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A B S T R A C T   

Although conventional actuators like piezoelectric and electrostrictive are efficient, but they required hard 
wiring, which contaminates the control signal and adds to the weight of the structure. The current study presents 
a wireless control strategy using photostrictive actuators. Owing to the fortunate combination of photovoltaic 
effect and converse piezoelectric effect, a photostrictive actuator can generate mechanical strain, when irradiated 
with light intensity. Limited choices of photostrictive material with high electromechanical coupling coefficient 
give the motivation to design photostrictive composites. The finite element-based formulation incorporating 
fuzzy logic controller is employed to study the active vibration control response of cantilever structure when 
equipped with photostrictive composite actuator. A parametric study has been carried out to study the influence 
of inclusion’s volume fraction on wireless active vibration control of the structure. Control merits have been 
defined to compare the control performance of different composites. It is found that particulate composites are 
the better choice for lightweight structure and fiber composites are better if there is no weight constraint.   

1. Introduction 

Structural vibration control implementing traditional actuators and 
sensors (i.e., piezoelectric, electrostrictive, magnetostrictive [1–5] has 
been extensively studied by research fraternity in the last two decades. 
Such a structure with bonded sensors and actuators with an integrated 
control unit is known as a smart structure. These conventional intelli-
gent materials (i.e., piezoelectric, electrostrictive, magnetostrictive) 
have the shortcomings such as electromagnetic noise and extra weight 
contributed by the circuitry, which is required for energy supply. The 
advent of photostrictive material i.e., lead lanthanum zirconate titanate 
(PLZT) doped with WO3, which is capable of producing strain when 
irradiated with ultraviolet light [6], revolutionized actuator-based 
research. A photostrictive actuator can be used to attain less weight, 
more compact and wirelessly controlled structure. 

The photostriction in PLZT arises due to the fortunate coupling of the 
photovoltaic effect and converse piezoelectric effect. Due to the photo-
voltaic effect, the irradiated light illumination induces an electric field, 
which in turn generates mechanical strain (i.e., converse piezoelectric 
effect). Therefore, photostriction can also be defined as, light-induced, 
non-thermal dimension change of material. As only a few ceramic ma-

terials (such as ZnO [7], BiFeO3 [8], LiNbO3 [9]) can interact with the 
light spectrum to exhibit photostriction. Most of these photostrictive 
materials (except BiFeO3) have low electromechanical coupling co-
efficients, which is not sufficient to attain the actuation required for 
practical application. The interaction of ceramic material with the light 
spectrum is limited by their wide band gap. Researchers striving for 
better photostriction attempted to reduce the energy band gap of 
ceramic materials by doping. Doping of KN, 0.96(K0.48Na0.52)NbO3-0.04 
(Bi0.5Na0.5)O3− δ KNBNZ, and (Na0.5Bi0.5)TiO3-BaTiO3 (NBT-BT) with 
Ni+2 ions leads to the development of KNbO3 (KN), (K0.9Ba0.1) 
(Nb0.95Ni0.05)O3− δ (KBNNO) [10], 0.96(K0.48Na0.52)NbO3-0.04 
(Bi0.5Na0.5)(Zr0.55Ni0.45)O3− δ (KNBNZNO) [11], (Na0.5Bi0.5)TiO3-Ba 
(Ti0.5Ni0.5)O3− δ (NBT-BTNO) [12]. This doping method was successful 
in creating photostrictive material but its not able to solve the challenge 
of low electromechanical coupling coefficient. 

Due to the simultaneous involvement of thermal, electrical, optical, 
and mechanical stimuli, photostriction becomes a multiphysics problem 
incorporating optical, thermal, elastic, piezoelectric, and pyroelectric 
phenomena. Constitutive modeling equations for photostrictive actua-
tors were developed by Tzou and Chou [13]. Later Liu and Tzou [14] 
also carried out a study of the photostrictive behavior of PLZT 
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considering photodeformation, pyroelectricity, and thermoelectricity. 
They also put forward a varying light intensity control of simply sup-
ported plate bonded with PLZT. In varying light control, light intensity is 
proportional to the velocity and its direction depends on the direction of 
velocity. Model control equations were derived by Shih et al. [15] for an 
open cylinder shell, while investigating the effect of PLZT actuator’s 
position. Shih et al. [16] also put forward a theoretical model for vi-
bration control of simply supported plate by manipulating the actuator 
positions. Along with the effect of uniform irradiation and intermittent 
irradiation of light, similarities and differences between the velocity 
feedback control and Lyapunov were explored by Wang et al. [17]. Jiang 
et al. [18] investigated a hybrid model i.e., the vibration control of a 
simply supported cylindrical shell using both photostrictive (PLZT) and 
piezoelectric (PVDF) actuators. Sun and Tong [19] also conducted a 
study on wireless vibration control of structure using PLZT actuator. In 
the aforementioned research two kinds to control methods were used: 
Lyapunov (i.e., constant light intensity irradiation) and velocity feed-
back control (i.e., varying light intensity irradiation). He and Zheng 
[20,21] implemented fuzzy logic controller for wireless controlling of 
thin plates and cylindrical shells. These works concluded that a fuzzy 
logic controller is remarkably better than velocity feedback control 
[22–24]. He et al. [25,26] also controlled the multi modes of cylindrical 
shell employing neuro-fuzzy logic controller. Jia et al. [27] applied 
fuzzy logic controller for vibration suppression of beam considering the 
non-linear actuating behavior of PLZT. In the aforementioned literature 
survey of wireless vibration control using photostrictive actuator, most 
of the researchers have used PLZT as actuator. The reason behind this 
choice is not only the high electromechanical coupling coefficient of 
PLZT but also the lack of choices available. 

The limitation of choices can be eliminated by designing a photo-
strictive composite having a large electrotechnical coupling coefficient 
and able to interact with a wider light spectrum. Such composite can be 
designed by considering photovoltaic polymer as a matrix and piezo-
electric ceramic as particle inclusions or fiber inclusions [28,29]. This 
solution will help to design the photostrictive composite with desired 
properties such as low stiffness, high electromechanical coupling coef-
ficient, and can interact with visible light. Present work considers the 

poly{4,8-bis[5-(2-ethyl-hexyl) thiophen-2-yl]benzo[1,2-b:4,5-b’] 
dithiophene-2,6-diyl-alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno 
[3,4-b]thiophene-4,6-diyl} (PTB7-Th) as photovoltaic polymer matrix 
and Pb(Mg1/3Nb2/3)O3-0.35PbTiO3 (PMN-35PT) as piezoelectric inclu-
sion material for the novel photostrictive composites. 

A composite’s overall behavior can be defined by predicting its 
effective properties. For the current multiphysics problem researchers 
have given analytical [30], semi-analytical [31], and mean field models 
[32]. The aforementioned models were not able to predict all the 
effective properties, and these were limited to simple shape inclusions. 
To consider the complex shape inclusions researchers adopted the finite 
element method for homogenization [28,29]. Berger et al. [33] 
employed a micromechanical approach to determine the effective elastic 
and piezoelectric properties of a representative volume element (RVE). 
The RVE is selected such that it can be periodically repeated in three 
dimensions to obtain the original composite. A dynamic analysis using 
the finite element method was put forward [34] to determine particle 
composite’s effective pyroelectric coefficient. Present work designs the 
novel photostrictive particulate and fiber composite as an alternative to 
PLZT. The current work firstly evaluates all the multiphysics effective 
properties of both particulate and fiber composite by varying the volume 
fraction of inclusions from 6 % to 30 % and 60 % respectively. Secondly 
to compare the response of designed composites, the vibration control 
analysis of cantilever structure is carried out by employing velocity 
feedback and fuzzy logic controllers. 

The layout of the current paper is such that modeling, constitutive 
equations, and numerical homogenization of photostrictive composites 
are discussed in Section 2. While Section 3 deals with the multiphysics 
finite element formulation of the laminated structure. Section 4 gives the 
details of control algorithms, i.e., velocity feedback and fuzzy logic 
control. Section 5 shows the validation of the current formulation and 
discusses the various results obtained. At last, all the conclusions drawn 
from the present study are given in Section 6. 

