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Abstract: MFC (Microfiber composite) piezoelectric transducers are one of the smart composite
materials used among others in alternative energy sources and autonomous wireless sensors which
exploit vibrational energy. This work presents the theoretical and experimental investigations of the
integration of MFC piezoelectric transducers on epoxy glass fiber composite material and explores
the capacity of power generation based on a variety of ambient temperatures and frequencies. The
study examined the use of ambient vibrational energy to power small electronic devices of wireless
sensor networks which eliminates the need for external power, periodic battery replacement costs,
and chemical waste from conventional batteries. The test was conducted using a laboratory stand
equipped with a thermal chamber and an Instron ElectroPulse waveform generator which induces
a concentric cyclic load to the laminated beam. Laminated MFC was loaded with a low–frequency
range, controlled displacement under different moderate temperatures. The test was conducted at
temperatures ranging from 25 to 60 degrees Celsius and at frequencies ranging from 5 to 25 Hz. The
results show that the voltage generated by the transducer is highly affected by both temperature and
frequency of excitation.

Keywords: macro fiber composite piezoelectric transducer; WSN (wireless sensor networks);
vibrational energy; FFT (fast furrier transformation); energy harvesting; sensors; actuators; energy
efficiency analysis

1. Introduction

The increasing demand for alternative energy sources for low-power electronic and
autonomous wireless sensors has given rise to substantial research activities in the field of
energy harvesting. Over the last decade, vibration-based energy harvesting has gained pop-
ularity. The reduced power requirement of small electronic components, such as wireless
sensor networks (WSN) used in passive and active monitoring applications, encourages
research in this field. The main aim of this study is to power small electronic devices
by leveraging vibrational energy found in their surroundings and investigating system
performance in relation to environmental factors. This eliminates the need for an external
power source, as well as the costs of periodic battery replacement and the chemical waste
generated by conventional batteries.

Piezoelectric fiber reinforced polymer (MFC) is an ultra-thin piezoelectric actuator and
sensor. It can deliver high performance, flexibility, and reliability. NASA developed the
concept of MFC in 1996 [1,2]. MFC is widely used in a variety of applications, including
structural health monitoring system, helicopter rotor blade vibration control, UAV rudder
control, complex structural health monitoring, wing deformation, satellite boom vibration
control, rudder vibration control, and so on [3–7]. Each of these applications could expose
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the MFC piezoelectric transducer to an extremely wide range of temperatures, causing
thermoelastic behavior to become significant. The uncertainty and complexity in predicting
damage propagation in composite materials has limited the use of composite materials in
all application scenarios. An effective solution is early damage detection via monitoring
from integrated wireless sensors [8,9]. As a result, energy harvesting from wind turbine
blade vibration could be a promising technology for powering wireless sensor networks
used for structural health monitoring where an ordinary battery pack is inadequate [10,11].

In references [12–14] the authors described the integration of MFC into the composite
material of a wind blade turbine in order to investigate the power generated by blade tip
vibrations. The hypothetical outcomes were discussed and predicted, but they were not
based on actual measured data. The proposed concept that wirelesses sensor networks
used on wind turbine blades can monitor damage in glass fiber composite blades has made
considerable progress. In references [15–17] the properties of a piezoelectric plate and a
stack of two connected plates were investigated and addressed in relation to experimental
results in this study. The applications of piezoelectric ceramics are expanding and studying
more about the plate’s characteristics and responsiveness helps to improve the intelligence
of mechatronics systems.

A linear electro-mechanically coupled finite element (FE) model for composite lam-
inated thin-walled smart structures bonded with orthotropic MFCs with arbitrary piezo
fiber orientation is developed in [16–18]. There are two types of MFCs: MFC-d31, in which
the d31 effect dominates the actuation forces, and MFC-d33, which primarily uses the
d33 effect. In reference [19,20] the FE model is built using linear piezoelectric constitutive
equations and is based on the Reissner–Mindlin hypothesis. Following that, isotropic or
composite structures with cross-ply laminates integrated with MFC-d31 or -d33 patches
with different fiber orientations are simulated on the MFC patches under a certain electric
voltage. In references [21,22] a vibration-based cantilever beam made from two popular
piezoelectric laminated patches was the subject of an experimental study of its characteristic
behaviors, and an energy harvesting modeling study carried out. The model was also
shown to be more versatile and applicable for diversified harvesters with ambiguous or
unknown parameters, which is impossible for traditional modeling methods to accomplish.
In summary, this study conducted a typical experiment as well as harvesting modeling.
The combined results should aid in the efficient conversion of vibration energy to electrical
energy and have a wide range of applications in piezoelectric cantilever harvesters. Typical
vibration harvesting systems are built into existing host structures [23,24] to grasp ambient
vibration energy. An intriguing application of vibration energy harvesting exists in un-
manned aerial vehicles (UAVs), where weight and aerodynamic considerations necessitate
a versatile approach rather than the traditional method. The authors [25–27] propose a
versatile design for energy harvesting in unmanned aerial vehicles (UAVs), in which a
piezoelectric harvesting device is integrated into the UAV’s wing and provides energy
harvesting, energy storage, and load bearing capability.

