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Opto-mechanical actuators controlled by high-energy lights represent a new class of
non-contact precision actuators based on the photodeformation process. The pho-
todeformation process involves two fundamental opto-piezo(electric)thermoelastic
coupling phenomena: 1) the photovoltaic effect and 2) the converse piezoelectric ef-
fect. Irradiating high-energy lights, such as lasers or ultraviolet lights, on a certain
class of photostrictive materials can trigger the photodeformation and, consequen-
tly the induced photodeformation can be used for non-contact precision actuation
and control. In the process of photodeformation, the temperature induced pyro-
electric effect and the thermal strain effect also affect the overall response. This
paper is to evaluate the micro-actuation sensitivity and spatial effectiveness of
distributed opto-mechanical shell actuators. Mathematical modeling of a circular
cylinder laminated with a segmented opto-mechanical actuator patch is presen-
ted first, followed by analytical solution procedures. Various design parameters
and micro-control actions, e.g., membrane control, bending control, actuator loca-
tion, actuator length/size, are evaluated and their modal control sensitivities are
reported. Time histories of free and controlled responses are demonstrated.
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1. Introduction

Conventional structural and mechanical systems are usually divided into
two major categories: 1) the discrete (or lumped) system and 2) the distributed
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(or continuous) system. Dynamic responses of discrete systems are functions of
time, and those of distributed systems are functions of time and space (spatial
variables). Furthermore, control of distributed systems can be achieved using
either discrete or distributed actuators. Discrete devices applied to control of
distributed systems are extremely sensitive to their spatial locations. They
are virtually useless if located at modal nodes or lines. On the other hand,
distributed actuators are more effective to control of distributed systems (Tzou
and Bergman, 1998).

Shells and shell-type structures are widely used in many advanced engi-
neering applications, ranging from micro-nozzles to aerospace structures (e.g.,
antennas, solar panels, etc.). There are two essential control techniques used
to accomplish distributed control of shells, i.e., 1) the passive technique and
2) the active technique. The passive technique usually involves energy absorp-
tion and dissipation devices, e.g., viscoelastic dampers, dynamic absorbers,
constraint-layer dampers, etc. The active control technique, however, usual-
ly utilizes actuators and/or counteracting devices, e.g., electromechanical ac-
tuators, piezoelectric actuators, proof-mass dampers, active constraint-layer
dampers, etc. (Tzou and Fukuda, 1992). This paper focuses on the distributed
control of distributed systems (i.e., continua — shells and plates) using active
non-contact distributed opto-mechanical actuators.

Conventional actuators require hard-wire connections to transmit energy
sources and control commands to activate the actuator mechanisms. The hard-
wire signal transmission busses can easily attract undesirable electric noises
influenced by electrical and/or magnetic fields, long distance transmissions,
etc. Accordingly, noises and uncertainties are often involved and control com-
mands may not be accurately executed. In this study, non-contact distributed
opto-mechanical actuators activated by high-energy lights are investigated and
their microscopic distributed control characteristics are evaluated. Light dri-
ven opto-mechanical actuators have many advantages over conventional hard-
wired electromechanical actuators, such as 1) non-contact actuation, 2) im-
mune from electric/magnetic disturbances, 3) compact and lightweight, etc.
Brody (1983), Suski et al. (1990), Morikawa et al. (1993), and Fukuda et al.
(1993) studied one-dimensional (beam-type) opto-mechanical actuators. Pie-
zothermoelastic coupling of precision piezoelectric systems was investigated
(Tzou and Ye, 1994). Two-dimensional planar (plate-type) opto-mechanical
actuators with applications to distributed vibration control were investiga-
ted (Liu and Tzou, 1996; 1998; Shih and Tzou, 2000). An opto-mechanical
multi-degree-of-freedom actuator was also proposed and its performance eva-
luated (Tzou and Chou, 1996). Distributed opto-mechanical shell actuators
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and their control effectiveness were initially evaluated (Tzou and Liu, 1997).
This paper is concerned with the micro-control sensitivity analysis of distri-
buted opto-mechanical shell actuators laminated on cylindrical shells. Sensing
and control sensitivities with respect to geometry and location variations are
studied. Micro-control actions and shell control effectiveness with respect to
common design variables (such as locations, length, width, etc.) are evaluated.