2. Materials and method 

The light induced strain enables photostrictive materials to 

Fig. 1. Schematic of elimination of undesired vibrations from uncontrolled structure using photostrictive composite actuators.  
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wirelessly eliminate uncontrolled vibration of structures. As shown in 
Fig. 1, the host structure is bonded with photostrictive actuators on both 
the upper and lower surfaces. Two actuators are required – on the top 
and bottom surfaces of the beam – to achieve positive and negative 
defelction, as light intensity can never be negative. The optical vibr-
ometer can be used to sense the displacement and velocity of the 
structure at a reference point. We design particulate and fiber photo-
strictive composites, to be used as actuators in a vibration control 
application, as shown in Fig. 1. This proposed technical solution i.e. 
photostrictive composite enhances the possibility of achieving desired 
qualities, for example, electromechanical coefficient, stiffness, density, 
and the portion of light spectrum it should interact with. 

2.1. Photostrictive actuator 

When photostrictive material is irradiated with high-intensity light, 
charges start flowing in the direction opposite to polarization. In the 
present study, the actuators are considered to be polarized along the 
thickness direction. The flow of charges will induce an electrical po-
tential difference between the electrode due to the photovoltaic effect. 
The induced electric potential difference will lead to mechanical strain 
owing to the converse piezoelectric effect. While the light is irradiated 
over the actuator its temperature also increases, this change in actua-
tor’s temperature will generate additional electric potential difference 
due to the pyroelectric effect. Therefore, the total electric field E be-
tween the electrodes is [35], 

E(t) = El(t)+Eθ(t), (1)  

where t refers to time, Eθ refers to an electric field generated due to the 
pyroelectric effect. Electrical field El induced due to irradiation of light 
can be calculated as, 

El(t) = El
(
tj− 1

)
+
[
Es − El

(
tj− 1

) ] α’

as
I
(
tj
)
e−

α’
as I(tj)Δt.Δt − El

(
tj− 1

)
βe− βΔt .Δt,

(2)  

where Es is the saturated electric field, α’ is the optical-electro- 
mechanical actuator constant, as is the aspect ratio (i.e., length/ 
width), I is the light intensity, and β is the voltage leakage constant of the 
photostrictive actuator. The variation of temperature due to irradiation 
of light can be evaluated as [36], 

θ
(
tj+1

)
= θ

(
tj
)
+Δθ = θ

(
tj
)
+

1
ρmcmVm

(

αAmI −
θt − θo

rm + ra

)

, (3)  

where ρm is the density, cm is the specific heat capacity, Vm is the volume, 
Am is the surface area of the actuator, θo refers to the ambient temper-
ature, which is considered 25 ◦C. rm and ra represents the material 

thermal and air convective resistances respectively, these terms can be 
determined as, 

rm =
lm

kmAm
, ra =

1
haAm

, (4)  

where lm refers to the length of an actuator, km is the thermal conductive 
coefficient, and ha is the convective heat transfer coefficient. Electric 
field Eθ induced due to pyroelectric effect is, 

Eθ(t) =
p
b

θ(t), (5)  

where p is the pyroelectric coefficient and b is the dielectric constant of 
the photostrictive actuator. The current based model can be applied to 
an actuator to determine its pyroelectric coefficient as [34], 

p =
Ip

Am.
dθ
dt

(6)  

where Ip is the pyroelectric current. The total electrical potential dif-
ference ∅Z generated between the electrodes of the photostrictive 
actuator is, 

∅Z(t) = E(t).h, (7)  

where h is the photostrictive actuator’s thickness. 

2.2. Constitutive equations 

Photostriction is a complex multi-physics problem as a mechanical, 
electrical, and thermal field are stimulated by the exposure of photo-
strictive material to light irradiation. Therefore, in the linear theory of 
photostrictive material, Gibbs free energy density (G) is a function of 
strain (ε), electric field (E), and temperature (θ). The mathematical 
expression for electrical Gibbs free energy density can be written as, 
[37,38]. 

G =
1
2
Qijklεijεkl −

1
2

bijEiEj −
1
2
αvθ2 − eijkεijEk − piθEi − λijεijθ (8)  

where Q is the stiffness tensor, e is the piezoelectric stress coefficient 
tensor, and θ is the temperature rise from ambient temperature (θ0). The 
subscript i, j, k, and l take values from 1 to 3. Primary state variables are 
strain (εij), electric field (Ei), and temperature θ, while the associated 
state variables like stress σij, electric displacement (Di), and entropy 
density (∊) can be obtained as, 

σij =
∂G
∂εij

,Di = −
∂G
∂Ei

,∊ = −
∂G
∂θ

,wherei, j = 1, 2, 3. (9) 

Therefore, the constitutive equation of the photostrictive actuator 

Fig. 2. Representative volume element (RVE) of (a) particulate, fiber composite when fibers aligned in (b) square array, and (c) hexagonal array.  
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must incorporate all aforementioned physics and these can be given as, 

{σ} = [Q]{ε} − [e]t{E} − [λ] {θ}, (10)  

{D} = [e]{ε}+ [b]{E}+ [p ]{θ}, (11)  

{∊} = [λ]{ε}+ [p] {E}+ [αv]{θ}, (12)  

where {}, and [] refers to the vector and tensor quantity. {σ} is stress 
vector, [Q] is stiffness tensor, {ε} is strain vector, [e] is piezoelectric 
stress coefficient’s tensor, {θ} is a vector containing temperature rise 
from ambient temperature, {D} is the electrical displacement vector, {∊}
contains entropy density, {λ} contains thermal stress coefficients, and 
[αv] is a material constant 

(
αv = ρmcmθ− 1). 

2.3. Numerical homogenization 

The best way to speed up the process of evaluating overall effective 
properties is homogenization. This method determines a global ho-
mogenized medium that is equivalent to the original composite such 
that the strain energy stored in both is the same [33]. Firstly, to evaluate 
the macroscopic effective properties of particle or fiber composites, an 
RVE is created for both types of composites as shown in Fig. 2. These 
RVE can capture the geometric and material characteristics of original 
composites. To generate periodic cubic RVE of spherical particle com-
posite, a random sequential adsorption algorithm (RSA) [33] is used. 
This algorithm makes sure that there is no overlapping of any two 
spherical particles. The distance between the center of two particles is 
2× r + s, where r is the radius of the particle and s is the minimum 
distance between two particles. An example of particle composite’s RVE 
with 18 % particle’s volume fraction is illustrated in Fig. 2a. For the fiber 
composite two types of arrangements are considered i.e., square, and 
hexagonal. The RVE of fiber composite, when fibers are arranged in 
square & hexagonal manner, and their volume fraction is 18 % is shown 
in Fig. 2b and 2c respectively. 

Considering the composites to be transversely isotropic, therefore 
the constitutive Equations (10–12), can be rewritten in matrix form as 
mentioned in Equation (13). It can be observed from the matrix 

Equation (13), that 15 independent effective properties (i.e., 7 elastic, 2 
electrical, 3 electromechanical, 2 thermoelastic, and 1 pyroelectric) are 
needed to be determined to define the overall behavior of the photo-
strictive composites. 

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

σ11
σ22
σ33
σ23
σ31
σ12
D1
D2
D3
∊

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Qeff
11

Qeff
12

Qeff
13

0
0
0
0
0

eeff
13

λeff
1

Qeff
12

Qeff
11

Qeff
13

0
0
0
0
0

eeff
13

λeff
1

Qeff
13

Qeff
13

Qeff
33

0
0
0
0
0

eeff
33

λeff
3

0
0
0

Qeff
44

0
0
0

eeff
15

0
0

0
0
0
0

Qeff
44

0
eeff

15

0
0
0

0
0
0
0
0

Qeff
66

0
0
0
0

0
0
0
0

− eeff
15

0
beff

11

0
0

peff

0
0
0

− eeff
15

0
0
0

beff
11

0
peff

− eeff
13

− eeff
13

− eeff
33

0
0
0
0
0

beff
33

peff

λeff
1

λeff
1

λeff
3

0
0
0

peff

peff

peff

αeff
v

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ε11
ε22
ε33
ε23
ε31
ε12
E1
E2
E3
θ

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (13)  

where A is the mean value of property A. Composites can be obtained by 
periodic placement of RVEs in three dimensions. Therefore, to ensure 
that each RVE has the same mode of deformation and there is no over-
lapping or separation between neighboring RVEs, RVE must be sub-
jected to periodic boundary conditions. 

