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Abstract: Piezoelectric materials are used to harvest ambient mechanical energy from the envi-
ronment and supply electrical energy via their electromechanical coupling property. Amongst
many intensive activities of energy harvesting research, little attention has been paid to study the
effect of the environmental factors on the performance of energy harvesting from laminated piezo-
electric materials, especially when the temperature in the operating condition is different from
the room temperature. In this work, thermomechanical effects on the electrical energy harvested
from a type of laminated piezoelectric devices, known as thin layer unimorph ferroelectric driver
(called THUNDER) were investigated. Three configurations of THUNDER devices were tested in
a controlled temperature range of 30–80 ◦C. The THUNDER devices were pushed by using a cam
mechanism in order to generate required displacements and frequencies. The experimental results
exhibited a detrimental effect of the elevated temperature on the generated voltage and the harvested
electrical power. It is due to changes in residual stress and geometry. These results are advanta-
geous for many applications of the THUNDER devices and for future design of a new laminated
piezoelectric sensor and energy harvester in an elevated temperature environment.

Keywords: thermomechanical effect; energy harvesting; piezoelectric material; THUNDER devices

1. Introduction

Modern technological products, such as automobiles, need to respond to customer
demands for improved safety and greater comfort and convenience. Complex sensor
networks are employed to meet these requirements. The use of typical wired sensor
networks has always been expensive because of installation and maintenance costs; so the
use of wireless sensor networks (WSNs) has become ubiquitous. A WSN contains many
of sensor nodes. These sensors have the ability to communicate either among each other
or directly with an external base station [1]. However, the WSNs require their own power
supply, which in most cases is conventional batteries. Disadvantageously, batteries have a
limited lifetime, require frequent maintenance, and possibly contain hazardous chemicals
leading to environmental concerns. Consequently, it is highly desirable for wireless devices
to be operational and sustainable without requiring a battery or recharging process. The
task of replacing a battery is tedious and often expensive, especially when sensors are
located in a remote area.

These concerns can be potentially mitigated through the use of energy harvesting.
Energy harvesting is the process of capturing ambient waste energy and converting it into
usable energy for electrical devices to consume. Energy harvesting can be obtained from
different energy sources such as solar, acoustic, human, thermal, and mechanical energy.
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Scavenging this type of energy to power wireless devices is a growing area of interest.
Some of these waste energy can be harvested through the use of piezoelectric materials,
which have the ability to convert mechanical energy into electrical energy or vice versa.
These characteristics allow the materials to be used as an energy harvesting device.

Research in energy harvesting by employing piezoelectric materials has been initiated
for quite some time. For examples, Antaki et al. proposed to extract useful energy from
ambulation to provide supplemental power for operating artificial organs by using PZT-
based piezoelectric stacks (made from lead zirconate titanate ceramic or PZT) in 1995 [2].
The piezoelectric transducer was mounted in a shoe. It consisted of a single cylindrical stack
of 18 PZT ceramic slugs, each having a diameter of 0.32 inch and a thickness of 0.245 inch.
The output power of 250–700 mW was extracted from a typical human weight of 75 kg
during walking and over 2W from jogging. Umeda et al. in 1996 studied the mechanism
of power generation from a piezoelectric vibrator. Mechanical energy is transformed into
electrical energy with a steel ball impacting a piezoelectric vibrator [3]. The output of this
generator over a resistive load was studied when a free steel ball was dropped onto it from
various heights. The transformation efficiency at different heights and different resistive
loads was in the range 5–9%. Although the efficiency obtained was rather low, this research
indicated the potential of using a piezoelectric device to harvest energy.

Some other research dealt with optimizing the power harvesting configuration or
improving circuitry to store the energy. In 2001, Park investigated the type of circuitry
used to harvest the energy from piezoelectric devices [4]. Two different circuit models
for a piezoceramic were analyzed theoretically and experimentally to study the electric
impedance and phase angle of a piezoceramic. Kasyap et al. in 2002 used piezoelectric
energy reclamation from mechanical vibrations. They also utilized the concept that the
energy transfer from the piezoelectric to the load is maximum when the impedance of
the two are matched and designed an appropriate circuit whose impedance could be
modified. Vibration from a cantilever beam and a lumped element model was developed
that resulted in 20% peak voltage efficiency [5]. Roundy et al. compared the power outputs
of electrostatic and piezoelectric conversion mechanisms, obtained computationally and
experimentally. The simulation results demonstrated that the potential power output of
the PZT bimorph cantilever is significantly higher and showed that PZT prototype could
generate a power density of 70 µW/cm3. Moreover, simulations by the same investigators
indicated that an optimized device is able to generate 250 µW/cm3 from a vibration source
with a frequency of 120 Hz and acceleration amplitude of 2.5 m/s2 [6,7].