In reference [28] temperature changes had a significant effect on the efficiency of the
system designed for energy harvesting from mechanical vibrations based on the use of
a macro fiber composite piezoelectric transducer. The modeling process of the studied
system, as well as the analytical and experimental determinations of the electric voltage
on the resistor connected to the MFC transducer terminals were presented. The decrease
in system efficiency with increasing operating temperature is caused by a change in the
dielectric constant of the piezoelectric material used to make the transducer’s fibers. The
results of mathematical modeling were found to be consistent with measurements taken on
a real object. However, the temperature effects of laminated MFC were not studied, and
the results obtained varied.

Based on the above-mentioned background, in this paper, the authors present the
results of the work conducted in energy harvesting systems using laminated MFC piezoelec-
tric transducer experimentally as well as theoretically. In the experiment, MFC piezoelectric
material is embedded between layers of an epoxy/glass composite. The laboratory stand
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incorporates a thermal chamber for studying the effects of power generated by temperature
differences. The laminated beam was exposed to a temperature below the transducer’s
Curie temperature to keep the system in the temperature range to which it could be exposed
in the ambient environment. A concentric load was applied using an electro-pulse wave
form generator with controlled displacement. The frequency chosen was far from the reso-
nant frequency to predict the mechanical vibration energy in normal operating conditions.
The theoretical model was validated using actual data, and it accurately predicts the results
of the energy harvesting system and mimics the characteristics of the MFC piezoelectric
simple supported beam harvester. The study discovered the possibility to equip composite
material with MFC piezoelectric as an alternative energy source to supply an associated
structure health monitoring (SHM) system.

2. Materials and Methods

The Euler–Bernoulli beam theory was employed to model the MFC laminated simply
supported configurations shown in Figure 1. The primary assumptions used to treat the
model is that the cross sections do not deform significantly when cyclic transverse loads are
applied and remain planar (normal) to the deformed axis of the sample during deformation.
There is no deformation along the transverse axis. The applied method of load and support
(see Figure 2) deflects the plate only along one axis. The composite structure is assumed
to have small deformations and linear material (elastic and electro elastic) behavior. The
transverse vibration force F(x, t) was applied at the middle of the beam. The partial
differential equation that governs the dynamic equation is:

∂2M
∂x2 (x, t) + (ρA)

∂2u
∂t2 (x, t) = δ

(
x− l

2

)
Fo(t). (1)
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Figure 1. (a) The MFCs piezoelectric transducers are laminated in three parallel layers between two
epoxy glass fiber composites. The model is meant to represent dimensionally the laminated beam
that was taken into consideration for this work. (b) A schematic representation of the piezoelectric
transducer’s electrical circuit, including the resistor that is attached externally.
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In accordance with the adopted assumptions of the Euler–Bernoulli theory, when
the width and thickness are smaller in comparison to its length, it is only considered in
one-dimensional longitudinal expansion. The transverse displacement is represented by u,
the mass density of the beam is represented by ρ, the cross-sectional area of the composite
beam is represented by A, δ is the Dirac delta function, which describes the dynamic load
applied to the beam at the middle of the span, and M is the internal bending moment which
is given by Equation (2). The Euler—Bernoulli beam theory describes the relationship
between the bending moment and transverse displacement as:

M(x, t) = EI(x)
∂2u
∂x2 (x, t), (2)

where E is the composite elastic modulus of the beam, and I is the beam’s moment of inertia.
The laminated beam has a composite cross section, and EI measures the bending stiffness
of that section. On the assumption that the overall stiffness is equal to a sum of stiffnesses
of the individual layers, the bending stiffness term EI is typically divided into three parts
(two refer to the piezoelectric layers, and the other refers to the substructural layers). This
is conducted based on the assumption that the overall stiffness is equal to a sum of that
from each layer. It is given by:

EI =
N

∑
k=1

Ek Ik +
N

∑
p=1

cE
11 Ip, (3)

where Ek is the Young’s modulus of the k-th composite substructure layer, Ika are the relative
substructural inertia moments of the cross section, p-th represents the MFC piezoelectric
layer, and cE

11 represents the elastic stiffness component at uniform electric field. For
moderately small bending deflections, the radius of curvature can be calculated as follows:

1
ρ
=

∂2u
∂x2 , k =

1
ρ
=

∂2u
∂x2 . (4)

In order to calculate the normal strain, one must first look at the general definition of
normal strain, which states that normal strain is the elongation relative to the initial length.
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The longitudinal elongation of a fiber at a distance y that is considered to be the neutral
fiber enables one to express the strain as:

S(x, y, t) = −yk = −y
∂2u(x, t)

∂x2 . (5)

Employing an ElectroPuls wave generator, a dynamic cyclic load was applied while
the displacement of Equation (6) was kept under control:

A0sin(ωt)δ
(

x− l
2

)
, (6)

where A0—amplitude, ω—excitation frequency, l—length of the laminated MFC piezoelec-
tric beam and t—time (s).