2. Micro-photodeformation induced control actions

High-energy lights, e.g., lasers, ultraviolet lights, etc., irradiated on distri-
buted opto-mechanical actuators induces a photodeformation process. Figure 1
illustrates the opto-piezo(electric)thermoelastic coupling of the photodeforma-
tion process. Detailed microscopic opto-piezothermoelastic characteristics and
control actions are discussed in this section.

Electric Field :: - Photovoltaic Effect = - = = J

]

Electromechanical
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Control -~
Forces

Thermo-elasticity >

Fig. 1. Photo-piezoelectric-thermoelastic coupling

The photodeformation process involves two fundamental effects: 1) the
photovoltaic effect and 2) the converse piezoelectric effect — i.e., the shaded
path in Figure 1. The light irradiated on the optical actuator first induces a
charge flowing, opposite to the polarized direction, usually from the lighted
surface to the dark surface. This charge flow causes a voltage generation be-
tween the surface electrodes. This process is called the photovoltaic effect. This
voltage consequently induces mechanical strains due to the converse piezoelec-
tric effect. In addition, the high-energy light also heats up the opto-mechanical
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actuator, and the temperature change triggers the pyroelectric effect from
which a secondary pyroelectric voltage further enhances the strain generation
due to the converse effect. For an opto-electromechanical actuator irradiated
by the high-intensity light 7(¢;), the induced in-plane electric field £7(¢;) and
the body temperature 6(t;) at the time instant t; are defined as

E?(t.?) - E?(tj-—l) + [E: — E?(tj_l)]aoI(tj)e—aoI(tj]AtAt _

—E9(t;_1)Boe P At
(2.1)

0(t;) = 0(t;_1) + lAt[I(tj)W—'yoﬁ(tj_l)At]

H + v,

where E? is the saturation voltage; a, = a/as (a is the opto-mechanical
actuator constant and a; = a/b (length/width) is the aspect ratio); S, is
the voltage leakage constant; -, is the heat transfer rate; W is the power
of absorbed heat; H is the heat capacity; and At is the time step. Note
that properties associated with the opto-mechanical actuator are denoted by
either a subscript or a superscript o and light-related parameters/variables are
denoted by a subscript I in notations. As noted earlier, the heat can trigger the
pyroelectric effect from which an additional voltage is generated. The electric
field E}(t), contributed by the pyroelectric effect, can be determined from

E3(t) = 2°0(t) (2.2)
€o
where p, is the pyroelectric constant; ¢, is the permittivity; the subscript 6
denotes the temperature. Accordingly, the total induced electric field E¢,(t)
including both the photovoltaic effect and the pyroelectric effect is

Efp(t) = Ef(t) + Eg(t) (2.3)

Furthermore, there are two temperature induced strain components. One
is due to the thermal strain effect and the other is due to the pyroelectric
effect. The photovoltaic effect and the pyroelectric effect can induce a positive
strain. Since heat interferes with the photostriction, the thermal effect intro-
duces a negative strain of the material (Fukuda et al., 1993). Thus, the total
magnitude of the light induced photodeformation and the strains S;;(t) can
be expressed as

S, (1) = dsiES(t) + —1;3)\19(25) (2.4)
P

where dg; is the piezoelectric-strain constant, A; is a thermal stress coefficient,
and Y is Young’s modulus of the opto-mechanical actuator. The actuator
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strain is along its polarization direction and the corresponding stress — the
micro-control action — can be used in precision control. With appropriate lay-
outs and configurations, this photodeformation induced strain can introduce
control forces and moments and ultimately apply to non-contact precision ma-
nipulation and control of structronic and mechatronic systems. Note that these
fundamental opto-piezothermoelastic equations will be further elaborated and
incorporated into control of cylindrical shells discussed later.

