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Summary. Photostrictive materials produce mechanical strain when illuminated by ultraviolet 

light, thus may be used in wireless remote control of smart microstructures. This paper 

presents an investigation into finite element simulation, vibration and static shape control of 

structures with nonlinear photostrictive actuators. A solid-shell finite element model, based on 

assumed natural strain and enhanced assumed strain method is developed to characterize the 

behavior of the structure and the actuators. This model accounted for the multiphysics 

analysis of coupled opto-electro-thermo-mechanical fields in PbLaZrTi (PLZT) ceramics by 

incorporating the anomalous photovoltaic, photo-thermal and pyroelectric effects. A 

hierarchical genetic algorithm is developed to find optimal position, number and the applied 

light intensities of photostrictive actuators that best match the actuated shape to the desired 

one. Two examples are given to illustrate the model and active control of a beam with PLZT 

actuators. 

1 INTRODUCTION 

In contrast to traditional transducers, photostrictive material can produce actuation strain as 

a result of irradiation from high-intensity light, having neither electric lead wires nor electric 

circuits
[1]

. The mechanism of photostrictive effect arises from a superposition of photovoltaic 

effect and the converse piezoelectric effect. When the photostrictive materials are illuminated 
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by light with certain wavelength, a high voltage up to the order of kV/mm is generated. Along 

with this high photovoltage, mechanical strain is also induced due to the converse 

piezoelectric effect of the photostrictive materials. The fortuitous combination of these two 

effects makes these ferroelectrics suitable for wireless actuator applications, activated and 

driven by incident light. The analytical models of a beam, plate and shell with photostrictive 

actuators have been derived and the applications of photostrictive actuators for shape and 

vibration control have been evaluated. In most of these studies, the photostrictive actuators are 

assumed to not significantly alter the inertial mass and effective stiffness of the structures. It 

is also assumed that the structure is regular and mechanically isotropic, as well as the 

boundary is simple. To the author‟s knowledge that there are a number of finite element 

simulations for static and dynamic analysis of structures bonded with piezoelectric sensors 

and actuators, but the finite element analysis for photostrictive ceramics or laminated 

structures is relatively rare
[2-4]

. Rahman and Nawaz
[2]

 derived a finite element model for static 

analysis of 0-1 polarized photostrictive thin films. This model was used to investigate the 

application of photostrictive actuators for different structures and various boundary conditions 

of microbeams with various actuator locations and lengths. It is noteworthy that Rahman and 

Nawaz‟s photostrictive finite element formulation 
[2]

 and Tzou and Ye‟s one are similar
[5]

, if 

not identical, in the sense they all used the same matrix representation of the electrical field 

strength and basic finite element formulation. Indeed, how to incorporate the constitutive 

relations for photostrictive material into the finite element formulation is not a straightforward 

problem.  

In terms of shape control of smart structures, piezoelectric materials are currently 

intensively used as actuators and sensors. One principal goal of piezoelectric shape control is 

to optimize some control parameters and configurations of PZT actuators so that the actuated 

shape is in excellent agreement with the desired one. However, most existing investigation 

focused on the design optimization of smart structures in the context of piezoelectric materials, 

which are hard-wired connection systems and the control signals will be contaminated by the 

electromagnetic interference. Shih et al.
[6]

 presented the static closed-form solution of the 

transverse displacement for a flexural beam with surface bonded PLZT actuators. Rahman 

and Nawaz 
[2]

 derived a finite element model for static analysis of 0-1 polarized photostrictive 

thin films. This model was used to investigate the application of photostrictive actuators for 

different structures and various boundary conditions of microbeams with various actuator 

locations and lengths. Sun and Tong
[7]

 presented an iterative procedure to find optimal light 

intensities in photostrictive actuators that best match the actuated shape to the desired one. On 

the basis of the topology optimization method, Luo et al.
[8]

 developed a systematic design 

approach to seek the optimal topologies of material layouts for both the photostrictive and 

host layers as well as the actuator light distribution. There is by far no research on the 

determination of the optimal location and number of the photostrictive actuators together with 

the optimal applied light intensities, although it is of great significance in a variety of optical 

electro-mechanical systems. 
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2 FINITE ELEMENT FORMULATION 

In this section, the eight-node opto-electromech anical solid shell element is described. The 

element has four nodes at each of its top ( 1  ) and bottom faces ( 1   ). Here, the strain-

displacement relation of the element will be presented. With reference to the interpolations of 

X and U, the strain with respect to ( , , ) is computed, i.e. 