Based on the above Equations (1) and (2), the dynamic equation of the beam can be
written as:

EI(x)
∂4u
∂x4 (x, t) + (ρA)

∂2u
∂t2 (x, t) = δ

(
x− l

2

)
Fo(t). (7)

Equation (7) is a partial differential equation for which an analytical solution is difficult
to find. In this instance, the problem is effectively solved using the separation approach
(superposition). Therefore:

u(x, t) =
∞

∑
m=1

ϕk(x)ηk(t), (8)

where ϕk(x) defines the natural frequency and eigenfunction of the k-th vibration mode
which can be analytically solved considering the homogenous solution of the beam vibra-
tion equation given in the Equation (6), and ηk(t) is the modal mechanical response of the
k-th vibration mode. To solve the natural frequency and mode shapes, we consider the
undamped mode in the bending vibration of the beam with uniform sectional property, the
response is given by:

u(x, t) = ϕ(x)sin(ωt). (9)

In which ω is the natural frequency of the beam. Substituting Equation (9) into
Equation (7), one has:

d4 ϕ(x)
dx4 − β4 ϕ(x) = 0, (10)

where: β2 = ω
√

ρA
EI .

The general solution of the Equation (10) is:

ϕ(x) = Asinβx + Bcosβx + Csinhβx + Dcoshβx, (11)

where A, B, C, and D are integration constants to be evaluated using the boundary condi-
tions. Assuming the beam is a simply supported beam, the boundary conditions at the
ends of the support imply the following conditions on mode shape functions:

ϕ(0) = ϕ(l) = 0,
d2 ϕ(0)

dx2 = d2 ϕ(l)
dx2 = 0.

(12)

The coefficient of the modal function is given by: B = D = 0[
sinh(βL) sin(βL)
sinh(βL) −sin(βL)

][
A
C

]
=

[
0
0

]
(13)
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Substituting the boundary conditions in Equation (11), the natural frequency and
mode shape function in the k-th mode is given by:

ωk = (kπ)2

√
EI
ρL4 ,ϕk(x) = sink

(
kπ

L
x
)

. (14)

By employing the method of mode superimposition, Equation (7) is replaced to the
mechanical equation of motion expressed in modal coordinates, which is as follows:

d2ηk(t)
dt2 + 2ξωk

dηk(t)
dt

+ ω2
k ηk(t) = fk(t). (15)

ωk is the modal structural damping ratio derived from the proportional damping assump-
tion, and ξ is the undamped natural frequency of the k-th vibration mode. Where fk(t) is
given by:

fk(t) = Foewtδ

(
x− l

2

)
. (16)

Equation (15) is a nonhomogeneous second order differential equation which can be
assumed as the following equation:

ηk(t) = A1e(−ξωk+ωk
√

ξ2−1)t + A2e(−ξωk−ωk
√

ξ2−1)t +
Fo

−2ξω2
k

cosωt. (17)

where the constants A1, A2 are obtained from the boundary conditions, Fo is the amplitude
of the external load. Now using superposition technique, the deflection at x at instant time,
in another word the deflection with the function of x and t, is given by:

u(x, t) = ∑ ksin
(

kπx
L

)[
A1e(−ξωk+ωk

√
ξ2−1)t + A2e(−ξωk−ωk

√
ξ2−1)t +

Fo

−2ξω2
k

cosωt

]
(18)

The temperature and the applied stress both influence the beam’s degree of strain.
Because of this, it is possible to express strain as a function of stress and temperature using
the following equations:

S = g(σ, T), (19)

dS =

(
∂S
dσ

)
T

dσ +

(
∂S
∂T

)
σ

dT, (20)

where E =
(

∂σ
∂S

)
T

and α =
(

∂x
∂T

)
σ
.

While
(

∂x
∂T

)
σ

and
(

∂σ
∂S

)
T

are the gradients in temperature and stresses, respectively. It
is possible to determine the beam’s direct strain by integrating Equation (21), assuming
that the temperature is uniform, and the thermal expansion (α) is linear:

dS =
dσ

E
+ αdTl (21)

where l is the length of the beam.