3. Distributed vibration control of cylindrical shells

Modeling of a simply supported circular cylindrical shell, with the radius
R, length L and thickness h, laminated with a distributed opto-mechanical
actuator patch is studied and its control effects are evaluated in this section.
The cylindrical shell is defined in a cylindrical coordinate system, i.e., a; = z,
as = 3, and as, see Figure 2.

s actuator

Fig. 2. A circular cylindrical shell tube with an opto-mechanical actuator patch

A generic opto-mechancial actuator patch covers a part of the cylinder
defined by the coordinates z] to z3 and g7 to (5. The system equations in
the three axial directions of the circular cylindrical shell can be derived as
(Tzou, 1993; Tzou and Liu, 1997)

CONgy 10Ny
or R 0P
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ox
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where N;; and M;; are the elastic forces and moments; N and M;; denote
the opto-mechanical control forces and moments; p is the shell mass density;
ii; are the accelerations; and Fy, Fy, I3 are the external excitations, respec-
tively. The distributed control forces Nj; and moments M induced by the
micro-protodeformation are defined by (Heaviside) step functions

Ny (t;) = [Yyhodsi Bpg(t5) + hArb(t5)]Us (2)Us (B)

) +phiﬁ2 =

(3.1)

+ ,Ohfi;',;} -

= F3 + +

(3.2)
h+ he
2

where Y7 is Young’s modulus of the opto-mechanical actuator; h° is the actu-
ator thickness; ds; is the piezoelectric strain constant; Ef,(t;), and 0(t;) are
respectively the photovoltaic/pyroelectric voltage and the body temperature
induced by the high-energy illumination at the time t;; and A; is the ther-
mal stress constant, as discussed previously. The double step function Ug(f3)
(rectangular shape) is defined by the four-corner coordinates (z} to z3 in the
z direction and G} to (5 in the 3 direction) of the opto-mechanical actuator
patch laminated on the shell, see Figure 2

Mé(t_?) =

(Y, hodsi E7y(t;) + h°A16(t;)]Us(2)Us(0)

Us(ai) = us(a; — o) — us(a; — )

(3.3)

1 when o; > aj;
* 0y J
us(ay; — o) =

*
0 when o; < o

where 4,5 =z or .

4. Modal decomposition and independent modal control

It is assumed that the dynamic response induced by the external forces,
moments, and/or initial conditions can be synthesized by the participating
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mode shape functions. The amount of each modal participation in the total
dynamic response is defined by a modal participation factor ny(¢). Thus, the
total dynamic response can be represented by the summation of all participa-
ting natural modes multiplied by their respective modal participation factors

a11a2) Z Z nmn zmn 051,052) 1= 1: 2: 3 (41)

m=1n=1

where Uy, (a1, ag) is the mode shape function; mn denotes the mn-th mode;
m and n denote the mode (half-wave) numbers in the longitudinal and circum-
ferential directions, respectively. Substituting the modal expansion equation
into the shell equations, integrating over the whole shell surface and applying
the modal orthogonality, one can derive the mn-th modal equation

Timn + 2CmnWmnTimn + w;?m??mn - ﬁmn (42)

where wp,y, is the mn-th natural frequency; (mn is the mn-th modal damping
ratio and (nn = ¢/(2phwmn); and ¢ is the damping constant. When the
external mechanical forces I} = Fy = F3 = 0, the distributed modal (control)
force Fypmy induced by the opto-mechanical actuator patch is defined as

x5 53
- BNC 18Nﬂﬁ 1 aMﬁﬁ
Fymn = thmn// zkmn Tt (R Bl +R2 0B )Uﬁkmn‘}"
Mg, 1 Mgy Ny
t (Gt B )Uskmn| dzdB "

Nmn = //ZUkmn daldag

Detailed modal control forces/moments ﬁkmn are defined by the control al-
gorithms, i.e., the Lyapunov control and the proportional feedback control
discussed next.

4.1. Lyapunov control

In this case, the control force is defined by signum functions and it is reflec-
ted in induced micro-control actions (i.e., photodeformation induced strains)
and controlled by the light illuminations
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where Ay, By are the normalized modal amplitudes; cosine and sine functions
define the actuator spatial properties; the strains S;; are the induced control
strains resulting from the photovoltaic electric field Eq. (2.3) and the tempe-
rature Eq. (2.4) are defined previously in Egs (2.1) and (2.2). However, the
light intensity I(¢;) is now regulated by an on/off signum function

I(tj) = I(tj—1) + {Alsgn ;G max [ng;|] — 1(tj-1)} (4.5)

where A is the light intensity gain and G is the feedback gain.