Periodic boundary conditions on the surface of the RVE in cartesian 
coordinates were put forward by Suquet [39]. The displacement at each 
node on the opposite surfaces of the RVE can be given as, 

uK+

i = εijxK+

j + vK+

i , (14)  

uK−

i = εijxK−

j + vK−

i , (15)  

where ui is the displacement in direction i (i.e., i = 1, 2, and 3), vi is the 
local fluctuation of the displacement on the RVE surface that depends on 
the global load applied, and K+/K− refers to the pair of opposite surfaces 
of the RVE in xj direction. K+/K− is equal to A+/A− , B+/B− , and C+/C−

when j = 1, 2, and 3 respectively, as shown in Fig. 2. As the local fluc-
tuation is equal on the two opposite surfaces, therefore subtracting 
Equations (14) and (15) will give conditions for applied macroscopic 
strain. 

uK+

i − uK−

i = εij
(
xK+

i − xK−

i

)
. (16) 

Similarly, boundary conditions to apply macroscopic electric field 
can be given as, 

∅K+

− ∅K−

= Ei
(
xK+

i − xK−

i

)
. (17) 

Moreover, the mean value of any property (A) can be calculated by 
taking the volume average of property A at every node in the RVE, 

A =
1
V

∫

V
AdV, (18)  

where V refers to volume of the RVE. Considering Equations (16) and 
(17) periodic boundary conditions are applied to the RVE. Evaluation of 
all effective properties is conducted by applying the boundary condi-
tions [28,29,40] specified in Table 1. 

3. Finite element formulation 

Oftentimes finite element method has been employed to investigate 
static and dynamic response of the laminated composite structures 
[41,42]. This section presents the finite element formulation for the 
static and dynamic response of laminated structures while considering 
that the photostrictive actuators are perfectly bonded to the host 
structure. The effect of bonding material is neglected. First-order shear 

Table 1 
Boundary conditions to evaluate effective properties.   

A- A+ B- B+ C- C+

Eff. 
Coeff. 

ui/∅/θ ui/ 
∅/θ 

ui/ 
∅/θ 

ui/ 
∅/θ 

ui/ 
∅/θ 

ui/∅/θ Formula 

Qeff
11 

0/-/- ũ1 /-/- 0/-/- 0/-/- 0/0/- 0/0/- σ11/ε11 

Qeff
12 

0/-/- ũ1/-/- 0/-/- 0/-/- 0/0/- 0/0/- σ22/ε11 

Qeff
13 

0/-/- 0/-/- 0/-/- 0/-/- 0/0/- ũ3 

/0/- 
σ11/ε33 

Qeff
33 

0/-/- 0/-/- 0/-/- 0/-/- 0/0/- ũ3 

/0/- 
σ33/ε33 

Qeff
44 

ũ3 /0/- ũ3/0/- 0/-/- 0/-/- ũ1/-/- ũ1 /-/- σ13/ε31 

Qeff
66 

ũ2/-/- ũ2/-/- ũ1/-/- ũ1/-/- 0/0/- 0/0/- σ12/ε12 

eeff
13 

0/-/- 0/-/- 0/-/- 0/-/- 0/0/- 0/ϕ̃/- − σ11/E1 

eeff
33 

0/-/- 0/-/- 0/-/- 0/-/- 0/0/- 0/ϕ̃/- − σ33/E1 

eeff
15 

ũ3/0/- ũ3/0/- 0/-/- 0/-/- ũ1/-/- ũ1/-/- D1/ε31 

beff
11 

0/0/- 0/ϕ̃/- 0/-/- 0/-/- 0/-/- 0/-/- D1/E1 

beff
33 

0/-/- 0/-/- 0/-/- 0/-/- 0/0/- 0/ϕ̃/- D3/E3 

αeff -/-/θ̃ -/-/θ̃ -/-/θ̃ -/-/θ̃ 0/0/θ̃ -/0/θ̃ ε11 

peff -/-/- -/-/- -/-/- -/-/- -/0/θ* -/0/- I

A.
dθ
dt  

Where ũi, ϕ̃, and θ̃ refers to the nonzero displacement, electric potential, and 
temperature respectively, - represents the non prescribed values, 0 refers to the 
zero value of displacement or electric potential, and θ* refers to the applied si-
nusoidal variation of temperature on RVE surface.  

D. Singh et al.                                                                                                                                                                                                                                   



Composite Structures 313 (2023) 116919

5

deformation theory (FSDT) is used with a four-noded degenerated shell 
element to model the laminated structure. Every node has six mechan-
ical, one electrical, and one thermal degree of freedom. 

3.1. Geometry and displacement field 

The coordinate of any arbitrary point in kth layer of degenerated shell 
element can be written with the help of the shape function Ni and 
thickness, 
⎧
⎨

⎩

x
y
z

⎫
⎬

⎭
=

∑4

i=1
Ni

⎧
⎨

⎩

xi
yi
zi

⎫
⎬

⎭
+

∑4

i=1
NiHi

⎧
⎨

⎩

l3i
m3i
n3i

⎫
⎬

⎭
, (19)  

where xi, yi, and zi are global coordinates of mid-surface in the 1, 2, and 
3 direction at any node i. l3i, m3i, and n3i are the direction cosines of the 
normal vector V3i at any node i. Hi is given in Annexure A, as Equation 
(A.1). Therefore, displacement at any point in the kth layer of degen-
erated shell element can be given using the three mid-surface dis-
placements (uoi, voi, and woi) and two rotations (αi and βi) as 
⎧
⎨

⎩

u
v
w

⎫
⎬

⎭
=

∑4

i=1
Ni

⎧
⎨

⎩

uoi
voi
woi

⎫
⎬

⎭
+

∑4

i=1
NiH

⎡

⎣
l1i
m1i
n1i

− l2i
− m2i
− n2i

⎤

⎦

{
αi
βi

}

, (20)  

where l1i, m1i, and n1i are the direction cosines of the tangential vector 
V1i at node i. l2i, m2i, and n2i are the direction cosines of the tangential 
vector V2i at node i. αi and βi are rotation about V1i and V2i respectively. 

3.2. Strain displacement relationship 

The strain vector {ε} can be obtained by taking the partial derivative 
of a displacement vector { u v w }

t, which can be written as, 

{ε}e =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

εx
εy
εz
γxy
γyz
γzx

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭
e

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂u
∂x
∂v
∂y
∂w
∂z

∂u
∂y

+
∂v
∂x

∂v
∂z

+
∂w
∂y

∂w
∂x

+
∂u
∂z

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
e

= [B]e{q}e, (21)  

where elemental strain displacement matrix [B]e is given in Annexure A, 
as Equation (A.2). {q}e is the elemental displacement vector. Under the 
plane stress consideration, stress–strain relationship can be given as, 

{σ}e = [Q’]e{ε}e, (22)  

where [Q’]e is the elemental reduced material matrix, which is given in 
Annexure A, as Equation (A.4). 

3.3. Electric field 

The current study considers that the electric field functions in the 
thickness direction of a photostrictive actuator and the electric effect is 
constant in a layer of the element. Therefore, the electric field inside the 
kth layer within an element can be written as. 

{E}k = −
{

Bϕ
}

eϕpk, (23)  

where ϕpk is the electric potential of the kth photostrictive layer and 
{
Bϕ

}

e is given in Annexure A, as Equation (A.6). 

3.4. Thermal field 

It is assumed that the temperature is constant in an element, which 
leads to only one thermal degree of freedom per element. It is also 
considered that the temperature gradient G exist only in the thickness 
direction. Mathematically temperature gradient can be given as. 

{G}k = − {Bθ}eθPk , (24)  

where θPk is the temperature of kth photostrictive layer and {Bθ}e is given 
in Annexure A, as Equation (A.7). Transforming the constitutive Equa-
tions (10)-(12) from material principle direction to the global coordinate 
system, then the equation can be given as, 

{D}k = [e]k{ε}k + [b]k{E}k +{p}k{θ}k, (25)  

{σ}k = [Q]k{ε}k − [e]Tk {E}k − {λ}k{θ}k, (26)  

{∊} = {λ}T
k {ε}k +{p}T

k {E}k +αv{θ}k, (27)  

where, [e]k, [b]k, {p}k, [Q]k, and {λ}k are given in Annexure A in Equa-
tions (A.8) and (A.9). 