Electromechanical Modelling

Piezoelectricity is a substance’s ability to generate electrical charges in response to
mechanical strain. The inverse piezoelectric effect refers to the opposite effect of deforma-
tion caused by an external electric field. A set of constitutive equations is typically used to
describe the aforementioned phenomena. Given that the total strain in the transducer is
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the sum of mechanical strain caused by mechanical stress and controllable actuation strain
caused by the applied electric voltage, their strain-charge form is as follows:

Dm = εσ
ikψk + dmiσi, (22)

Si = sψ
ijσj + dmiψm, (23)

where σ is the stress vector; S is the strain vector; ψ is the vector of applied electric field;
D is the vector of electric displacement; s is the compliance tensor coefficients; d is the
matrix of piezoelectric coupling coefficients; and ε is the matrix of electric permittivity. The
superscripts in the compliance matrix indicate that the electric field (ψ) is constant and in
electric permittivity it indicates that the stress (σ) is constant. The indices m, k = 1, 2, 3 and i,
j = 1, 2, 3 . . . 6 refer to the direction’s relationship with the transducer stress in the different
directions. By employing the approach of linear electrical circuit analysis, we were able to
derive the equation for the piezoelectric transducer, complete with the attached resistor.
The piezo component was analyzed as if it were an electric charge source, and its electrical
capacity was calculated accordingly. It was determined that the entire system could be
modeled as an RC electric circuit with an initial state of zero (since the capacitor had not
been pre-charged) as indicated in Figure 1b. A transient state is produced in the system
whenever the harmonic voltage Vp is generated as a result of the deformation of the piezo
element in the system. The electric circuit can be found by using the following equations,
which are based on Kirchhoff’s law and the study of alternating current circuits:

Vp(t) = Vc(t) + RzCp
dVc(t)

dt
, (24)

where Rz is the resistance connected for the purpose of measuring voltage drop due to vibra-
tional energy (shown in Figure 1), Cp represents the electric capacity of the MFC transducer, and
Vc represents the voltage on the electrodes of the capacitor. Using Equation (22) through (24)
we can obtain:

Vp(t) =

γlpbpd31

CpsE
11

Rz

γlpbpεσ
33

Cptp

(
1− k2

31
)

Rz +
(

1− γlpbpεσ
33

Cptp

(
1− k2

31
))√

R2
z +

(
1

ωCp

)2
S(t), (25)

where:

k31
2 =

d31
2

sE
11εσ

33
(26)

- γ is the surface area of the electrodes in the considered transducer and was defined as
an area of the piezo-element active part multiplied by a copper fiber volume fraction,
and lb, bp, tp are active length, width, and thickness of the transducer, respectively.

The value of the effective power can be computed based on the relationship:

P =
Va2

Rz
(27)

where Va represents the voltage’s root mean square value that is produced by the transducer.
Commercially available MFC transducers are ready-made piezoelectric transducers in

the form of thin, flexible films. The transducer is made of rectangular piezo-ceramic bars
sandwiched between layers of electrodes and polyimide foil. The transducer’s electrodes
are connected in such a way that they form an interdigitated system. Because of this
design, the transducer is a ready-to-use, long-lasting element that can be used in systems
for energy recovery from mechanical vibrations, among other things. There are numerous
piezoelectric transducer solutions that are attached to the surfaces of vibrating mechanical
systems or integrated with them by laminating them in composite structures.
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The harvester in this paper is made up of three MFC transducers of type M8514P2,
laminated between layers of a composite panel. The system is made of a glass fabric with
a twill weave and a weight of 600 g/m2. The matrix consisted of Ig700 epoxy resin and
hg700 hardener mixed in a mass ratio of 100/30. The detailed procedure of the system
built with material properties can be found in a separate paper [29]. Figure 2 depicts a
ready-to-use composite panel with MFC piezoelectric transducers. The developed solution
is an intelligent structure that can function as both a system for generating electricity from
mechanical vibrations and a structure which dynamic parameters can be controlled using
piezoelectric transducers laminated within it.

The tested piezoelectric transducer’s terminals were connected to an external resistor
(positioned outside of the thermal chamber), and an electric voltage drop was noted on
it with a National Instruments measuring card NI9215 with a monitoring range of −10 V,
+10 V. The measurement card was installed in the cDAQ-9191 CompactDAQ Chassis and
connected to a computer, where the results were noted using LabVIEW software. During
measurements, the number of cycles was set to 500. Data was collected during the tests
using a voltage trigger released by the analogue output of the Instron controller only during
the excitation of the test samples. Figure 2 depicts a view of a laminated MFC test sample.

The MFC piezoelectric transducer was evaluated using a temperature chamber equipped
with a universal electromechanical testing machine Instron ElectroPuls E10,000 (Instron,
High Wycombe, UK) with variable strain-controlled dynamic forcing function. The test
was conducted with displacement control. The strain was measured using an extensometer
designed to record under dynamic loading conditions. The process of loading, frequency
change, and temperature was controlled by the corresponding measurement procedure. The
deformation range of the component corresponding to voltage generation was selected on
the basis of preliminary calibration tests. The test procedure was as follows: The temperature
was raised according to the values presented in Table 1 in each stage before the temperature
stabilization step began. After a period of temperature stabilization (ts = 10 min), the tested
piezoelectric transducer was subjected to concentric sinusoidal load at displacement control
for 5 different frequencies presented in Table 1.