In addition to traditional piezoelectric devices already mentioned, advanced piezo-
electric transducers, such as curved multilayer piezoelectric composite transducers have
a high potential for using as waste mechanical energy harvesters due to their reliability,
durability, and flexibility. Early examples of this kind of devices are internally-biased
oxide wafer (RAINBOW), which is a chemically reduced laminated piezoelectric [8,9],
lightweight piezo-composite curved actuator (LIPCA), which is a thin layer assembly
of a laminate of fiberglass, carbon and PZT [10], and thin layer unimorph ferroelectric
driver (THUNDER), which is a laminated composite made of a ceramic active layer and
other inactive elastic layers [11–13]. Some researchers recently investigated laminated
piezoelectric devices composed of metamaterial-based substrates [14,15]. Auxetic structure
having negative Poisson’s ratio were proposed as the passive elastic layers to improve
the power output of the energy harvesters. The generated electrical power of the devices
with the metamaterial substrates was several times as high as the power produced by an
equivalent conventional harvester with a plain substrate. Evidently, the literature indicates
the continuous research and development of the laminated devices and their variants as
the auspicious energy harvesters.

The scope of this manuscript focuses on curved piezoelectric THUNDER devices
produced by Face International Corporation [16]. THUNDER devices are selected for this
study, since besides the advantages stated above, they are reported to exhibit high potential
when they are used as energy generators, possess good compatibility with low frequency
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range applications, and have a steady commercial availability in various sizes and shapes;
so a parametric study in the device geometry can be undertaken readily [13,16,17]. The
devices are composed of piezoceramic (PZT5A) as the active layers, and aluminum and
stainless steel as the inactive elastic layers. These layers are bonded together with LaRC-SI
adhesive as illustrated in Figure 1. The hot-melt bonding process at 325 ◦C induces residual
stresses in the THUNDER laminates when they are cooled down to room temperature
due to the difference in the elastic moduli and thermal expansion coefficients between
the layers. This results in curved-shape devices as shown in Figure 2. A variety of
fundamental investigations of THHUNDER devices by experiments and computations by
Mossi et al. [11] and Aimmanee et al. [12,18] showed the device characteristics of activated
displacement under the application of electric field. Mossi et al. [19] also studied parameters
that affect THUNDER actuation and energy harvesting. Parameters such as conductivity
of the adhesive, composition, size, type and thickness of the layers were investigated.
Wang et al. [13] investigated the energy harvesting performance of the THUNDER via
experimental and analytical methods. The analytical results showed that the effect of radius
of curvature on the output power was significant. However, according to the literature
review, curved piezoelectric devices such as THUNDER have been studied as an actuator
and energy harvester only at room temperature. To the best of authors’ knowledge, no
research has been conducted about the influences of temperature on THUNDER devices in
addition to variations of mechanical loading conditions, despite the fact that a temperature
fluctuation could affect the performance of the device considerably. To address this, the
purpose of the present work is to study the thermomechanical effects on the electrical
energy harvested from THUNDER devices subjected to a variety of adjustable frequencies,
pressing displacements, and temperatures.

Figure 1. Layout of a laminated piezoelectric device.

Figure 2. Three types of THUNDER devices (6R, 7R and 8R).
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2. Experimental Configuration
2.1. Characteristics of THUNDER Devices

In this research, a series of experiments was conducted to quantify the electrical signal
and energy harvested from three types of THUNDER devices, i.e., 6R, 7R, and 8R, whose
details are tabulated in Table 1. It is to be noted that 6R, 7R, and 8R are the model names
of the THUNDER devices. The sets of THUNDER devices were manufactured from Face
International Corporation [16]. The configurations are illustrated in Figure 2. Mechanical
and electrical properties of materials used in the THUNDER devices are shown in Table 2.

Table 1. Description of thin layer unimorph ferroelectric driver (THUNDER) devices.

Description
THUNDER Type

6R 7R 8R

Mass (g) 16.3 18 2.1
Total Thickness (mm) 0.65 0.47 0.43
PZT Thickness (mm) 0.38 0.25 0.20
Stainless Steel (mm) 0.26 0.21 0.16
Aluminium (mm) 0.057 0.043 0.035
Adhesive (mm) 0.019 0.03 0.018

Active Footprint (mm2) 50.8 × 50.8 72.3 × 72.3 38.1 × 12.7
Overall Footprint (mm2) 76.2 × 51.8 97.7 × 73.4 63.5 × 13.7

Capacitance (nF) 77 166 30

Table 2. Properties of THUNDER devices.