3.5. Strain energy 

Due to elastic deformation, the strain energy V will get stored in the 
structure and it can be mathematically expressed as, 

Ve =
1
2
∑npl

k=1

∫

V
{ε}T

e {σ}pk
dV, (28) 

On substituting for stress and strain from the above formulation, 
Strain energy can be rewritten as, 

Ve =
1
2

(
{q}T

e [Kuu]e{q}e +{q}T
e

[
Kuϕ

]

e{ϕ}e − {q}T
e [Kuθ]e{θ}e

)
, (29)  

where [Kuu]e is the elemental mechanical stiffness matrix, 
[
Kuϕ

]

e is the 
elemental mechanical electrical coupling stiffness matrix, and [Kuθ]e is 
the elemental mechanical thermal coupling stiffness matrix. [Kuu]e, [
Kuϕ

]

e, and [Kuθ]e are mentioned in Annexure A in Equations (A.13), 
A.14, and A.15. 

3.6. Electrical energy 

On subjecting a photostrictive layer to light, electrical energy is 
produced. Accumulated electrical energy in the photostrictive layer 
makes it act as a capacitor. Therefore, the electrical energy in an element 
can be calculated by summing electrical energy in the photostrictive 
layers, which can be written as, 

We =
1
2
∑npl

k=1

∫

V
{E}T

e {D}pk
dV. (30) 

On substituting the equation for electrical field and electric 
displacement from the above formulation, elemental electrical energy 
can be written as, 

We = −
1
2
{ϕ}T

e

[
Kϕu

]

e{q}e +
1
2
{ϕ}T

e

[
Kϕϕ

]

e{ϕ}e −
1
2
{ϕ}T

e

[
Kϕθ

]

e{θ}e, (31)  

where npl represents the total number of photostrictive layers and 
[
Kϕu

]

e, 
[
Kϕϕ

]

e, and 
[
Kϕθ

]

e are given in Annexure A in Equations (A.16) – 
(A.18). 

3.7. Thermal energy 

Owing to the entropy and temperature rise thermal energy will get 
stored in the photostrictive layer. The elemental thermal energy can be 
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determined by adding thermal energy of all the photostrictive layers in 
an element, which can be mathematically expressed as. 

Vθ =
1
2
∑npl

k=1

∫

V
∊T{θ}edV. (32) 

Substituting for entropy from the constitutive equation, the 
elemental thermal energy will become, 

Vθ =
1
2
{q}T

e [Kuθ]e{θ}e −
1
2
{ϕ}T

e

[
Kϕθ

]

e{θ}e +
1
2
{θ}T

e [Hθθ]e{θ}e, (33)  

where [Kuθ]e, 
[
Kϕθ

]

e, and [Hθθ ]e is given in Annexure A in Equations 
(A.15), A.18, and A.19. 

3.8. Kinetic energy 

Elemental kinetic energy can be expressed as, 

Te =
1
2
∑nl

k=1

∫

V
ρk{u̇}t

{u̇}dV (34)  

where ρk represents the density of kth layer. The elemental kinetic energy 
can be rewritten as, 

Te =
1
2
{q̇}t

e[muu]e{q̇}e (35)  

where the elemental mass matrix [muu]e is given in Annexure A in 
Equation (A.20). 

3.9. Work done by the external forces, electrical charges, and heat flux 

Deformation caused by the external forces leads to the mechanical 
work done, while in the presence of irradiated light and electric field, the 
electrical charges will do work in the photostrictive layers. Moreover, 
the incoming and leaving heat flux will also do work in the photo-
strictive layers. All these works done can be mathematically expressed 
as, 

Ws =
∑nl

k=1

∫

s1

{u}T
e {fs}edS+

∑nl

k=1
{u}T

e

{
fp
}
+

∑nl

k=1

∫

V
{u}T

e {fb}dV +
∑npl

k=1

×

∫

s2

{E}T
e

{
fq
}

edS −
1
2
∑npl

k=1

∫

V
{θ}T

e [Bθ]
T
[k][Bθ]{θ}edV +

∑npl

k=1

×

∫

s3

qs{θ}T
e dS −

∑npl

k=1

1
2

∫

s4

hv
(
{θ}2

− 2{θ}θ∞ + θ2
∞

)
dS,

(36)  

where external forces, electrical charges, incoming heat flux, and out-
going heat flux acts on s1, s2, s3 and s4 respectively. 

{
fs
}

e refers to surface 

traction, 
{

fp
}

represents point load, 
{
fb
}

is the body load and 
{

fq
}

e 
is 

the surface electrical charge density. 

3.10. Coupled equations of motion 

The global finite element equations for an element are derived by 
employing Hamilton’s principle. 
∫ t2

t1

(
δTe − δVe + δWe + δVθ + δWs)dt = 0, (37)  

where δ is the variational operator. Upon substituting for the kinetic 
energy Te, potential energy Ve, electrical energy We, thermal energy Vθ 

and external work done Ws in Equation (37), elemental finite element 
equations are derived. Assembling all the elemental finite element 
equations will give global finite element equations, which can be 

expressed as 

[Muu]{q̈}+ [Cuu]{q̇}+ [Kuu]{q}+
[
Kuϕ

]
{ϕ} − [Kuθ]{θ} = v (38)  

[
Kϕu

]
{q} −

[
Kϕϕ

]
{ϕ}+

[
Kϕθ

]
{θ} =

{
Fq

}
, (39)  

− [Kθu]{q}+
[
Kθϕ

]
{ϕ}+ [Kθθ]{θ} − [Hθθ]{θ} = {Fθ}, (40)  

where [Muu] is the global mass matrix, [Cuu] is the global damping matrix, 
[Kuu] is global elastic stiffness matrix, 

[
Kuϕ

]
is global elastic electric 

stiffness matrix, [Kuθ] is elastic thermal stiffness matrix, 
[
Kϕϕ

]
is global 

electric stiffness matrix, 
[
Kϕθ

]
is global electric thermal stiffness matrix, 

and [Kθθ ] − [Hθθ] is the global thermal stiffness matrix. Whereas {Fm},

and
{
Fq
}
, {Fθ} are applied mechanical force, electrical charges, and 

thermal excitation respectively. {q}, {ϕ}, and {θ} are global displace-
ment, voltage, and temperature vector respectively. The expression to 
calculate [Cuu] is given in Annexure A in Equation A(21). 

The current study considers the smart structure with a top and bot-
tom photostrictive layer on the host structure, which acts as an actuator. 
But only one actuator is active at any instant. Therefore, the Equations 
(38) – (40) will change to. 

[Muu]{q̈}+ [Cuu]{q̇}+ [Kuu]{q}+
[
Kuϕ

]
{ϕ}

= {Fm}+ [Kuθ]{θ} −
[
Kuϕa

]
{ϕa}, (41)  

[
Kϕau

]
{q} −

[
Kϕaϕ

]
{ϕa}+

[
Kϕaθ

]
{θ} =

{
Fqa

}
, (42)  

− [Kθu]{q}+
[
Kθϕ

]
{ϕa}+ [Kθθ]{θ} − [Hθθ]{θ} = {Fθa}. (43) 

Displacement and velocity of the host structure at a reference point 
will be captured by a vibrometer, which will act as input to the con-
trollers. The controller will command the light source to irradiate light 
over the photostrictive actuator, then electric field and electric potential 
ϕa will be induced, which can be calculated using Equations (2) and (6) 
respectively. Controlled response {q} of the smart structure can be ob-
tained by solving Equation (41). It is a second-order time-dependent 
equation, which can be solved with the Newmark algorithm. The pa-
rameters α = 1/2, and β = 1/4 are considered for an unconditionally 
stable Newmark scheme. 

4. Controller design 

A controller is designed to attain the structural vibration to the 
desired limit employing the actuators within the least time possible. The 
current study deploys two kinds of controllers i.e., velocity feedback 
control and fuzzy logic control. The displacement and its change rate (i. 
e., velocity) of the host structure are considered as inputs to the con-
trollers, whereas the light intensity is the control output. 

4.1. Velocity feedback control 

This is a simple control strategy where the changing rate of 
displacement (i.e., velocity) is amplified by multiplying it with some 
gain to obtain the light intensity I, such as. 

I = Gv{q̇s}, (44)  

where Gv is the gain and q̇s is the changing rate sensed by a laser vibr-
ometer. As, the light intensity cannot be negative therefore the location 
of light irradiation (i.e., upon top or bottom photostrictive actuator) will 
be decided by the direction of the displacement sensed by the vibr-
ometer. 