Table 1. The frequency and temperature ranges to which laminated MFC piezoelectric transducers
were subjected.

Frequencies to which the system was subjected (Hz) 5 10 15 20 25
Temperatures to which the system was exposed (◦C) 25 30 40 50 60

The manufacturer specifies an effective working temperature range from −35 to +85 degrees Celsius [30]. The
Instron controller’s analogue output voltage signal was streamed to the National Instruments controller, which
used the analogue output as the data acquisition trigger signal (changes in generated piezoelectric transducer
electric voltage). The laboratory stand was controlled by a displacement control, which ensured that the trans-
ducer’s deformation value remained constant at its maximum. The tests were performed at various temperatures
and frequencies, and the experimental results revealed that the temperature effects were strongly frequency
dependent. The peak value of the voltage drop on the connected resistor was determined using the parameters of
the analyzed system, which are summarized in Table 2.

Table 2. The tested MFC transducer material properties and geometrical parameters [30].

No. Description Notation (Units) Value

1 Copper fiber volume
fraction γ (dimensionless) 0.19

2 Capacity Cp(nF) 84.04
3 PZT fiber thickness tp[µm] 127
4 Active length of MFC lp[mm] 85
5 Active width of MFC bp[mm] 14
6 Dielectric constant εσ

33

[
F
m

]
1.504 × 10−8

7 Elastic compliance constant sE
11

[
m2

N

]
16.4 × 10−12

8 Piezoelectric constant d31

[
pC
N

]
−2.1 × 102
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Every two minutes of stabilization time, the frequency was increased by 5 Hz. The
procedure was carried out beginning at 25 ◦C and progressing through temperatures shown
in Table 1 (all values of excitation frequency were used in case of each temperature value).

3. Result and Discussion

To investigate the effects of the two primary parameters (temperature and frequency)
on electrical energy harvester using an MFC transducer, a laminated MFC transducer was
subjected to a variety of changes in ambient temperature and frequency. The environment
that is being considered is analogous to the natural environment that is present all around
us and can be found in our immediate surroundings. This contributes to the development
of alternative energy resources, as well as a better understanding of them and the ability to
leverage them. Piezoelectric fiber composites can improve the performance of a wide range
of structures and withstand a wide temperature range, both of which are critical factors in
determining thermoelastic behavior. The amount of strain, or extension, experienced by
the laminated system is proportional to the electric field properties of the MFC transducer.
The strain induced by this work was influenced by both the stress caused by an applied
load at a specific frequency and the temperature fluctuation load. Temperature changes
cause a strain that remains constant over time and is unaffected by frequency parameters.
If the harvester experiences significant displacement or deformation, the generation of the
electric field will increase significantly. Equation (24) was used to estimate the average
voltage drop in the resistor connected to the MFC transducer terminals, which represents
the key parameters of the simple supported energy harvester from mechanical vibrations.
The theoretical model incorporates temperature and frequency as independent variables,
which are the primary parameters of the author’s intention, making it more useful than the
previous work.

Figure 3 illustrates the system’s theoretical model voltage prediction which was con-
sistent with experimental measurements. Three separate MFC piezoelectric transducers are
laminated between layers of the epoxy glass composite, and each transducer is connected
to a separate external resistor. The voltage drop at each resistor was recorded, and the
average result was used for further analysis. The model was exposed to several moderate
temperature environments (25 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C). Because it was claimed
that this alternative energy source would be used to harvest energy from our surroundings,
the system was studied with a moderate environmental factor. The proposed mathematical
model developed in this paper yielded highly consistent results in laboratory conditions.
The laminated MFC was exposed to ambient temperature and frequency to investigate the
dependence of certain parameters of the energy harvester system. The Curie temperature
of the PZT fibers and the glass transition temperature of the epoxy used inside the MFC are
the most important temperature limits. In reference [31] the temperature behavior of the
key piezoelectric parameters, such as the electromechanical coupling factor, dielectric per-
mittivity, piezoelectric charge constants, and voltage constants of a piezoelectric material,
were studied. Temperatures below 150 ◦C have no significant effect on these parameters,
indicating that any transducer made from this material can be used successfully up to this
temperature without losing its magnetic properties. Between 150 and 250 degrees Celsius,
the piezoelectric properties (piezoelectric constant) undergo significant changes, primarily
due to the depoling effect, and beyond that, at temperatures above 250 degrees Celsius,
they degrade rapidly, tending to zero. Figure 4 illustrates the frequency of excitation de-
pendence of the MFC piezoelectric transducer. The graph depicts the voltage measurement
at 40 degrees Celsius and five different frequencies.
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The frequencies assumed in this work are low frequencies obtained from mechanical
system vibration. The efficiency of mapping mechanical energy to electrical energy is more
dependent on frequency than amplitude. According to the empirical data as well as the
mathematical model, when the frequency of the excitation load is increased, the voltage
that is obtained also increases in a proportional fashion.