)(sin nf] —sinnf;)

4.2. Proportional feedback control

It is assumed that the micro-control force/moment generated by the optical
actuator is proportional to the vibration velocity in the proportional velocity
feedback control. The control effect is reflected in the light intensity control
and the modal control force takes the same form as above; the light intensity,
however, is defined by the proportional control algorithm

I(t;) = AlGrikj — Fi(j—n)] (4.6)

5. Micro-control actions: in-plane (membrane) and out-of-plane
(bending) actuations

The overall control effectiveness is introduced by two micro-control actions:
the membrane control forces and the control moments. Thus, the kmn-th
modal control force is divided into two parts: the membrane control component
(Fimn )mems and the control moment component (ﬁkmn)bend

x5 35 X
- 1 ONE 1 NG, N5
£ n;,m = - T as YBzkmn =
z7 By
_ [ Ypoho (_._ AkS” + BkLng o LSzz )] )
PhNpn n mRn mnRmw (5.1)
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It is observed that the spatial distribution parts of these force components are
identical. Thus, the modal force of the kmn-th mode can be simply represented
as -~ —~ -~

kan = (kan)memb + (kan)bend (53)
As discussed previously, Si; and Sao are respectively the control strains in
the z and [ directions induced by the photodeformation process. The original
process involves three strain components due to the photovoltaic effect, the
pyroelectric effect, and the opto-thermoelasticity. For convenience, one can
add all three induced fields as Ej and define the induced micro-control actions
(strains) S;; and Sog as

S]_l - gllﬁj and 822 = ggg@j (54)

where d;; are the resultant opto-mechanical strain constants. Substituting
strain expressions into the membrane and moment control effects yields

Yp"h"E;- (_ Apdiy N ByLdyy  Ldyy )

(ﬁkmn)memb = [

PhNpn n mRn mnRr
mmTy ML , . . ~ ~
-(cos 7 L cos 7 2)(sm nfB] —sinnwf3) = (Fimn)membE;

(5.5)
YpohoE;» (_ mwgll N nngz B BkL322) _
phNyyn N 2nL  mRm  mnR?m

'L.* . . —~ o~
2)(3111 nrfl] — sinnwfBy) = (Frmn)bendEj

(ﬁkmn)bend = (h + ho)[

mmx

: (COS

(ﬁ'kmn)memb and (Flynn)bend are the resultant micro-actions denoted as the
control coefficients of the kmn-th mode, which respectively indicate the modal
membrane and bending control effectiveness of the actuator. Again, k denotes
the k-th component mode of the mn-th shell mode. Furthermore, the control
coefficients include both the feedback effect and the spatial effect.
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6. Micro-control sensitivity study

Based on the analysis presented previously, distributed vibration control
originates from two major micro-actions: the in-plane membrane control action
and the out-of-plane bending control action. Contribution of these two actions
on the cylindrical shell is respectively evaluated in this section. Furthermore,
since distributed control effectiveness depends on the spatial characteristics
of distributed actuators, thus, sensitivity analysis of actuator locations and
sizes (width and length) is also studied and compared. It is assumed that the
reference opto-mechanical actuator (30cmx10m/11) is placed from 0.2m to
0.5m and from —57/11 to 5m/11. The selection of an odd size actuator is to
assure the maximal controllability of low natural modes. Mathematical model
based simulations of the displacement and temperature responses of the opto-
mechanical actuator at various light intensities are compared well with the
experimental data (Liu and Tzou, 1998; Fukuda et al., 1993).
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Fig. 3. Micro-actuation strain versus light intensity and actuation frequency

Detailed analytical and experimental comparisons are provided in Appen-
dix. Note that the lines connecting modal data points presented in the follo-
wing modal sensitivity figures only indicate the tendency, which are artificial
because there is no mode between two mode-wave numbers. The line usually
connects data points of one specific design parameter, such that these data are
correlated. To evaluate the magnitude of control forces, the micro-actuation



OPTOPIEZOTHERMOELASTIC ACTIONS AND ... 785

(control) strain versus actuation frequency and light intensity is first calcula-
ted and plotted in Figure 3. It suggests that the actuation authority decreases
when the actuation frequency increases at a given light intensity.