4.2. Fuzzy logic control 

A fuzzy logic controller can be used to control complex systems as it 
mimics the human mind and it does not require any complex mathe-
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Fig. 3. Schematic of fuzzy logic controller.  

Fig. 4. Membership function for input variables (a) displacement, (b) velocity and for output variable (c) light intensity.  

Table 2 
Fuzzy control rules.  

q q̇ 

NL NM NS ZO PS PM PL 

NL PL PL PL PM ZO ZO ZO 
NM PL PL PL PS ZO ZO PS 
NS PL PL PL ZO ZO PS PM 
ZO PL PM PS ZO PS PM PL 
PS PM PS ZO ZO PL PL PL 
PM PS ZO ZO PS PL PL PL 
PL ZO ZO ZO PM PL PL PL  

Table 3 
Material properties of PLZT photostrictive actuator.  

Property Symbol Value 

Voltage leakage constant β 0.01 V/s 
Heat capacity H 16 W/◦C 
Saturated electric field Es 7.29 × 105 V/m 
Pyroelectric constant p 0.23 × 103 C/m2 ◦C 
Optical actuator constant α’ 0.02772 cm2/(Ws) 
Electric permittivity ε 1.65 × 10− 8 F/m 
Power of absorbed Heat P* 0.23 × 103 cm2/s 
Heat transfer rate γ 0.915 W/◦C s 
Piezoelectric strain constant d33 1.79 × 10− 10 m/V  
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matical model to take a decision [43]. A fuzzy logic controller converts 
the input into vague terms and then implements an expert’s knowledge 
base to decide the control signal. This control signal is again converted 
into a crisp output value. This section designs the fuzzy logic controller 
to control the flexible structure with bonded top and bottom photo-
strictive actuator. A fuzzy logic control system is a close loop controller 
as shown in Fig. 3. A fuzzy logic control unit consists of a fuzzifier, fuzzy 
rule base, fuzzy inferencing, and at last defuzzification, as shown in 
Fig. 3. The current study considers the displacement q and changing rate 
of displacement q̇ (i.e., velocity) of the reference point measured by the 

remote laser vibrometer as fuzzy inputs. These designated inputs are 
then multiplied by the quantization factors Kd and Kv to transform them 
into their respective domain, as shown in Fig. 3. These input values are 
then converted into fuzzy values via fuzzification as shown in Fig. 3. 
Then using a rule base table corresponding to the fuzzy values of input a 
control signal will be selected, this process is known as fuzzy inferenc-
ing, as shown in Fig. 3. This control signal will be converted into a crisp 
value using membership functions also known as defuzzification. The 
control crisp value is multiplied by Ku to obtain the desired light in-
tensity output I(t). As the vibration displacement decreases very near to 
zero, the fuzzy logic controller should be able to analyze the small 
displacement changes. Therefore, to improve the real-time self-tuning of 
the controller the quantization factors Kd and Kv can be expressed as, 

Kd =
3
q
, andKv =

1
qω, (45)  

where ω is the natural frequency. In the later stage, when the vibration 
has already been attenuated enough, then there is no need to apply 
control force. Therefore, Light intensity should approach zero, hence the 
fuzzified tuning factor Ku can be evaluated as 

Ku =
|R|

|R| + δ
.
Imax

3
, (46)  

where |R| refers to the absolute value of the light switching function R =

cq + q̇, c = ζω, ζ is the host structure damping ratio, δ is a small positive 
constant and Imax is the maximum irradiated light intensity. A fuzzy 
controller can be designed as,  

(1) Defining linguistic variables and membership functions. 

The inputs selected for this control system are the displacement and 
velocity of the reference point, which are defined in the universe of 

Fig. 5. Static validation of deflection response of a cantilever beam bonded 
with PLZT photostrictive material. 

Fig. 6. Convergence analysis of Qeff
11 (a) particulate composite, (b) fiber composite with 24 % inclusion volume fraction, (c) Deflection response, and (d) tip deflection 

of cantilever attached to PLZT while performing the mesh refinement. 
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discourse [− 33], and [-13 13] respectively. The selected output is the 
light intensity and its universe of discourse is [03] because the light 
intensity can not be negative. The inputs can be classified using a set of 
linguistic values i.e., {NL, NM, NS, ZO, PS, PM, PL}, and the set of lin-
guistic values for output is {ZO, PS, PM, PL}. Moreover, NL, NM, NS, ZO, 
PS, PM, and PL represents negative large, negative medium, negative 
small, zero, positive small, positive medium, and positive large respec-
tively. Both triangular and trapezoidal membership functions (as shown 
in Fig. 4) are used to fuzzify the input and output values on the set 
universe of discourse.  

(2) Defining fuzzy control rules. 

Fuzzy control rules are used to select the control signal based on set 
rules. These rules are generally based on expert control experiences. 
Relying on the past vibration control problem experience, it has been 
found that when q < 0 and q̇ < 0, control force should be more. A 

photostrictive actuator can produce a large control force when irradi-
ated with high light intensity, therefore the corresponding linguistic 
term for output variable is PL. Similarly, when q > 0 and q̇ > 0, selected 
linguistic term for output variable should be PL. However, when q < 0 
and q̇ > 0 or q > 0 and q̇ < 0, therefore small or very small control force 
is required and the corresponding output linguistic variables should be 
ZO, PS, or PM. As per the aforementioned experience, the fuzzy control 
rules are designed and mentioned in Table 2.  

(3) Defuzzification. 

After fuzzy inferencing the output variable is in fuzzy linguistic form, 
therefore to obtain a crisp output value, the defuzzification of linguistic 
terms should be carried out using the aggregation method. The present 
formulation utilizes the centroid method to defuzzify the linguistic term 
into a crisp output value. Expression for output evaluated using centroid 
method is. 

I’(t) =
∑m

i=1

wiyi

wi , (47)  

I(t) = KuI’(t) (48)  

where m is the number of rules for every inference. yi ∈ R refers to a 

point where μ
(

I’(t)i
)

achieves its maximum value, wi = min(μ(q), μ(q̇) ), 
and μ is the membership value [43]. 

The current study uses the 47 linguistic fuzzy variables for both 
displacement and velocity, to improve the control effect. Therefore, the 
fuzzy control table used in control operation has 472 rules. For the 
displacement’s universe of discourse, 10 points are selected between 
[− 3, − 1] and [1,3] with a step of 0.5, 18 points are selected between 
[− 0.9, − 0.1] and [0.1, 0.9] with a step of 0.1, and 19 points are selected 
between [− 0.09, 0.09] with a step size of 0.01. In the velocity’s universe 
of discourse, 10 points are selected between [− 13, − 1] and [1,13] with a 
step of 0.5, 18 points are selected between [− 0.9, − 0.1] and [0.1, 0.9] 
with a step of 0.1, and 19 points are selected between [− 0.09, 0.09] with 
a step size of 0.01. This helps to enhance the control effect. 

5. Numerical simulation results and discussion 

The mathematical formulation mentioned in Section 3 is imple-
mented into computer code using the MATLAB platform. The formula-
tion presented in the current work is validated for the static and dynamic 
responses before carrying out the desired investigations. 

5.1. Static validation 

For static validation, the deflection response of a cantilever beam 
bonded with a photostrictive actuator is compared to the literature [35]. 

Fig. 7. (a) square plate subjected to Clamped boundary condition on all sides and (b) step force at the center and (c) its dynamic transverse center deflection.  

Table 4 
Comparison of natural frequency.  

h/a Boundary conditions  No. of element ω 

0.01 CCCC Ferreira [44] 25 × 25 0.1761 
Present FEM 9 × 9 0.1751 
Analytical [44]  0.1754 

0.1 CCCC Ferreira [44] 20 × 20 1.5996 
Present FEM 10 × 10 1.5995 
Analytical [44]  1.594 

0.01 SSSS Ferreira [44] 25 × 25 0.0965 
Present FEM 6 × 6 0.09594 
Analytical [44]  0.0.0963 

0.1 SSSS Ferreira [44] 20 × 20 0.9327 
Present FEM 6 × 6 0.93127 
Analytical [44]  0.93  

Table 5 
Properties of constituting materials of photostrictive composite.  