, , , , , , , , , ,

T T T T TS S S S    X U X U X U X U X U               
(1) 

Ax = b
, , , , , , , ,,T T T TS S   X U X U X U X U            

By using an assumed natural strain (ANS) method, the number of independent shear strains 

in the system level can be reduced. The natural transverse shear strains are modified to be: 

0, 1 0, 1 1, 0 1, 01 1 1 1

2 2 2 2
S S S S S S          

          

     

   
 

(2) 

Similar to shear locking, the excessive number of sampled thickness strains lead to 

trapezoidal locking. Trapezoidal locking occurs when the common shell element is used to 

model curved shells. It can also be reduced in the system level by sampling the strain along 

the element edges, i.e.  

Ax = b
1 1 1 1
1 1 1 1

1 2 3 4S N S N S N S N S
   
      

   
   

      
(3) 

The strain can be derived by truncating the second order  -terms, and the relations 

between the covariants and local physical strains can be established by coordinate 

transformation. 

Ax = b  o n o n e u e    ε ε ε U U   (4) 

In this paper, the EAS method is adopted to improve the inplane properties of opto- 

electromechanical solid shell element, and a linear extension EAS strain over the thickness is 

also used to enhance the constant normal strain in thickness direction. 

The constitutive equations of the photostrictive materials should involve coupled behavior 

of mechanical, photovoltaic and piezoelectric effects. The constitutive equation can be 

presented in matrix form as: 

T   σ Cε e E κ  (5) 

where C  and e  denote the elastic and piezoelectric stress matrix; κ  is a thermal stress 

coefficient, E  is the electric field;   can be regarded as the temperature rise from the stress 

free reference temperature 0 . 

The total induced electric field E(t) including both the photovoltaic effect and the 

pyroelectric effect can be written as 

( ) ( ) ( ) ( ) ( )n

l l

P
E t E t E t E t t    


 

(6) 
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where Pn is the pyroelectric constant and  is the permittivity, the induced electric field El(t) 

and the body temperature θ(t) at the time instant tj can be estimated by the method in Ref.[1] 

For photostrictive actuators applied to structures, the light is supposed to act only on the 

photostrictive material layers. Hence, with the finite element method, the equilibrium 

equations for optical mediums and the light induced load can be given as follows: 

I I

uu u m Ee

I I
u E

      
           

 

   

u u
+U

=
λ

 
(7) 

in which:  

T T T

uu u u u u
v v v

dv dv dv      = C = C = C    
(8) 

T I T T I T

u u E u u
v v

dv dv    
u u

= = e E = κ   

f

I T T I T T T

E m u u
v v v s

dv dv dv ds       = e E = κ = f p   

Employing the Guyan reduction method to eliminate the internal degree of freedoms   

and assembling the element equations yields, 

 KU F P  (9) 

where K is the global stiffness matrix and U is the vector of nodal displacements. F and P  

are the vectors of applied nodal forces and nodal vector generated by light.  

3 MODELING OF ACTIVE CONTROL 

3.1 Wireless vibration control 

In the present study, two photostrictive laminae are, respectively, placed on the top and 

bottom surfaces of the structure and act as actuators. In this way, when the light is applied to 

one surface, the surface bonded actuator induces a positive control action. Conversely, the 

control action is negative when the light is irradiated on the surface of another actuator. Thus, 

by flashing alternating pulses of light sources on either side of the structure, both positive and 

negative control actions can be generated for vibration control. In view of this, the dynamic 

equation of the structure can be expressed as: 

1 1 1 sgn( )( )t t t t I I

uu s uu m Log E

    
u u

U + U + U + L U   (10) 

where the symbol „„sgn‟‟ denotes „„sign of‟‟ and represents a function having value +1 if the 

argument U  is positive and value -1 if its argument is negative. 

3.2 Non-contact shape control 

In static structural shape control, the objective is to obtain the light intensities applied onto 

the photo- actuators that can actuate the structure to a shape that best matches the desired one. 

To do this, we need to employ the relationship between the applied light intensity and the 

response of the actuated structure, which can be established by the finite element formulation 
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described in the previous section. 