To obtain a clearer picture of the results of the measurement, it is more practical to
convert the responses into the frequency domain using the FFT (fast furrier transformation)
algorithm. Figure 5 shows the frequency domain obtained by the FFT algorithm, which
was used to sample data from the time domain into the frequency domain. According to
Figure 6, the voltage response of the laminated MFC piezoelectric transducer increases
linearly as the temperature and frequency are increased. The graph demonstrates peak
voltage measured 7.2 volts at its highest point at a frequency of 25 Hertz and a temperature
of 60 degrees Celsius.
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The simple supported harvester model and experimental results confirm that the two
key parameters of the external loads (frequency and temperature) had the greatest influence
on power efficiency (Figure 7). As shown in the frequency domain on Figure 6, as the
temperature rises from 25 to 60 degrees Celsius, the voltage drop in the resistor increases
smoothly. The same is true for the frequency of excitation; as the frequency increased, so
did the amount of energy obtained. As the temperature rises, the thermal coefficients of the
laminated MFC expands, influencing the strain induced. Although increasing temperature
has an effect on dielectric coefficients [28] the magnitude is small in comparison to thermal
coefficients. The thermal expansion of the tested sample is more strongly influenced by
an increase in temperature than the dielectric coefficient properties. Due to the dielectric
property, it has been observed in a different paper [28] that an increase in temperature
results in a decrease in the efficiency of MFC piezoelectric transducers. On the other hand,
in this research, we attempted to solve the problem by extending the model to include
thermal expansion as a function of strain, as demonstrated by Equation (20). Because of the
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stress and the thermal expansion, the strain that is caused by this equation will be induced.
According to the findings of this study, the thermal expansion of a material increases at a
rate that is significantly higher than the rate at which its dielectric coefficient increases when
the temperature increases. This causes the voltage to rise at the output of the transducer,
which adds new findings to those obtained from the work carried out previously. Figure 7
illustrates the relationship that exists between power, temperature, and frequency in the
context of the results that were obtained.
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4. Conclusions

The more in-depth influences of temperature and low frequency on the laminated
MFC piezoelectric harvester were modelled analytically based on the constitutive equation
and Bernoulli’s beam theory. These models were then validated with the experimental
measurement data. The primary objective of the authors was to find a way to provide
power to portable electronic devices by putting more emphasis on the vibrational energy
that is present in their surroundings. This improves the capability of recovering electrical
energy from our surrounding environment to supply WSN and low-power electronic
devices. As a result of this research, a laminated MFC piezoelectric transducer is put
through a variety of temperatures and stress load conditions while being excited at low
frequencies. The harvester operated in temperatures ranging from 25 to 60 degrees Celsius,
and it operated at a frequency that varied from 5 to 25 Hz. The electric field properties
of the MFC transducer have a direct proportional relationship to the amount of strain
that the laminated MFC piezoelectric system experiences. Increasing temperature has a
greater influence on the thermal expansion of the system than on the dielectric efficiency
of the piezoelectric transducer. The strain induced was a function of stress and thermal
expansion. According to this study, as temperature rises, thermal expansion increases
more than the dielectric coefficients of laminated MFC piezoelectric transducers. The
mathematical model effectively predicts the characteristics of the harvester, and the power
obtained from the simple-supported harvester increases linearly as the temperature (up to
but not exceeding Curie temperatures) and frequency increase. In addition to assessing
the performance of a laminated MFC piezoelectric transducer based on temperature and
frequency factors, this work presents the possibilities of an energy-recovery system based
on available environmental factors, which may resolve current key issues of energy scarcity
on a massive scale.

Author Contributions: Conceptualization, T.G.D. and M.Ł.P.; methodology, M.Ł.P., T.G.D. and G.K.;
validation, T.G.D. and M.Ł.P.; formal analysis, M.Ł.P., T.G.D. and G.K.; investigation, G.K. and
M.Ł.P.; resources, M.Ł.P. and G.K.; data curation, T.G.D.; writing—original draft preparation, T.G.D.;
writing—review and editing, M.Ł.P.; visualization, T.G.D. and M.Ł.P.; supervision, M.Ł.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: https://drive.google.com/file/d/1EVvqWrF9XuFFXq-vZNVIRHvu4
Mgk2-q3/view?usp=sharing (accessed on 27 October 2022).