Layer
Elastic

Modulus E or
1/sE

11 (GPa)

Dielectric
Permittivity

εT
33 (nF/m)

Poisson’s Ratio
ν

Thermal
Expansion

Coefficient α
(◦C−1)

Piezoelectric
Strain

Coefficient
d31 (pm/V)

Density
ρ (kg/m3)

Stainless Steel 193 0 0.29 17.8 × 10−6 0 8000

Adhesive 3.45 0 0.4 45 × 10−6 0 2200

PZT 67 16.82 0.31 3 × 10−6 −190 7600

Aluminum 70 0 0.33 25.1 × 10−6 0 2700

Before performing experiments on the THUNDER devices by varying the independent
input parameters of displacement, excitation frequency, and surrounding temperature, the
relevant characteristics of the THUNDER devices must be known. Hence, finite element
analysis using the ABAQUS™ 6.14 (Dassault Systemes, France) was conducted to examine
shapes at various temperatures as well as their natural frequencies and vibratory mode
shapes (1st to 3rd mode shapes). Shell elements (S4R) were utilized with the laminate
properties in the middle layup regions. Static and frequency analyses successively were
selected in order to predict the deformed configurations of the THUNDER device at differ-
ent temperatures and their corresponding dynamical Eigen systems. Vertical displacement
constraint at four corners of the THUNDER devices was imposed in the static step to
imitate the ambient-temperature configuration after cooled down from the elevated manu-
facturing temperature. In the frequency step, the shorter curved edges were restrained from
moving in the vertical direction. This is because one of the shorter edges was restrained
by duct tape and the other was pressed against the supporting floor in the experiments.
The configuration provided the device with free in-plane motion except the tape restrained
edge. The overall manufactured and mode shapes of the three types of THUNDER devices
obtained from the finite-element simulations are shown in Figure 3. The numerical results
of the central displacements (so called dome heights) at 30 ◦C, 55 ◦C, and 80 ◦C and the
corresponding natural frequencies at these temperatures are presented in Table 3. It is
clearly seen that geometrical nonlinearities play a crucial role in the manufactured shapes
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because the devices form cylindrical configurations with the associated dome heights
several times as large as the devices’ total thicknesses. The residual stresses induced by the
high-manufacturing temperature in all stacking layers of the THUNDER transducers at
30 ◦C and 80 ◦C are illustrated in Figure 4. The figure shows that the higher temperature is,
the lower residual stresses are developed. The differences between the residual stresses
developed in the x- and y-directions are also one of the indicators elaborating the level of
geometry factor on the devices’ shapes [12]. The larger difference means the stronger geo-
metrical nonlinearities introduced in the THUNDER transducers. Obviously, THUNDER
8R possesses the smallest difference in residual stresses along the two direction.

Figure 3. Manufactured and mode shapes of different THUNDER devices (the color represents the deformation).
(a) Manufactured shapes. (b) First natural frequency mode shape. (c) Second natural frequency mode shape. (d) Third
natural frequency mode shape.

Table 3. Characteristics of THUNDER devices at different temperatures.

Temperature

Static and Dynamic Characteristics

Dome Height, h (mm) Natural Frequencies (1st Mode, 2nd Mode, 3rd Mode) (Hz)

6R 7R 8R 6R 7R 8R

30 ◦C 3.9 9.1 3.2 214.8, 558.8, 593.0 111.6, 287.6, 320.4 150.5, 498.3, 1179.4

55 ◦C 3.4 8.2 2.9 213.1, 557.4, 599.3 108.6, 286.2, 316.3 149.8, 490.7, 1173.9

80 ◦C 3.1 7.4 2.7 212.0, 552.8, 607.7 106.1, 285.5, 484.5 149.2, 484.5, 1169.1
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Figure 4. Residual stresses in various THUNDER devices. (a) Distribution of the residual stresses in
THUNDER 6R. (b) Distribution of residual stress of THUNDER 7R. (c) Distribution of residual stress
of THUNDER 8R.
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The numerical results in Table 3 show that the dome heights h of all three types of
THUNDER devices are fairly reduced with an increase in the temperature due to the lower
values of the residual stresses in the transducers stated above. The dome height of the
THUNDER device decreases by 20%, 18% and 15% with 50 ◦C rise in temperature, for 6R,
7R and 8R, respectively. The lower dome heights additionally indicate smaller longitudinal
curvatures and lower flexural stiffness when THUNDER devices are subjected to transverse
loading. In regards to the dynamical behavior, amongst the variants considered, THUNDER
6R has the highest natural frequencies, more than 200 Hz for the first mode. The device with
second highest fundamental frequency of around 150 Hz is THUNDER 8R. THUNDER 7R,
albeit associated with the highest dome height, possesses the lowest 1st mode resonant
frequency of about 100 Hz. These dynamical characteristics evidently signify the largest
structural stiffness per unit mass of THUNDER 6R. In addition, the natural frequencies for
the three types of the actuators are decreased slightly with the increases in temperature as
listed in Table 3. This phenomenon also confirms higher bending compliance caused by
the heating process. These characteristics obtained from the finite-element modelling will
be used for setting-up the experiment.