6.1. Micro-membrane and bending control effects

Micro-control actions denoted by control coefficients, (ﬁkmn)memb of the
membrane control forces and (Fimn)bend Of the control moments of the

(m = 1,4 = 1) mode of a thin cylinder (h = 0.4mm) are compared in
Figure 4.
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Fig. 4. Membrane and bending control actions of a thin cylindrical shell
(h = 0.4mm)

Control coefficients (modes m = 1,4 =1 and m = 2, i = 1) varying with
respect to the mode number n for a thicker cylindrical shell (A = 1 mm) are
shown in Figure 5. Note that ¢ = 1 denotes the transverse component mode
of the three mode components, i.e., the transverse, circumferential, and longi-
tudinal component modes. These results suggest that the control coefficients
of membrane forces are much larger than those of control moments for most
of modes (n = 1,2,...,15) and the absolute value decreases as the mode n
increases. The bending control effect is relatively insignificant for lower na-
tural modes. Variations are affected by the individual mode shape function
and oscillation for the given opto-mechanical actuator patch. Summing the
membrane control effect and the bending control effect gives the total modal
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control effect. Note that the bending control effect is relatively insensitive as
compared with the membrane control effect.
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Fig. 5. Membrane and bending control actions of a thicker shell (h =1 mm)

Theoretical analysis reveals that the bending control effect increases as
the moment arm increases. Accordingly, the bending control effect increases
when the shell becomes thicker, only if the opto-mechanical actuator is surface
laminated. Note that the membrane control effect remains identical as before.
The control effect variations for the modes m = 1 and m = 2 are about the
same, however, the m = 2 control effect is smaller than that of the m =1
mode. As discussed previously, the variations depend on the individual mode
shape function and oscillation for the specified opto-mechanical actuator patch
(size and location). These factors are evaluated next.

6.2. Actuator length

It is assumed that the starting coordinate z] is 0.2m and the ending
coordinate x3 changes (0.5, 0.6, 0.7, and 0.8 m), i.e., the actuator length chan-
ges. Micro-control actions (control coefficients) of the (m = 1, n = 1,...,15,
i=1)and (m = 2, n = 1,..,15, ¢ = 1) modes are respectively plotted in
Figures 6a,b. For the (m = 1, n = 1,...,,15, i = 1) mode group, the control
coefficients increase as the actuator becomes larger. The control coefficients
for the (m =2, n=1,...,15, i« = 1) mode group change from positive to ne-
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gative, due to the control strain cancellations and the mode shapes. Note that
the symmetrically placed opto-mechanical actuator (z7 = 0.2m, 23 = 0.6 m)
does not have any control effect to all m = 2 modes. In this case, all control
coefficients are zero, i.e., these modes are uncontrollable by the symmetrically
placed opto-mechanical actuator.
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6.3. Actuator width

Next, the actuator width (35 — /1) in the circumferential direction is chan-
ged to /2, brr/4, and 7/11. Control coefficients of the two mode groups, i.e.,
(m=1,n=1,.,15,i=1)and (m =2, n=1,..,15, i = 1), for the three

H.-S. TzouU ET AL.

actuator widths are respectively plotted in Figures 7a,b.