Acknowledgments: The authors would like to thank the Faculty of Mechanical Engineering at
Silesian University of Technology (SUT) for their cooperation and providing the experimental setups
and equipment we needed to do this work successfully.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bryant, R.G. Overview of NASA Langley’s Piezoelectric Ceramic Packaging Technology and Applications. Paper Presented at the

10th Japan International SAMPE Symposium and Exhibition: JISSE-10, Tokyo, Japan, 27–30 November 2007.
2. Wilkie, W.K.; Bryant, R.G.; High, J.W.; Fox, R.L.; Hellbaum, R.F.; Jalink, A.; Little, B.D.; Mirick, P.H. Low-cost piezocomposite

actuator for structural control applications. In Smart Structures and Materials 2000: Industrial and Commercial Applications of Smart
Structures Technologies; SPIE: Bellingham, WA, USA, 2000; Volume 3991, pp. 323–334.

3. Lin, X.; Zhou, K.; Zhang, X.; Zhang, D. Development, modeling and application of piezoelectric fiber composites. Trans. Nonferrous
Met. Soc. China 2013, 23, 98–107. [CrossRef]

4. MFC, Macro Fiber Composite, MFC actuator, MFC sensor—CoreMorrow. Available online: http://www.coremorrow.com/en/
pro-7-1.html (accessed on 6 November 2022).

5. Karthik, R.; Guru Prasath, S.; Swathi, K.R. Surface Morphing using Macro Fiber Composites. Mater. Today Proc. 2018, 5,
12863–12871. [CrossRef]

https://drive.google.com/file/d/1EVvqWrF9XuFFXq-vZNVIRHvu4Mgk2-q3/view?usp=sharing
https://drive.google.com/file/d/1EVvqWrF9XuFFXq-vZNVIRHvu4Mgk2-q3/view?usp=sharing
http://doi.org/10.1016/S1003-6326(13)62435-8
http://www.coremorrow.com/en/pro-7-1.html
http://www.coremorrow.com/en/pro-7-1.html
http://doi.org/10.1016/j.matpr.2018.02.271


Appl. Sci. 2022, 12, 12135 14 of 14

6. Macro-Fiber Composite Based Transduction. Available online: https://apps.dtic.mil/sti/citations/AD1006127 (accessed on 6
November 2022).

7. Ofori-Atta, K. Morphing Wings Using Macro Fiber Composites. McNair Sch. Res. J. 2014.
8. Choi, S.-W.; Farinholt, K.M.; Taylor, S.G.; Light-Marquez, A.; Park, G. Damage Identification of Wind Turbine Blades Using

Piezoelectric Transducers. Shock Vib. 2014. [CrossRef]
9. Le, T.-C.; Luu, T.-H.-T.; Nguyen, H.-P.; Nguyen, T.-H.; Ho, D.-D.; Huynh, T.-C. Piezoelectric Impedance-Based Structural Health

Monitoring of Wind Turbine Structures: Current Status and Future Perspectives. Energies 2022, 15, 5459. [CrossRef]
10. Tippmann, J.D.; di Scalea, F.L. Vibration control experiments using piezoelectric transducers on a wind turbine blade. In Sensors

and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2013; SPIE: Bellingham, WA, USA, 2013; Volume 8692,
pp. 420–427.

11. Anton, S.R.; Taylor, S.G.; Raby, E.Y.; Farinholt, K.M. Powering embedded electronics for wind turbine monitoring using
multi-source energy harvesting techniques. In Industrial and Commercial Applications of Smart Structures Technologies 2013; SPIE:
Bellingham, WA, USA, 2013; Volume 8690, pp. 64–72.

12. Wen, T.; Shi, Y.; Jia, Y. Vibration Energy Harvesting for Information Transmission on Offshore Wind Turbine Blade. In Proceed-
ings of the 2019 19th International Conference on Micro and Nanotechnology for Power Generation and Energy Conversion
Applications (PowerMEMS), Krakow, Poland, 2–6 December 2019; pp. 1–5.

13. Gómez Muñoz, C.Q.; García Márquez, F.P. A New Fault Location Approach for Acoustic Emission Techniques in Wind Turbines.
Energies 2016, 9, 40. [CrossRef]

14. Wen, T.; Ratner, A.; Jia, Y.; Shi, Y. Parametric Study of Environmental Conditions on The Energy Harvesting Efficiency for The
Multifunctional Composite Structures. Compos. Struct. 2021, 255, 112979. [CrossRef]

15. Degefa, T.G.; Wróbel, A.; Płaczek, M. Modelling and Study of the Effect of Geometrical Parameters of Piezoelectric Plate and
Stack. Appl. Sci. 2021, 11, 11872. [CrossRef]

16. Sherrit, S.; Jones, C.M.; Aldrich, J.B.; Blodget, C.; Bao, X.; Badescu, M.; Bar-Cohen, Y. Multilayer piezoelectric stack actuator
characterization. In Behavior and Mechanics of Multifunctional and Composite Materials 2008; SPIE: Bellingham, WA, USA, 2008;
Volume 6929, pp. 53–64.