2.2. Displacement and Frequency Measurement Setup

The experimental setup is illustrated in Figure 5. As stated previously, three different
configurations of THUNDER devices, namely, 6R, 7R, and 8R, were investigated. Each
device was placed on a thick glass plate and mounted at the two opposite tab edges on the
plate with duct tape. This constraint was rigid enough to prevent the THUNDER device
from hopping during the mechanical excitation, but it was sufficiently free to allow slight
in-plane movements of the restrained edges. The tested piezoelectric device was installed
in a specially designed chamber with a temperature controller. Through a small opening
at the top of the chamber, a specified mechanical excitation was periodically applied to
the device at its central point by using the overhead cam-rod mechanism. This setup was
convenient to regulate pushing frequency and displacement without getting access to the
chamber while the system was operating at a high temperature.

Figure 5. Schematic diagram of the experimental setup.

Experiments were conducted to quantify the electrical energy harvested from the
different types of thermally pre-stressed piezoelectric THUNDER devices. The range of
pushing displacement is carefully specified by the dome-heights given in Table 3. Oscillat-
ing displacements were controlled by using an eccentric cam because of its simplicity and
precision. The eccentric circular cam converted rotating motion generated from a motor to
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reciprocating movement thru a pushing rod and produced pure sinusoidal excitation to
the THUNDER device. In this work, there were five different cams, of which axis offsets (e)
were 0.2, 0.5, 0.8, 1.1, and 1.4 mm for five different pushing strokes (δ) of 0.4, 1.0, 1.6, 2.2,
and 2.8 mm, respectively. Note that eccentric circular cam-rod mechanism always provides
the geometric relation 2e = δ. The cams were made of steel with a solid cylindrical shape
and a bore-hole for shaft mounting. The precise displacement of the THUNDER device
was verified by a LK-H052 laser displacement sensor, which subsequently were utilized
to detect the vertical motion of the rod and measured its displacement. Thus, the actual
displacement of the THUNDER devices was monitored throughout the experiments. Con-
tinuous contact between the surfaces of the cam and the pushing rod was to be maintained
at all time by a coil spring installed under the pushing rod head. According to rigid-body
motion analysis, the minimum spring constant required was 11.46 kN/m.

The sinusoidal displacement function generated by the mechanism can be written in
Equation (1), where d represents the pushing displacement, which depends on the motion
of the cam. f is rotational frequency and t is time.

d = e{1− Sin(2 π f t)} (1)

For signal management NI CompactRIO I/O Modules were utilized to provide the
fundamental control, data acquisition, and monitoring experimental setup. Along with
a computer command from LabVIEW software, NI 9263 digital to analog module was
used to regulate the revolution per minute of an AC servo motor model MSMD042G1U
manufactured by Panasonic Corporation. The analog to digital module NI 9215 was used
to acquire signals from laser displacement sensor to monitor displacements of the rod in
a computer.

Initially, the AC voltage generated from the THUNDER device for each displacement
and frequency was measured at various temperatures. Since the voltage generated from
the THUNDER devices was too high for NI 9215 to directly gain the signals, an inverter
amplifier was needed to reduce the magnitude of voltage to an acceptable level. The circuit
diagram and its associate equation of the inverter amplifier are shown in Figure 5 and
Equation (2), respectively.

R2

R1
= −

Voutput

Vinput
(2)

In Equation (2), R1 and R2 are resistance values of the resistors in the inverter circuit
shown in Figure 6. They were chosen to be 100 Ω and 10 Ω, respectively. The negative sign
in Equation (2) indicates phase changing of the signal by 180◦. Thus, to convert the phase
of the voltage signal back to the original, one more inverter amplifier with values of R1 and
R2 equal to 10 Ω was connected in series with the former one. Furthermore, a thermocouple
module NI 9213 was utilized to measure and control the temperature in the chamber during
testing, whereas NI 9237, simultaneous bridge module for use with CompactDAQ, was
employed for measuring strains on the bottom surface of the THUNDER device when
being pressed by the eccentric circular cam-rod mechanism.

Figure 6. Inverter amplifier circuit.
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2.3. Temperature Setup

Temperature is one of the most crucial independent parameters in the experiment.
A specially designed oven with a thermostat temperature controller shown in Figure 7 is
chosen for keeping the temperature constant at the desired values. The temperature in the
chamber was varied from 30 to 80 ◦C in an increment of 25 ◦C. This range was chosen due
to the potential applications in typical environments, such as an engine compartment. The
oven had a double walled insulation that reduced heat transfer from the system. The inner
layer as a good insulator was made of ceramic, while the outer layer as a main structure
was metallic. An air circulating fan inside the oven produced a uniform temperature
distribution in the chamber including the THUNDER device inside. Two thermocouples
were also installed in the oven and used to monitor the surrounding and top surface
temperature of the THUNDER device. The experiments were conducted only when the
temperature in the oven reached steady state for at least 30 min.

Figure 7. Heat chamber with a THUNDER device.