~—
-4}
p—

Control coefficient

(®)

Control coefficient

Fig. 7. Control actions for different actuator widths; (a) m =1, (b) m
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It is observed that the wider opto-mechanical actuators give better control
effects, however, the control coefficients also oscillate, as discussed previously.
Also, it is noted that the symmetrical laminated actuator can not control
quadruples of natural modes (i.e., n = 4,8,12,...). The control coefficients
decrease as the longitudinal mode number increases.
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Fig. 8. Control actions for various actuator locations; (a) m =1, (b) m =2
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6.4. Actuator location

Furthermore, a standard-size actuator (30cmx107/11) is placed at various
locations to investigate the location effects to control coefficients. The actuator
moves in the length (longitudinal) direction and its starting coordinate 7 is
used as a marking coordinate. Figures 8a,b respectively present the control
coeflicient variations of two mode groups (m =1, n =1,...,15, i = 1) and
(m =2, n=1,.,15, ¢« = 1) at three locations, i.e., ; = 0.1 m, 0.3 m, and
0.4m. Note that the control coefficients of the z} = 0.1m and z} = 0.4m
are identical for the (m = 1, n = 1,...,15, i = 1) mode group, Figure 8a.
This is because that these two locations are symmetrical respect to the shell
center (i.e., the half-way). Also, the 2] = 0.3 m actuator leads to better control
results, since this actuator is close to the middle location which is the optimal
actuator location of the m = 1 mode. For the m = 2 mode group, there is a
nodal line in the middle of the cylinder and the left and right sides oscillate in
opposite directions. Thus, actuator locations greatly affect the micro-control
actions, and thus, the overall control effects.

As demonstrated in this section, the modal controllability depends on the
actuator sizes and locations. Accordingly, proper selection of actuator locations
and sizes greatly influences the control effectiveness of the cylindrical shell.

6.5. Optimal actuator location

Optimal actuator locations, insensitive to the first six natural modes, are
also calculated using the optimization procedures. The ”dead zones” denoting
the insensitive locations are illustrated in Figure 9. The horizontal axis denotes
the circumferential direction (0 to 360 degrees) and the vertical axis denotes
the longitudinal direction of a cylinder. In general, the actuators located in the
dead zones are ineffective (or least effective) to the control of first six modes.
Thus, effective sensor/actuator locations are outside these ”dead zones”, as
noted in the figure.

6.6. Time history analysis

Actuator location/size and micro-membrane/bending control effects are
investigated previously; transient time history responses with and without
control are calculated and compared in this section. The controlled natural
modes of the cylindrical shell are limited to lower natural modes. A velocity
signal of a reference point obtained by the optimization procedure is used
in the velocity feedback control — the proportional velocity feedback and the
Lyapunov feedback. It is assumed that the opto-mechanical actuator is placed
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Fig. 9. Nodal zone of the first six modes (m = 1,2,3; n = 1,2, 3) of the cylindrical
shell

from 0.2m to 0.5m and from —5n/11 to 57/11. An initial displacement of
1.0 x 104 m is imposed and the snap back responses with and without control
are investigated. Note that only the modal coordinate responses are plotted.
The physical modal displacement response can be obtained by multiplying the
modal response by the mode shape function. The resultant cylinder response is
obtained by summing all participating modal responses. Transient time history
responses of the cylindrical shell of the free oscillation and with the Lyapunov
control and the negative velocity proportional feedback control are calculated
and presented. For a demonstration purpose, two low natural modes, the (1,9)
mode with the lowest frequency and an arbitrary (1,5) mode, are presented in
Figures 10a,b.

Free response and control responses are compared in each figure. Note that
the damped frequencies change due to the enhanced controlled damping ra-
tios. Settling times of the time history responses can also be used to compare
the control effectiveness. For example, the 10% settling times of the (1,5) mo-
de corresponding to the proportional feedback control, the Lyapunov control
and the free response are respectively 0.28s, 0.10s and 0.44s. Apparently, the
Lyapunov control provides a better control effect than that of the proportio-
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Fig. 10. Time histories of the free and controlled responses; (a) (1,5) mode,
(b) (1,9) mode

nal control. (This behavior also complies with a number of earlier studies of
distributed systems with piezoelectric actuators (Liu and Tzou, 1998; Tzou,