3.2.1 The fitness function 

For the shape control problems, the objective function can be defined as the shape errors to 

minimize the difference between the desired structural shape wd and the actuated shape wc, 

which is 

( ) ( )di ci

i

Fit f w w   x x  (11) 

where the vector  1 2 3, , , , ni i i i x  is the vector including design variables of light intensity 

factors, wd(.) and wc(.) is respectively the desired and actual deformation, i = 1, 2, . . . , q1 is 

used to represent the number of sample points. 

An iteration procedure combining genetic algorithm and finite element simulation can be 

developed to solve Eq. (11) to determine the optimal light intensity with the following 

constraint condition: 

     min max
1,2, ,jj ji i i j n     (12) 

where ji is the value of light intensity of the ith photostrictive actuator, and n is the total 

number of photostrictive actuator pairs. 

3.2.2 The Hierarchical genetic algorithm and chromosome encoding 

In general the displacement field is a function of the applied light intensities of 

photostrictive actuators, their layout and their number. The aim is to find the optimal design 

values which minimize the cost function between achieved and desired shape. Essentially, 

shape control is a typical inverse problem where the output, which is the expected shape, is 

pre-defined and the input actuation parameters are unknown which need to be determined. 

Therefore, the heuristic algorithms are quite suitable to solve this inverse problem.  

There are two schemes to deal with the shape control problem. The first scheme consists in 

finding a set of light intensities for a pre-defined number and position of photostrictive 

actuators. The second one aims at determining the optimal position, number and applied light 

intensity of each photostrictive actuator simultaneously, which minimize the cost function f. 

In any kind of problem studied in this paper, the structure is divided into uniform segments of 

equal lengths. In these methods, it is assumed that each actuator covers exactly the length of 

one element. The major difference between the piezoelectric actuator and photostrictive one is 

that the light intensity is always positive and the deformation of the photostrictive actuators is 

always tensile. However, the electrical voltage input can be positive or negative to cause the 

piezoelectric actuators to deform in extension or contraction. In order to induce both positive 

and negative control forces, paired photostrictive actuators are, respectively, placed on the top 

and bottom surfaces of the structure, and the light illumination should be optionally  applied 

to the top and bottom photostrictive actuators. 

In the first kind of the problem, the chromosome is just encoded into a sequence of binary 

numbers equal to the number of pre-defined actuators placed on the top surface of the 

structure. Each value of the decoded chromosome is associated with the light intensity that 

will be applied to the actuator in the same position. The value of „0‟ represents that the light 
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intensity applied to the corresponding actuator is zero. Positive value denotes that the actuator 

placed on the top surface is irradiated and negative one  denotes that the actuator placed on 

the bottom surface is illuminated.  maxj
i  and  minj

i  are set to be 400 and -400,  respectively.  

In the optimizing process of the second case of the problem(the Location, Number and 

light intensity Problem), the photostrictive actuators are assumed to be symmetrically located 

on the top as well as on the bottom surface of the structure. All the opto-electric elements are 

candidate for actuator locations. The number of opto-electric elements is twice as much as 

those of  the number of elements used to discretize the structure. The genes of a complete 

chromosome are arranged in a hierarchical manner. The left part named control gene is a 

sequence of binary bits carrying the information of presence (1) or absence (0) of an actuator 

at each potential position. The number of binary bits is equal to the number of opto-electric 

elements. When an actuator is optimized to be placed at a position on the top surface of the 

beam, the actuator initially placed on the bottom surface of the same position of the beam 

must be absent, and vice versa. The right part of the chrosome called parametric genes is the 

light intensities that will be applied to each actuator that is present. When an integer “1” is 

assigned for a control gene, the associated parameter genes corresponding to that particular 

active control gene are activated in the lower level structure. The sum of ones in the left part 

should equal to the total number of actuators used to control the beam. Different from the first 

scheme,  maxj
i  and  minj

i  are set to be 400 and 0, respectively. In this version of the problem 

more degrees of freedom are given since the number and location of actuators that will be 

active is unknown in advance for each run of the program. So, better results are expected and 

indeed the GA manages to find them as is shown in Section 4. The use of the hierarchical 

genetic algorithm (HGA) is especially significant for the structure or topology as well as the 

problem of parametric optimization. Unlike the procedure of the conventional GA 

optimization, where the chromosome and the phenotype structure are assumed to be fixed or 

pre-defined, HGA operates without these constraints. The conventional methods of mutation 

and crossover may apply independently to each level of genes. However, the genetic 

operations that affect the high-level genes can give rise to changes within the active genes 

which ultimately lead to a change in the parametric genes. This is the exact reason why the 

HGA is not only able to obtain a good set of system parameters, but can also determine an 

optimized system topology for the actuator distribution. 