2.4. Energy Harvesting Circuit

In the second experiment, the rectifier circuit was chosen as the energy harvesting
circuit because of its simplicity and small power consumption. A schematic of this circuit
is shown in Figure 8. This circuit consisted of a full wave bridge rectifier which was
connected in parallel with the THUNDER device. A full wave bridge rectifier was used
to convert AC to DC using a system of four diodes arranging in such a way that the
polarity input was the same as the polarity output. The output voltage deviated from a
constant DC voltage by a parameter called a ripple voltage. When a capacitor was added in
parallel in Figure 8 ripples were smoothened and transients were filtered [20]. During the
testing, a carefully selected capacitor and a load resistor were added to the rectifier circuit.
The filtering capacitance which is much larger than the capacitance of the THUNDER
device was selected in order to gain constant voltage outputs. The output DC voltage was
measured by a LCD digital multimeter. The power output of the energy harvesting can be
calculated from the Equation (3).

P =
V2

R
(3)
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where P is the power, V is the output voltage, and R is the load resistor.

Figure 8. Energy harvesting circuit.

According to Table 4, there are two stages of this experiment. In the first experiment,
the peak-to-peak AC voltages generated from the THUNDER device for each displacement
and frequency were measured at various temperatures. In the second experiment, the
rectifying circuit shown in Figure 8 was connected in parallel with the THUNDER device.

Table 4. Summary of the experimental setup.

Experimental Parameters Experiment 1 Experiment 2

Displacement (0.4–2.8 mm)
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3. Results and Discussion

The electrical energy generated from the THUNDER devices was measured as a func-
tion of the mechanical displacement and frequency during the temperature changes. The
maximum displacement in this experiment was specified to be different from various types
of devices owing to their structural limitation. The pushing displacements of THUNDER
6R device were 0.4, 1.0 and 1.6 mm. For THUNDER 7R device the displacements were
0.4, 1.0, 1.6, 2.2 and 2.6 mm. The displacement of THUNDER 8R was only 0.4 mm. The
excitation frequencies, on the other hand, were varied from 10 Hz to 60 Hz for all types
of THUNDER transducer. It must be noted that the experiment was deliberately carried
out by applying a localized central displacement to the devices that were weakly taped
on one of the shorter edges and letting the opposite edge move freely on the level surface.
This arrangement was intended to minimize undesirable changes in the manufactured
shapes and ensued stresses caused by an unnecessarily large loaded area or a rigidly fixed
support. With the minimal constraints, the thermal effect on the harvested energy from the
curved multilayer piezoelectric composite transducers could be unambiguously observed.
In this particular setup, an application of displacement and frequency higher than the
stated limitation up to the fundamental frequencies can trigger asynchronous and chaotic
motion relative to the pushing rod and it is avoided to prevent physical damage to the
THUNDER devices.

It should also be remarked that friction at the contact point between pushing rod and
the piezoelectric device unavoidably occurred. However, heat generated and accumulated
due to the friction at the local point is insignificant because of only a small number of cycles
(usually less than 30 cycles) conducted in each round of experiment and discontinuity in
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testing between different conditions. In addition, the THUNDER devices were always
carefully checked for irregularities or damages right after an experiment was performed
and the temperature increment due to the friction was not detected.

3.1. Effect of Displacement and Frequency on Peak-to-Peak Voltage at Room-Temperature

Figure 9 shows the peak-to-peak voltage of the THUNDER actuators with pushing
displacement at 30 ◦C. As anticipated, all THUNDER devices generated higher peak-to-
peak voltages when the displacement is increased. For THUNDER 6R, the highest peak-to-
peak voltage is generated around 90 volts at a displacement of 1.6 mm and a frequency of
60 Hz. On the contrary, because THUNDER 7R has a higher curved cylindrical shape and
can be compressed more than that of THUNDER 6R, it can create peak-to-peak voltage
about 120V at displacement of 2.8 mm. THUNDER 8R, the smallest among the three types
of devices, has the least electrical field output of around 5 V peak-to-peak voltage at a
displacement of 0.4 mm. By comparing the peak-to-peak voltages among the THUNDER
6R, 7R and 8R devices at δ = 0.4 mm and between THUNDER 6R and 7R devices at
δ = 1.0 mm, THUNDER 7R generates the highest peak-to-peak voltage followed by the
second-ranked THUNDER 6R, while THUNDER 8R created the lowest electrical voltages
at every frequency.

The overall electromechanical characteristics of the THUNDER devices should also be
pointed out. The amplitude of the alternating voltage generated in Figure 9 typically shows
linear trends with displacement over the range of frequencies tested. This phenomenon can
be noted from the relationship of the peak-to-peak voltage (Vpp) with pushing central dis-
placement (δ), expressed in Equation (4) with the underlined assumptions of linear material
properties and small deflections. The derivation of the equation is given in Appendix A.