17. Harazin, J.; Wróbel, A. Empirical analysis of piezoelectric stacks composed of plates with different parameters and excited with
different frequencies. IOP Conf. Ser. Mater. Sci. Eng. 2022, 1239, 012008. [CrossRef]

18. Modeling and Simulation of Macro-Fiber Composite Layered Smart Structures—Science Direct. Available online: https://www.
sciencedirect.com/science/article/pii/S0263822315001300 (accessed on 6 November 2022).

19. Upadrashta, D.; Yang, Y. Finite element modeling of nonlinear piezoelectric energy harvesters with magnetic interaction. Smart
Mater. Struct. 2015, 24, 045042. [CrossRef]

20. Pan, D.; Dai, F. Design and analysis of a broadband vibratory energy harvester using bi-stable piezoelectric composite laminate.
Energy Convers. Manag. 2018, 169, 149–160. [CrossRef]

21. Xue, X.; Sun, Q.; Ma, Q.; Wang, J. A Versatile Model for Describing Energy Harvesting Characteristics of Composite-Laminated
Piezoelectric Cantilever Patches. Sensors 2022, 22, 4457. [CrossRef] [PubMed]

22. Bolat, F.C. Experimental and numerical analysis of vibration-based hybrid energy harvesting from non-classical beam structures.
Structures 2022, 37, 504–513. [CrossRef]

23. Padoin, E.; Santos, I.F.; Perondi, E.A.; Menuzzi, O.; Gonçalves, J.F. Topology optimization of piezoelectric macro-fiber composite
patches on laminated plates for vibration suppression. Struct. Multidiscip. Optim. 2019, 59, 941–957. [CrossRef]

24. Choi, S.-C.; Park, J.-S.; Kim, J.-H. Vibration control of pre-twisted rotating composite thin-walled beams with piezoelectric fiber
composites. J. Sound Vib. 2007, 300, 176–196. [CrossRef]

25. Anton, S.R.; Erturk, A.; Inman, D.J. Strength analysis of piezoceramic materials for structural considerations in energy harvesting
for UAVs. In Active and Passive Smart Structures and Integrated Systems 2010; SPIE: Bellingham, WA, USA, 2010; Volume 7643, pp.
125–135.

26. Truitt, A. Energy Harvesting through Wind Excitation of a Piezoelectric Flag-Like Harvester. Master’s Thesis, The University of
Alabama, Tuscaloosa, AL, USA.

27. Anton, S.R. Multifunctional Piezoelectric Energy Harvesting Concepts. Ph.D. Thesis, Virginia Tech, Blacksburg, VA, USA, 2011.
28. Płaczek, M.; Kokot, G. Modelling and Laboratory Tests of the Temperature Influence on the Efficiency of the Energy Harvesting

System Based on MFC Piezoelectric Transducers. Sensors 2019, 19, 1558. [CrossRef] [PubMed]
29. Płaczek, M. Modelling and Production Process of the Energy Harvesting System Based on Mfc Piezoelectric Transducers. Int. J.

Mod. Manuf. Technol. 2020, XII, 106–114.
30. MacroFiberCompositeTM. Available online: https://www.smart-material.com/MFC-product-mainV2.html (accessed on 6

November 2022).
31. Miclea, C.; Ta, C.; Amarande, L.; Miclea, C.F.; Pla, C.; Trupina, L.; Miclea, C.T.; David, C. Effect of Temperature on The Main

Piezoelectric Parameters of A Soft PZT Ceramic. Rom. J. Inf. Sci. Technol. 2007, 10, 243–250.

https://apps.dtic.mil/sti/citations/AD1006127
http://doi.org/10.1155/2014/430854
http://doi.org/10.3390/en15155459
http://doi.org/10.3390/en9010040
http://doi.org/10.1016/j.compstruct.2020.112979
http://doi.org/10.3390/app112411872
http://doi.org/10.1088/1757-899X/1239/1/012008
https://www.sciencedirect.com/science/article/pii/S0263822315001300
https://www.sciencedirect.com/science/article/pii/S0263822315001300
http://doi.org/10.1088/0964-1726/24/4/045042
http://doi.org/10.1016/j.enconman.2018.05.032
http://doi.org/10.3390/s22124457
http://www.ncbi.nlm.nih.gov/pubmed/35746239
http://doi.org/10.1016/j.istruc.2022.01.036
http://doi.org/10.1007/s00158-018-2111-3
http://doi.org/10.1016/j.jsv.2006.07.051
http://doi.org/10.3390/s19071558
http://www.ncbi.nlm.nih.gov/pubmed/30935134
https://www.smart-material.com/MFC-product-mainV2.html

	Introduction 
	Materials and Methods 
	Result and Discussion 
	Conclusions 
	References