Property Materials  

PTB7-Th PMN-35PT [45] 

E1 (Pa) 0.8 × 109 [46] 7.58 × 1010 

E3 (Pa) 0.8 × 109 [46] 6.81 × 1010 

υ12 0.43 [46] 0.300136 
υ13 0.43 [46] 0.458368 
d31 (m/V) – − 2.15 × 10-10 

εs
11/ε0 3.4 [47] 1650 

εs
33/ε0 3.4 [47] 2649.762 

α(C− 1) 6.5 × 10-4 [48] 3.2 × 10-6 [49] 
p (C/m2K) – 3 × 10-4 [50] 
ρ(Kg/m3) 1.33 × 103 [51] 8.06 × 103 

cp (J/Kg.K) 1.2917 × 103 [52] 3.2 × 102 [53] 
k (W/m.K) 0.2 [48] 1.43 [53]  
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A cantilever beam of dimension 1 × 0.03 × 0.002 m is discretized with 
10 ×1 elements, on this cantilever beam a patch of photostrictive ma-
terial is attached at a distance of 0.2 m from its center to the fixed end. 

The dimensions of the photostrictive patch are 0.2 × 0.03 × 0.0003 m. 
This photostrictive actuator is subjected to 60 mW/cm2 light irradiation. 
The host structure is made up of mild steel, which has Young’s Modulus 

Fig. 8. Variation of effective (a) piezoelectric coupling coefficient, (b) dielectric constant, (c) thermal expansion coefficient, and (d) pyroelectric coefficient 
properties of the particulate composite when the volume fraction of inclusion varies from 6 % to 30 %. 

Fig. 9. Variation of effective (a) piezoelectric coupling coefficient, (b) dielectric constant, (c) thermal expansion coefficient, and (d) pyroelectric coefficient 
properties of fiber composite when the volume fraction of inclusion varies from 6 % to 60 %. 
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E = 2.1 × 1011 N/m2 and density ρ = 7.8 × 103 kg/m3. The photo-
strictive actuator’s material is PLZT and its material properties are 
enlisted in Table 3. 

By observing Fig. 5, it can be stated that the deflection response 
determined utilizing the current formulation is in concurrence with the 
literature [35]. 

5.2 Convergence study 

Two convergence studies have been conducted first to ensure there is 
no effect of refined mesh on effective properties and secondly employing 
the current finite element formulation to the cantilever beam attached to 
PLZT photostrictive actuator. Fig. 6a and 6b represent an example of the 
convergence of effective stiffness property Qeff

11 for particulate composite 
and fiber composite, when the inclusion volume fraction is 24 %. The 
number of elements at which convergence is achieved is used in the 
subsequent simulations respectively. For the convergence study of the 
current cantilever beam with a photostrictive patch, the element in Y 
direction is unity, whereas the number of elements in the X direction is 
varied from 5 to 40, to investigate its effect on cantilever beam’s 
deflection. All the material properties, boundary conditions, and light 
irradiation are the same as mentioned in Section 5.1. It can be observed 
from Fig. 6c that refining the mess has an effect only on deflection under 
the actuator’s position, while the tip deflection remains constant (see 
Fig. 6d). Therefore it is prudent to say that the current formulation 
provides appropriate convergence. 

5.3. Dynamic validation 

The dynamic behavior of a plate under center impact load is studied 
with the current formulation mentioned in Section 2 and the obtained 
dynamic response is compared with COMSOL. The schematic geometry 
of the plate under study is shown in Fig. 7a, and of impact load in Fig. 7b. 
The plate is clamped on all sides and the dimensions of the plate are 
1.016 × 1.524 × 0.0254 m. A finite element mesh of 32 × 32 is consid-
ered to discretize the plate. The material properties of the plate are 
Young’s modulus E = 2.0955 × 108 N/m2, Poisson’s ratio υ = 0.25, and 
density ρ = 3210.05 kg/m3. As depicted in Fig. 7c that the dynamic 
response of the transverse deflection of the center of a square plate is in 
good agreement with the response obtained from COMSOL. 

The first natural frequency of the plate with different thicknesses and 
boundary conditions is also compared to the analytical and literature 
results [44]. Two thickness to length ratios (h/a) is considered i.e., 0.01 
and 0.1. CCCC stands for all sides clamped and SSSS stands for all sides 
subjected to simply supported conditions. The normalized natural fre-

quency is reported in Table 4, where ω = ωa
̅̅̅
ρ
G

√
, a is the side of the plate 

and G is the shear modulus. 

5.4. Homogenized properties of photostrictive composites 

Effective properties of particulate and fiber composites are deter-
mined numerically by implementing finite element method as discussed 
in Section 2.3. The matrix is PTB7-Th and inclusion material is PMN- 
35PT, their material properties are mentioned in Table 5. In the 

Fig. 10. Vibration response of velocity feedback-controlled cantilever structure when bonded with photostrictive particulate composite of inclusion’s volume 
fraction (a) 6 %, (b) 18 %, (c) 30 %, and (d) time required to achieve approximately 95 % vibration attenuation. 

D. Singh et al.                                                                                                                                                                                                                                   



Composite Structures 313 (2023) 116919

12

particulate composite, the volume fraction of the spherical inclusions 
varies from 6  % to 30 %, and in the fiber composite, the volume fraction 
of the fiber varies from 6 % to 60 %. Two kinds of fiber arrangement are 
considered i.e., square and hexagonal arrangements of the fiber as 
shown in Fig. 2b and 2c. The values of evaluated effective elastic stiff-
ness for particle composite and fiber composite are depicted in Fig. 1S 
and 2S, respectively in supplementary material. As a piezoelectric ce-
ramic’s volume fraction is increasing in the non-piezoelectric polymer 
matrix, hence the piezoelectric electromechanical coupling coefficient 
should increase. The aforementioned statement stands true for all the 
composites studied in the current study, which can also be observed in 
Fig. 8a and 9a. As it is well known that ceramics have a higher dielectric 
constant than polymer, therefore with an increase in ceramic volume 
fraction in composites, the effective dielectric constant increases, which 
can also be seen in Fig. 8b and 9b. Whereas the effective thermal 
expansion decreases with an increase in PMN35PT ceramic volume 
fraction in a photovoltaic polymer (see Fig. 8c and 9c). A dynamic nu-
merical method is used to evaluate the effective pyroelectric coefficient. 
A small harmonic temperature simulation is provided to the RVE of the 
composites [34]. The effective pyroelectric coefficient has shown an 
increasing trend for all the composites studied in the current study, as 
shown in Fig. 8d and 9d. The increase in effective properties of com-
posites such as piezoelectric coupling coefficient, dielectric constant, 
and pyroelectric coefficient will help to attain high photostriction. All 
the evaluated effective properties for particle and fiber composites are 
mentioned in Tables 1S and 2S respectively, in supplementary material. 

5.5. Performance of photostrictive composites with velocity feedback 
control 

This section discusses the active vibration control response of a 

cantilever structure of dimensions 1 × 0.03 × 0.002 m. The cantilever 
structure is discretized with 10 ×1 elements. This cantilever structure 
has two patches of photostrictive material at a distance of 0.2 m from the 
fixed end on the top and bottom surface as shown in Fig. 1. These 
photostrictive actuators are subjected to light irradiation simultaneously 
to attenuate the vibration in the least possible time. The host structure is 
made up of mild steel, which has Young’s Modulus E = 2.1 × 1011 N/m2 

and density ρ = 7.8 × 103 kg/m3. The photostrictive patch is considered 
to be particle composite or fiber composite. The dimensions of the 
photostrictive patch are 0.2 × 0.03 × 0.0003 m. The time increment 
value used for Equations (2) and (3) is 1× 10− 3. Firstly, the structure is 
controlled with a velocity feedback algorithm to investigate the effect of 
different kinds and inclusion volumes of photostrictive composites. The 
properties of photostrictive composite actuators are evaluated before 
the active vibration control simulation as discussed in Section 5.3. For 
evaluating the effect of spherical particle’s volume fraction in velocity 
feedback vibration control response, the value of gain is considered as 
5.05 × 107 (see Equation (44) which is constant along with the bound-
ary condition for all the particulate composite (i.e., particulate com-
posite with inclusion’s volume fraction of 6 % to 30 %). The cantilever 
structure is disturbed with an impulse force of 10 N at the free end. It can 
be observed from Fig. 10a to 10c, that with the increase in inclusion’s 
volume fraction in particulate composite the active vibration control 
response is getting better i.e., faster attenuation of vibrations is ob-
tained. Fig. 10d shows the settling time to achieve approximately 95 % 
vibration attenuation for particulate composite with increasing in-
clusion’s volume fraction. The uncontrolled response represents the 
damped response of the structure. 