Vpp ≈ (Kδ)

(
d31

sE
11εT

33

) (2ζr)2(
(2ζr)2 + (1− r2)2

)2 +
(1− r2)

2(
(1− r2)2 + (1− r2)(2ζr)2

)2


1/2

(4)

where d31 is piezoelectric strain coefficient, sE
11 elastic compliance, and εT

33 dielectric permit-
tivity of the piezoceramic layer. ζ the damping ratio, and r the frequency ratio. However,
for THUNDER 6R, the nonlinear relations can be clearly seen at the large pushing displace-
ments and low frequencies. Such a behavior is due to the combined effects of geometrical
nonlinearity and stiffness of the device, both associated with the first parentheses on the
right side of Equation (4). The former effect is induced by the relatively large deflection
compared to the dome height (δmax/h ≈ 0.41 for THUNDER 6R, 0.30 for 7R, and 0.13 for
8R), which instigates the higher power of δ, while the latter deals with the domination
of the high structural stiffness in parameter K of THUNDER 6R over the material and
frictional damping contributed from the curly brackets at slow cyclic motions. This non-
linear behavior is gradually superseded by the damping terms at the higher frequencies.
Macroscopically, the damping terms cause energy dissipation from the system, weakens
the electrical responses, and provides disproportionate increasing peak-to-peak voltage
with respect to frequency increment.
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Figure 9. Variation of the peak-to-peak voltage with displacement for different frequencies at 30 ◦C
for the different THUNDER devices. (a) THUNDER 6R. (b) THUNDER 7R. (c) THUNDER 8R.
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It can also be observed from the figure that when the excitation frequency in
THUNDER 6R and 7R increases, percentage changes in peak-to-peak voltage coalesces
in particular for the larger central displacements. The behaviors are caused by the sys-
tem damping subjected to a harmonic excitation below the fundamental frequency, since
the reduction of the voltage mainly generated results from sliding friction of the moving
THUNDER transducers relative to the stationary supporting plate when the THUNDER is
mechanically activated faster.

3.2. Voltage Output with Resistive Load of the THUNDER Device at Different Temperatures
and Frequencies

The second part of the work dealt with measuring voltage with the THUNDER device
connected in parallel to a full wave rectifier, a resistive load and a capacitive load. The
connected circuit converts the AC output to a DC voltage. A resistive load is used to test
the capabilities of this system for power generation. The set of resistors considered here
ranged from 10 to 5000 kΩ. Voltage generated was recorded at different loads and the tests
were repeated at all temperature, displacement and frequency combinations. The range of
temperature tested was from 30 ◦C to 80 ◦C with an increment of 25 ◦C.

Without loss of generality, the results of THUNDER 6R is presented merely in this
section. The THUNDER 6R device was compressed with the frequencies ranging from
10–60 Hz. The peak-to-peak voltage at the displacement of 1.6 mm and the temperature
of 30 ◦C is shown in Figure 11a. This displacement condition is chosen due to relatively
strong nonlinearities observed in Figure 9a. As far as the fundamental vibration mode
of this particular unimorph is concerned, the lowest resistance (R = 10 kΩ) used here
provide virtually short-circuit conditions, whereas the larger loads (R > 1000 kΩ) are close
to open-circuit conditions. From the nature of these plots, the output voltage increases
with an increasing resistive load and then becomes saturated upon further increase in
resistive loading. Moreover, as the applied frequency is increased from 10 to 60 Hz with an
increment of 10 Hz, the output voltage increases monotonically with frequency. Specifically,
the voltage output for the exact short-circuit condition with zero external resistance (R = 0)
should be zero, which would not allow a voltage response to be defined. At the other
extreme of the open-circuit condition (R→ ∞), the voltage output at every frequency
approaches its maximum value. The highest voltage generated from THUNDER 6R is
almost 50 volts at the resistance of 5000 kΩ, the displacement of 1.6 mm, the frequency of
60 Hz and temperature of 30 ◦C.
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Figure 11. Peak-to-peak voltage and its percentage changes of THUNDER 6R at δ = 1.6 mm. (a) Peak-to-peak voltage at
30 ◦C under resistive loads. (b) Percentage change in peak-to-peak voltage vs. temperature at R = 75 kΩ. (c) Percentage
change in peak-to-peak voltage vs. temperature at R = 3000 kΩ.

Compared to the peak-to-peak voltage at 30 ◦C, the percentage reduction of Vpp due
to the temperature increment in the cases of R = 75 kΩ and R = 3000 kΩ is illustrated in
Figure 11b,c, respectively. The electrical load of 75 kΩ resistance is taken into consideration
because it reveals the transition point between linear and nonlinear regions illustrated in
Figure 11a, while R = 3000 kΩ is chosen to represent the high resistive load that makes Vpp
virtually steady. As seen, the percentage change in the peak-to-peak voltage corresponding
to the lower resistance shows marked nonlinearities in the relation with the increasing
temperature, being in contrast to that presented in Figure 9. At the lowest frequency,
the amplitude of generated voltage drops around 25% at the temperature of 80 ◦C. On
the other hand, when the higher resistive load is considered, the relations between the
percentage change in Vpp and temperature at the different frequencies become close to
linear. The maximum reduction in the voltage amplitude is approximately 12.5% at the
most elevated temperature, and it is slightly higher than the maximum decrement in the
voltage amplitude in the case of open circuit in Figure 10c.