1993)).
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7. Conclusions

Light-activated distributed opto-mechanical actuators represent a new
class of distributed actuators offering non-contact distributed actuation wi-
thout hard-wire connections. In general, a high-energy light first induces a
charge/voltage generation based on the photovoltaic effect consequently intro-
ducing mechanical strains due to the converse piezoelectric effect. The photo-
deformation process involves both the photovoltaic effect and the converse pie-
zoelectric effect. These induced photodeformations (strains) are carefully ma-
nipulated in the opto-mechanical actuators such that distributed micro-control
actions can be applied to control of elastic structures. Modeling of a circular
cylindrical shell laminated with distributed opto-mechanical actuator patches
was presented and the closed-loop opto-piezo(electric)thermoelastic equations
were derived. The system equations revealed the couplings among elasticity,
photodeformation, pyroelectricity, and thermoelasticity. Solution procedures
based on the modal analysis technique were outlined and the microscopic con-
trol mechanism of the opto-mechanical actuator patches was investigated. The
resultant micro-control actions include 1) the membrane control effect and
2) the control moment effect in which the membrane control force contributes
the in-plane control effect and the control moment counteracts the bending
oscillations. Formulations of the proportional and the Lyapunov control algo-
rithms were also presented.

Numerical simulations and sensitivity studies suggested that the distri-
buted opto-mechanical actuators are effective for controlling low frequency
modes. The resultant micro-control action can be divided into a membrane
control action and a bending control action, and the former is effective to
in-plane modes and the latter is effective to bending modes. Sensor/actuator
placements and actuator sizes also dominated the control effectiveness of selec-
ted natural modes. Symmetrical layouts usually are ineffective to even modes
or quadruple modes of a symmetrical structure. Time-history analyses illustra-
ted the control effectiveness of the distributed opto-mechanical actuator and
suggested that the Lyapunov control is more effective than the proportional
control. Note that all results were based on theoretical analysis and numerical
simulations with certain extrapolation of the present material properties ba-
sed on available experimentally calibrated data. Further experiments or finite
element analysis should be carried out to validate the results. Besides, the dy-
namic response of current experimental photostrictive materials is relatively
slow and these materials are ineffective to high-frequency control.
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Appendix: Comparisons between the mathematical model and
experimental data
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Fig. 11. Displacement responses at various illumination powers
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Fig. 12. Temperature responses at various illumination powers
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Oddzialywania optopiezotermosprezyste i analiza wrazliwos$ci
mikrosterowania w optomechanicznych cylindrycznych powlokowych
elementach wykonawczych

Streszczenie

Opto-mechaniczne elementy wykonawcze sterowane wysokoenergetycznym $wia-
tlem reprezentuja nowa klase bezstykowych precyzyjnych aktuatoréow dzialajacych
przy wykorzystaniu procesu fotodeformacji. Proces fotodeformacji opiera si¢ na dwoch
podstawowych zjawiskach sprzezenia opto-piezo(elektryczno)termosprezystego:
1) efektu fotowoltaicznego i 2) odwrotnego efektu piezoelektrycznego. Wysokoenerge-
tyczne swiatla napromieniowujace takie, jak lasery lub ultrafiolet moga zainicjowaé
w pewnym typie materialéw fotostrykcyjnych proces fotodeformacji, ktéry moze byé
wykorzystany do bezstykowych elementéw sterujacych i wykonawczych o duzej pre-
cyzji. Indukowany temperaturowo efekt piroelektryczny, ujawniajacy si¢ w procesie
fotodeformacji oraz efekt odksztalcenia termicznego wplywaja na odpowiedz calego
elementu. W pracy przedstawiono szacunkowe ujecie wrazliwosci mikrosterowania
i efektywnosci przestrzennego rozktadu cigglych opto-mechanicznych powlokowych
elementéw wykonawczych. W pierwszej czeéci pracy przyblizono problem modelowa-
nia matematycznego powloki cylindrycznej laminowanej razem z opto-mechanicznym
aktuatorem. W czedci dalszej przedstawiono analityczne rozwigzania postawionego
zagadnienia. Uklad zbadano przy réznych parametrach konstrukcyjnych i oddzia-
tywaniach mikrsterujacych, np. przy modalnym sterowaniu drgan membranowych
oraz gietnych i okreslono wplyw polozenia aktuatoréw oraz stosunku ich dlugosci
do rozmiaru ukladu. Zamieszczono przebiegi czasowe odpowiedzi ukladu bez i ze
sterowaniem.
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