A similar trend of active vibration control of cantilever structure 
when bonded with fiber composite of both kinds (i.e., fiber arranged in 

Fig. 11. Vibration response of velocity feedback-controlled cantilever structure when bonded with photostrictive fiber composite (with fiber arranged in square 
manner) of inclusion’s volume fraction (a) 6 %, (b) 36 %, (c) 60 % and (d) time required to achieve approximately 95 % vibration attenuation. 
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square and hexagonal manner) was observed. Fig. 11(a)-(c) depict the 
vibration response of the cantilever structure bonded with fiber com-
posite having fibers arranged in a square manner, and inclusion’s vol-
ume fraction increases from 6 % to 60 %, respectively. While Fig. 12(a)- 
(c) depict the vibration response of the cantilever structure bonded with 
fiber composite having fibers arranged in hexagonal manner, and in-
clusion’s volume fraction increases from 6 % to 60 %, respectively. 
Observing Fig. 11d and 12d, it is evident that till the inclusion’s volume 
fraction of 25 %, the improvement in piezoelectric properties are less 
dominant in comparison to the increase in mechanical stiffness, how-
ever, after 25 % inclusion’s volume fraction piezoelectric properties 
dominate the stiffness and hence better control response is obtained. The 
value of gain is considered as 3.47 × 107 and 3.60 × 107 (see Equation 
(44) for all the cases of fiber composites with fiber arranged in square 
and hexagonal manner, respectively. Fig. 11d and 12d show the settling 
time to achieve approximately 95 % vibration attenuation for fiber 
composite having fiber arranged in a square and hexagonal manner, 
respectively. The settling time first increases and then decreases with 
increasing volume fraction, this statement is true for both kinds of fiber 
composite. The variation of light intensity irradiated over upper and 
lower photostrictive actuator with time, while controlling cantilever 
structure with velocity feedback control is shown in Fig. 13. The vari-
ation of light intensity is plotted only for the composite with maximum 
inclusion’s volume fraction i.e., 30 % and 60 % in particulate and fiber 

composite respectively. It can be observed from Fig. 13 that the value of 
light intensity gradually drops to zero, as the vibrations attenuate. 
Fig. 13a, 13c, and 13e represent the variation of light intensity irradi-
ation over the upper photostrictive particulate composite, fiber com-
posite with fiber arranged in a square and hexagonal arrangement. 
Whereas, Fig. 13b, 13d, and 13f represent the variation of light intensity 
irradiation over the lower photostrictive particulate composite, fiber 
composite with fiber arranged in a square and hexagonal arrangement. 

5.6. Performance of photostrictive composites with fuzzy logic control 

This section discusses the active vibration response of the cantilever 
structure equipped with photostrictive composite actuator patch on top 
and bottom surfaces of the host structure. The properties and dimension 
of the host structure and photostrictive actuator are the same for this 
analysis too, as discussed in Section 5.4. For the analysis with particulate 
photostrictive composites, the value of Imax is considered to be 1.5 × 107 

(see Equation (46). Fig. 14a, 14b, and 14c represent the vibration 
response of the cantilever structure when equipped with an upper and 
lower photostrictive composite actuator of different inclusion’s volume 
fractions i.e., 6 %, 18 %, and 30 % respectively. It can be observed from 
Fig. 14a to 14c that the controlled response is somewhat similar for 
different particulate photostrictive composites and there is also a very 
small difference in time required to attain 95 % vibration attenuation. 

Fig. 12. Vibration response of velocity feedback-controlled cantilever structure when bonded with photostrictive fiber composite (with fiber arranged in hexagonal 
manner) of inclusion’s volume fraction (a) 6 %, (b) 36 %, (c) 60 % and (d) time required to achieve approximately 95 % vibration attenuation. 
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This has happened due to a self-tunable fuzzy logic controller. Fig. 14d 
shows the time required to attain 95 % vibration attenuation for par-
ticulate photostrictive composite with different inclusion volume 
fractions. 

A similar trend for active vibration control of cantilever structure 
bonded with fiber photostrictive composite was obtained. For the 
analysis with fiber photostrictive composites (i.e., fiber aligned in a 
square and hexagonal manner), the value of Imax is considered to be 8 ×

106 and 1× 107, respectively. Small enhancement in response to vi-
bration control is achieved with an increase in inclusion’s volume 
fraction. Owing to the fuzzy logic control tuning capability, the vibra-
tion response of fiber composite with different volume fractions is 
approximately the same. It can be seen from Fig. 15, where Fig. 15a, 
15b, and 15c represent the controlled and uncontrolled vibration 
response of the cantilever structure bonded with fiber composite having 
fiber aligned in a square manner Fig. 15d and 16d show the time 
required to achieve 95 % of the vibration attenuation for the inclusions 
volume fraction of fiber arranged in a square and hexagonal manner 
varies from 6 % to 60 %. Whereas, Fig. 16a, 16b, and 16c represent the 
controlled and uncontrolled vibration response of the cantilever struc-
ture bonded with fiber composite having fiber aligned in hexagonal 
manner. No significant difference in settling time is obtained as a 

function of inclusion’s volume fraction for both kind of fiber composites, 
while the persistent small vibrations are eliminated as the inclusion’s 
volume fraction is increased. The variation of light intensity irradiated 
over upper and lower photostrictive actuator with time, while control-
ling cantilever structure with fuzzy logic control is shown in Fig. 17. The 
variation of light intensity is plotted only for the composite with 
maximum inclusion’s volume fraction i.e., 30 % and 60 % in particulate 
and fiber composite respectively. It can be observed from Fig. 17 that the 
value of light intensity suddenly drops to zero, as the vibrations atten-
uate because of the control algorithm discussed in Section 4.2. Fig. 17a, 
17c, and 17e represent the variation of light intensity irradiation over 
the upper photostrictive particulate composite, fiber composite with 
fiber arranged in square and hexagonal arrangements. Whereas, 
Fig. 17b, 17d, and 17f represent the variation of light intensity irradi-
ation over the lower photostrictive particulate composite, fiber com-
posite with fiber arranged in square and hexagonal arrangements. 

5.7. Stability analysis 

A system is considered stable if the achieved output is finite for every 
bounded input, also known as BIBO stability. As shown in Figs. 10, 11, 
12, 14, 15, and 16 the displacement response approaches zero with time. 

Fig. 13. Variation of light intensity with time at (a), (c), (e)upper and (b), (d), (f) lower photostrictive composite (i.e., particulate composite with 30 % inclusion, 
fiber composite with fiber arrange in square and hexagonal manner with 60 % inclusion) when controlled with velocity feedback controller. 
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The phase diagrams of the controlled response of cantilever structure 
with both velocity feedback and the fuzzy logic controller are shown in 
Fig. 18. Fig. 18a, 18b, and 18c demonstrate the velocity and displace-
ment response of cantilever structure controlled with velocity feedback 
and equipped with particulate composite with 30 % inclusions volume 
fraction, 60 % volume fraction of fiber composite with a square and 
hexagonal arrangement. Whereas Fig. 18d, 18e, and 18f demonstrate 
the velocity and displacement response of cantilever structure 
controlled with fuzzy logic and equipped with particulate composite 
with 30 % inclusions volume fraction, 60 % volume fraction of fiber 
composite with a square and hexagonal arrangement. The system shows 
asymptotically stable nature for every case and stable for the structure 
bonded with particulate composite and controlled with a fuzzy logic 
controller. 

5.8. Effect of light switching function 

The light switching function (see Section 4.2) helps to eliminate the 
small consistent vibrations at the later stage, and smooth out the control 
discontinuity. Fig. 19 demonstrates the uncontrolled and controlled 
response of active vibration control of cantilever structure with and 
without employing light switching function. Fig. 19a, 19b, and 19c are 
the vibration response of cantilever structure equipped with particulate 
composite, and fiber composite with fiber aligned in square and hex-
agonal arrangements, respectively. It can easily be observed from 
Fig. 19a, 19b, and 19c that the light switching function successfully 
eliminates the small vibration at the end i.e., chattering. 