3.3. Maximum Power Output of the THUNDER Device

In this section, the nature of power output P for excitations at different frequencies
and temperatures is given in Figure 12. It can be recalled from Figure 11a that the voltage
outputs obtained tend to increase linearly with increasing load resistance for the low values
of load resistance and become saturated at higher resistive load. Since the power output is
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simply the square of voltage divided by the resistive load as shown in Equation (3), the
variation of power with load resistance in Figure 12a is, as a result, steeply amplified at
the beginning and promptly lessened when R is higher than the optimal value. The power
output is asymptotically approached zero at very large R. It is important to note that the
power measured was of a rectified signal, not the sinusoidal output of the THUNDER
device, so it directly presents the quantitative depiction of the useful power output of these
devices for wireless sensor networks (WSNs) and other electronic applications.

Figure 12. Power output and maximum power variation with input displacement and frequency of the THUNDER devices
at different temperatures. (a) Power output of THUNDER 6R at displacement 1.6 mm and temperature 30 ◦C under
resistive loads. (b) Maximum power of THUNDER 6R. (c) Maximum power of the THUNDER 7R. (d) Maximum power of
THUNDER 8R.
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According to Figure 12a, the highest power outputs are achieved when the perfect
impedance matching between THUNDER devices and the resistive load is established.
P is maximized at the different optimal load resistance R for different frequencies. For
example, in the case of the THUNDER 6R device at 1.6 mm displacement and 30 ◦C, the
maximum power output of 0.8 mW is acquired at R = 75 kΩ and the frequencies of 10 Hz,
whereas the power output of 15.7 mW is obtained at 50 kΩ and 60 Hz. Even though the
shift in the optimal resistive load value is not so significant, it can be noticed that the higher
the frequency the lower the optimal R. This shows the variation in the intrinsic electrical
properties of the piezoceramic material in the device with the applied frequency.

The electrical energy harvesting performance diagrams of the maximum power output
with the different pushing frequencies, displacements, and temperatures are shown in
Figure 12b–d. The subfigures depict the variation of maximum power of the THUNDER
6R, THUNDER 7R and THUNDER 8R, respectively. It is important to note that the power
measured was of a rectified signal, not the sinusoidal output of the THUNDER device, so
it directly presents the quantitative depiction of the useful power output of these devices
for wireless sensor networks (WSNs) and other electronic applications. As can be seem,
when the applied displacements in Figure 12b,c are small, the maximum power is increased
almost linearly when the frequency increases. Similarly, the linear relationships between the
maximum power vs. displacement are also exhibited at small values of frequency. However,
when the central deflection (or frequency) is comparatively large, the maximum power
clearly becomes a function of the square of applied excitation frequency (or displacement)
as illustrated in the last three subfigures.

The effect of the elevated temperatures on the maximum power can also be visualized
in Figure 12. Overall, the maximum power reduces almost linearly with respect to the
temperature increments. The amount of reduction is quite substantial, even though the
decrease of peak-to-peak voltages due to the temperature changes plotted in Figure 10
seems to be not very high. The highest decrements in the power output for THUNDER
6R, THUNDER 7R, and THUNDER 8R are 30% at δ = 1 mm, f = 20 Hz, 32% at δ = 2.8 mm,
f = 10 Hz, and 42% at δ = 0.4 mm, f = 30 Hz, respectively. The present experiments, therefore,
corroborate the stress-dependency of electromechanical characteristics of the piezoelectric
material in the devices [25,26]. The weakening of the power output is caused by the
reduction of biaxial compressive residual stresses in the PZT layer, which can deteriorate its
intrinsic properties. The higher operating temperatures also subside effect of geometrical
nonlinearities produced during manufacturing process and reduce the overall stiffness of
the THUNDER devices.

4. Conclusions

The effect of pushing frequency, displacement, and temperature on the energy harvest-
ing performance of three types of the THUNDER devices, 6R, 7R and 8R, was studied. The
laminated piezoelectric device was mechanically activated using a cam-rod mechanism.
In the first part of this work, the AC voltage output generated by the THUNDER devices
was measured, while in the second part the rectifier circuit was connected in parallel with
the THUNDER device to covert AC voltage to DC signal. A load and a capacitor were
also added to the circuit to study the power of the device. In both phases of the work, the
temperature effects were investigated to quantify their impact on the performance of the
THUNDER devices. The testing results can be summarized as follows:

• Amongst all types of the devices studied, the THUNDER 7R is capable of generating
highest peak-to-peak voltage and maximum power output at the same pushing fre-
quency and displacement due to being the biggest in overall size. It also can carry the
highest applied central displacement because of possessing the largest dome height.

