actuator patches. — — — — — , without

patch; - - - - - , with patch.
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6.1. Configuration I

The center of the plate is the location of the highest strain for the (1,1) mode. When the
actuators are placed at this location, the control effectiveness is greater. It is apparent from Fig. 12
that the (1,1) mode is completely controlled and the modal amplitude is effectively suppressed
within 1.5s. As far as the (2,1) mode is concerned, the actuator is located symmetrically across the
(2,1) nodal line at L,/2. The parallel actuator edges cancel each other. The modal amplitude in this
case, Fig. 13, shows that the (2,1) mode is uncontrollable. As can be seen from Fig. 14, for this
location of the actuators, the (1,2) mode also cannot be controlled. From the results of
Figs. 12-14, it appears that the centrally located actuators can control the symmetric modes
m=1,3,5,...;n=1,3,5, ...) while the asymmetric modes (m =2,4,6, ...;n=2,4,0, ...) are
not controlled at all.

6.2. Configuration 11

From the above results, it is clear that in order to ensure the controllability for most of the
vibration modes, the actuators need to be placed unsymmetrically about the L,/2 and L,/2 lines.
Figs. 15-17 show the modal amplitude of the (1,1), (2,1) and (1,2) modes, respectively, for this
configuration. With reference to Figs. 12 and 15, it is observed that when the actuators is in
configuration II, the control effect is low as compared to the configuration I. However, analysis of
Figs. 16 and 17 reveals that this arrangement provides good control effect over the asymmetric
modes. Hence, the overall controllability can be improved. This increased effectiveness is
attributed to the actuators’ being in the better locations for controlling most of the structural
vibration modes.

0.0010

T

0.0005

0.0000

Amplitude (m)

-0.0005

-0.0010

0.0 05 10 15
Time(s)

Fig. 12. Mode (1,1) response, Configuration I.
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Fig. 13. Mode (2,1) response, Configuration I.
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Fig. 14. Mode (1,2) response, Configuration I.

The results of this study reveal that effective control depends on the locations of actuators. In
order to utilize the advantage of photostrictive transducers and maximize actuator effectiveness, it
is necessary to select appropriate positions of the transducers. The positions of the structure at
which the strain is highest are the best locations for actuators. Therefore, the actuators should be
placed in the regions of high average strains and away from areas of zero strains (nodal line).
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Fig. 15. Mode (1,1) response, Configuration II.
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Fig. 16. Mode (2,1) response, Configuration II.
7. Conclusions
This paper presents an analytical modeling for active vibration control of a flexible simply

supported plate structure by opto-electromechanical actuators. Based on the fundamental
photostrictive material properties, which include elastic, electric, light and temperature fields, the
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Fig. 17. Mode (1,2) response, Configuration II.

formulation of induced stress is derived. In the following, this multi-field coupled model is applied
to distributed vibration control.

The opto-electromechanical actuators are only capable of actuation along one direction. In
order to control a plate, two or more actuator pairs are needed. The placement of actuators is one
of the main problems in the design of adaptive/smart structures. The location of actuator strongly
influences the effectiveness of the actuator to control certain modes. With the knowledge of mode
shape of the plate structure and the photostrictive actuator behavior, one can select better
actuator positions on the plate to maximize the vibration controllability. In this paper, vibration
control effects of two different actuator layouts are studied. The results obtained from the case
study indicate that the use of an array of appropriately positioned actuators can provide good
controllability of the structure. The results presented in this study also can provide a better
understanding of opto-electromechanical actuator and control behavior of smart photostrictive
structronic systems.

It should be noted that the speed of response of the photostrictive actuators is not very fast
compared with the piezoelectric actuators. A study [15] shows that the photostrictive response can
reach around 100 Hz actuation frequency. Hence, the photostrictive actuators are effective in
static and low-frequency dynamic applications. For high-frequency applications, this type of
actuators may not be very effective. However, light-driven opto-electromechanical actuators have
many advantages over traditional electromechanical actuators, such as remote actuation and
immunity from electric/magnetic disturbances. Therefore, the detailed opto-electro-mechanics
need to be investigated. The practical applications of this type of actuators need to be
investigated. The practical applications of this type of actuators need to be explored. Further
study in this area is underway, the results of which will be presented subsequently.
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