5.9. Comparison of velocity feedback and fuzzy logic control response 

To compare the control response of the cantilever structure, it is 
considered that the intensity of the light to be irradiated over photo-
strictive composite will be constant, along with the boundary conditions 
and type of photostrictive composite, while controlling it with velocity 
feedback and fuzzy logic control. Fig. 20a, 20b, and 20c show the un-
controlled and controlled response of the cantilever structure with ve-
locity feedback control (VFC) and fuzzy logic control (FLC). The max 
light intensity applied on particulate (30 % inclusion’s volume fraction) 
and fiber composite (60 % inclusion’s volume fraction) with fiber 
aligned in square and hexagonal fashion is 1.26× 107, 6.68 × 106 and 
8.35× 106, respectively. 

From Fig. 20, it is prudent to say that with less light intensity faster 
vibration attenuation can be achieved by employing fuzzy logic control. 

5.10. Control merit 

To compare the controlling capability of the different photostrictive 
composites, a parameter called control merit is defined in this study. The 
control merits (CM) can be defined as, 

CM1 =
1

taImax
,CM2 =

1
taImaxρ

(49)  

where ta is the time required to attain 95 % vibration attenuation, Imax is 
the maximum light intensity, and ρ is the density of the composite 
material. 

Fig. 21a and 21b depicts the values of CM1 and CM2, respectively for 
different photostrictive composite materials. Fig. 21a shows that fiber 
composite with fiber aligned in a square fashion (SFC) shows the 

Fig. 14. Vibration response of fuzzy logic-controlled cantilever structure when bonded with photostrictive particulate composite of inclusion’s volume fraction (a) 6 
%, (b) 18 %, (c) 30 %, and (d) time required to achieve approximately 95 % vibration attenuation. 
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maximum value of control merit (CM1), in comparison to particulate 
composite (PC) and fiber composite with fiber aligned in hexagonal 
fashion (HFC). The inclusion’s volume fraction is 30 %, 60 %, and 60 % 
for PC, SFC, and HFC, respectively. The green and blue color bar in 
Fig. 21 refers to the control merit value when the structure is controlled 
with velocity feedback (VFC) and fuzzy logic controller (FLC), respec-
tively. From Fig. 21a, it is prudent to say that SFC gives the best per-
formance to attenuate the 95 % vibration in the least time with the fuzzy 
logic controller. However, if these control merit values are divided by 
density, then PC shows to be the best performer in vibration control with 
photostrictive composite and fuzzy logic control, as shown in Fig. 21b. 
When the desired quality is lightweight, then PC can be selected, 
otherwise, SFC would be the choice for wireless vibration control. 

6. Conclusions 

The current study presented a finite element formulation to wire-
lessly control the cantilever host structure bonded with photostrictive 
composite actuators using visible light irradiation. Overall Multiphysics 
properties (i.e., effective mechanical, electrical, thermal, and pyroelec-
tric properties) of particulate and fiber photostrictive composites are 
investigated employing finite element-based numerical simulations. The 
present finite element formulation is validated with available literature 
for static, dynamic, and modal analysis. The current study comes up 
with the following conclusions:  

(1) Present work opens up a new avenue to solve the issue of fewer 
choices of photostrictive material with high electromechanical 
coupling coefficients and which can also interact with a wider 
range of the light spectrum.  

(2) Active vibration control response of cantilever structure shows 
that with an increase in volume fraction of piezoelectric ceramic 
in photovoltaic polymer, faster vibration attenuation was ach-
ieved. This statement holds good for both particulate and fiber 
composite. 

(3) The fuzzy logic control algorithm dominates the effect of an in-
crease in piezoelectric inclusion, as the time required to control 
even with a photostrictive composite with higher piezoelectric 
inclusion remains moreover same. 

(4) A fuzzy logic controller performs well in comparison to conven-
tional velocity feedback control, as it requires less light intensity 
to achieve faster vibration attenuation when all the geometric, 
material, and boundary conditions were kept constant.  

(5) The light switching function helps to remove the small persisting 
vibrations at the later stage, it helps to improve the stability of the 
system.  

(6) It is found that particulate composites are the better choice for 
lightweight structures and fiber composites are better if there is 
no weight constraint. 

Fig. 15. Vibration response of fuzzy logic-controlled cantilever structure when bonded with photostrictive fiber composite (with fiber arranged in square manner) of 
inclusion’s volume fraction (a) 6 %, (b) 36 %, (c) 60 % and (d) time required to achieve approximately 95 % vibration attenuation. 
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Fig. 16. Vibration response of fuzzy logic-controlled cantilever structure when bonded with photostrictive fiber composite (with fiber arranged in hexagonal 
manner) of inclusion’s volume fraction (a) 6 %, (b) 36 %, (c) 60 % and (d) time required to achieve approximately 95 % vibration attenuation. 
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Fig. 17. Variation of light intensity with time at (a), (c), (e)upper and (b), (d), (f) lower photostrictive composite (i.e., particulate composite with 30 % inclusion, 
fiber composite with fiber arrange in square and hexagonal manner with 60 % inclusion) when controlled with fuzzy logic controller. 
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Fig. 18. Stability analysis of cantilever structure, which is equipped with (a), (d) particulate composite, (b), (e) fiber composite with fiber aligned in a square 
manner, (c), and (f) fiber composite with fiber aligned in a hexagonal manner, when controlled with velocity feedback and fuzzy logic controller respectively. 

Fig. 19. Comparison of a fuzzy logic-controlled cantilever beam with and without function R, when equipped with (a) particulate composite, (b) fiber composite 
with fiber aligned in a square manner, and (d) fiber composite with fiber aligned in a hexagonal manner. 
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Fig. 20. Comparison of velocity feedback and fuzzy logic controller response, when cantilever structure is equipped with (a) particulate composite, (b) fiber 
composite with fiber aligned in a square manner, and (d) fiber composite with fiber aligned in a hexagonal manner. 

Fig. 21. Comparison of different photostrictive composite material using control merit (a) CM1 and (b) CM2 values.  
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Appendix A 

Hi = toki +
ζk

2
tki , (A.1)  

where toki refers to the distance between the kth layer and neutral layer, tki is the thickness of the kth layer at any node i. 
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where tpk is the thickness of the kth photostrictive layer. 
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where nl refers to the total number of layers, and npl represents total number of photostrictive layer. 
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where α and β are the Rayleigh’s coefficients. 

Appendix B. Supplementary material 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.compstruct.2023.116919. 

References 

[1] Crawley EF. Intelligent structures for aerospace: A technology overview and 
assessment. AIAA J 1994;32:1689–99. https://doi.org/10.2514/3.12161. 

[2] Tzou HS, Anderson GL. Intelligent structural systems, vol. 13. Springer Science & 
Business Media; 2013. 

[3] Zheng S, Wang X, Chen W. The formulation of a refined hybrid enhanced assumed 
strain solid shell element and its application to model smart structures containing 
distributed piezoelectric sensors/actuators. Smart Mater Struct 2004;13:N43. 

[4] Sharma S, Kumar R, Talha M, Vaish R. Design of spatially varying electrical poling 
for enhanced piezoelectricity in Pb (Mg1/3Nb2/3) O3–0.35 PbTiO3. Int J Mech 
Mater Des 2021;17:99–118. 

[5] Sharma S, Kumar A, Kumar R, Talha M, Vaish R. Active vibration control of smart 
structure using poling tuned piezoelectric material. J Intell Mater Syst Struct 2020; 
31:1298–313. https://doi.org/10.1177/1045389X20917456. 

[6] Uchino K, Aizawa M, Nomura LS. Photostrictive effect in (Pb, La)(Zr, Ti) O3. 
Ferroelectrics 1985;64:199–208. 

[7] Bai Y, Jantunen H, Juuti J. Energy harvesting research: the road from single source 
to multisource. Adv Mater 2018;30:1707271. 

[8] Paillard C, Bai X, Infante IC, Guennou M, Geneste G, Alexe M, et al. Photovoltaics 
with ferroelectrics: Current status and beyond. Adv Mater 2016;28:5153–68. 

[9] Mamoun S, Merad AE, Guilbert L. Energy band gap and optical properties of 
lithium niobate from ab initio calculations. Comput Mater Sci 2013;79:125–31. 
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