4 NUMERICAL EXAMPLES 

4.1 Vibration control of a cantilever composite beam 

Firstly, the dynamic study on a cantilever beam with bonded photostrictive actuators is 

presented. Photostrictive actuators are bonded to the root of the cantilever beam. The 

parameters of PLZT are summarized in Table 1, which will be used for case studies. The 

beam under consideration has dimensions of length L=100mm, width b=8mm and 0.5mm 

thick, and the size of the actuator is Labaha =15mm8mm 0.4mm. Stacking of the 

composite beam is [ 90 / 0 / 0 / 90    ] and the beam is made of GR/E( 1 172.5E Gpa ,
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2 3 6.9E E Gpa  , 12 13 3.45G G Gpa  ,  23 1.38G Gpa , 12 13 23 0.25     ). Thickness of each 

ply has been considered as 1.25mm. The beam is modeled by 10 elements whereas each 

photostrictive film is modeled by one element. The element damping matrix is assumed to be 

proportional to the stiffness and mass matrices, and Rayleigh‟s coefficients  and  are 

0.00001 and 0.0002, respectively. An initial displacement of 1 mm amplitude at the free end 

is imposed for the cantilever beam. The controller gain set to 210
6
. Figure 1 shows the free 

and control response of the free end of this beam, respectively. 

Table 1: Parameters of photostrictive material 

Variable Value Notes 

Es 2.43×10
5
V/m Saturated electric field 

Ya 6.3×10
10

N/m
2
 Young‟s modulus 

α 2.772×10
-3

m
2
/(ws) Optical actuator constant 

β 0.01V/s Voltage leakage constant 

P 0.023m
2
/s Power of absorbed heat 

d33 1.79×10
-10

m/V Piezoelectric strain constant 

H 16w/℃ Heat capacity 

Γ 0.915w/℃s Heat transfer rate 

Λ 6.8086×10
4
N/m

2℃ Stress-temperature constant 

Pn 0.25×10
-4

C/ m
2℃ Pyroelectric constant 

Ε 1.65×10
-8

F/m Electric permitivity 
 

 

Figure 1: Free and controlled response of the cantilever beam 

4.2 Shape control of a cantilever aluminium beam 

The host beam in the simulations is a cantilever aluminium beam, 110 mm long, 5mm 

wide and 0.8 mm thick. The Young‟s modulus of the beam is 70 GPa. The dimensions of the 

0-1 polirized PLZT actuator is 5mm5mm1mm. For the first kind of shape control problem, 

ten pairs of identical photostrictive actuators are respectively bonded to the top and bottom 

surfaces of a cantilever beam and gap between any two adjacent actuators is 5 mm. The 
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distance between the left edge of first actuator and the fixed end of the beam is 5 mm and the 

right side of the last actuator is 10 mm away from the free end of the host beam. To achieve a 

shape that best match the desired shape, the optimal control light intensities for all actuators, 

and the number and location of actuators are calculated using the procedure described in the 

previous section. The actuated shape of the host beam by these optimal actuators and light 

intensities is depicted in Fig. 2, in which the desired shape is also plotted for comparison. This 

figure shows that the actuated shape matches well with the desired one. By comparing the 

curves in Figure 2, it should be noted that the deflection controlled by scheme 2 is closer to 

the desired shape than the one controlled by scheme 1. 

 

Figure 2: The desired and actuated beam shapes 

5 CONCLUSION 

- a novel opto-electro mechanical finite element formulation is developed for 

mechanical analysis and distributed noncontact active control of beam, plate and 

shell with segmented optical photostrictive actuators. Unlike the available analytical 

solution, the present procedure can be used to model the wireless active control of 

any isotropic or composite beam, plate and shell structures with various boundary 

conditions. 

- Based on the hierarchical genetic algorithm and finite element analysis, a general 

method of non-contact shape control for the beam by using PLZT photostrictive 

actuator is presented. Structural shape control is implemented as an integrated 

optimization problem by simultaneously determinating the position, number of 

optical wafers, as well as best distribution of input light intensity. 

- The simulation in this study demonstrates that the present design method is an 

effective alternative in morphing shapes of adaptive structures and the use of 

photostrictive actuators can provide good controllability of the structures. 
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