• The electrical outputs of THUNDER 6R show evident nonlinear behaviors with the
mechanical excitations, because geometrical nonlinearities are strongly induced in the
devices during the displacement loadings and the elevated-temperature manufactur-
ing process
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• A high temperature has an adverse effect on electric energy harvested from the curved
laminated piezoelectric transducers and it has stronger influence on low frequency
range. The maximum power of a THUNDER device can be reduced by 40% at the
temperature of 80 degrees Celsius.

In conclusion, the results from the present studies can be used as a guideline for
selecting a suitable THUNDER device as an energy harvester in an elevated-temperature
environment in order to have the maximum output performance.
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Appendix A

Consider the lump mass model shown below in Figure A1.

Figure A1. Lump mass model for a THUNDER device.

From Newton’s law [27], the Equations of motion are

m
..
x2 = −k2x2 − c2

.
x2 − k1(x2 − x1)− c1(

.
x2 −

.
x1) (A1)

where m is lump mass of a THUNDER device. Quantities k1, k2 are equivalent spring
constants, as well as c1 and c2 denote equivalent damping coefficients. Note that k1, k2, c1
and c2 are treated to be constant and independent of vertical displacements x1 and x2 for
the linear model.
Rearranging Equation (A1) yields:

..
x2 +

(c1 + c2)

m
.
x2 +

(k1 + k2)

m
x2 =

c1

m
.
x1 +

k1

m
x1 (A2)
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Defining
(c1+c2)

m = 2ζωn and (k1+k2)
m = ω2

n ; r = ω
ωn

k1 = ak2; (k1+
k1
a )

m = ω2
n; k1

m = ω2
n

(1+ 1
a )

c1 = bc2; (c1+
c1
b )

m = 2ζωn; c1
m = 2ζωn

(1+ 1
b )

We obtain the Equation of motion in the form

..
x2 + 2ζωn

.
x2 + ω2

nx2 =
c1

m
.
x1 +

k1

m
x1 (A3)

We can assume that the mass undergoes harmonic motion with the same frequency as
the pushing displacement. The solution is thus written as:

x1 = X1 sin ωt ,
.
x1 = ωX1 cos ωt

x2 = X2 sin(ωt− φ) ,
.
x2 = ωX2 cos(ωt− φ),

..
x2 = −ω2X2 sin(ωt− φ)

Substituting into Equation of motion (A3) yields

(ω2
n −ω2)X2 sin(ωt− φ) + 2ζωnωX2 cos(ωt− φ) =

c1

m
ωX1 cos(ωt− φ) +

k1

m
X1 sin(ωt− φ) (A4)

As sin(ωt−φ) = sin ωt cos φ− cos ωt sin φ and cos(ωt−φ) = cos ωt cos φ+ sin ωt sin φ,
substituting into Equation (A2) and rearranging yields

[(ω2
n −ω2)X2 cos φ + 2ζωnωX2 sin φ] sin ωt+

[2ζωnωX2 cos φ− (ω2
n −ω2)X2 sin φ] cos ωt = ω2

n1+ 1
a X1 sin ωt + 2ζωnω1+ 1

b X1 cos ωt (A5)

Comparing the coefficients of sin ωt and cos; we will get:[
1−  ω

ωn
2
]

X2 cos φ + 2ζ ω
ωn

X2 sin φ = X11+ 1
a 

X2 cos φ− (ω2
n−ω2)

2ζωnω X2 sin φ = X11+ 1
b 

(A6)

Hence, it can be obtained that

sin φ =

[ 1
1+ 1

a
− 1−r2

1+ 1
b
] X1

X2
[

2ζr+ (1−r2)2

2ζr

]

cos φ =

[
(1−r2)
(2ζr)2

 1
1+ 1

a
+ 1

1+ 1
b
] X1

X2
[

(1−r2) 1−r2

(2ζr)2
+1]

(A7)

From Equations (A7) and sin2 φ + cos2 φ = 1, we get

X2

X1
2 =

[ a
a+1 −  1−r2

1+ 1
b
]2

1
(2ζr)2

[
(2ζr)2 + (1− r2)2

]2 +

[ 1−r2

(2ζr)2  a
a+1 +  1

1+ 1
b
]2

1
(2ζr)4

[
(1− r2)2 + (1− r2)(2ζr)2

]2 (A8)

If we assume b ≈ 0 and rearrange terms

X2

X1
2 =  a

a + 1
2

 1

1
(2ζr)2

[
(2ζr)2 + (1− r2)2

]2 +
 1−r2

(2ζr)2 2

1
(2ζr)4

[
(1− r2)2 + (1− r2)(2ζr)2

]2

 (A9)
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Analogous to the sensor Equation of a unimorph benders formulated in [28], X1 is the
amplitude of input displacement δ. X2 can be correlated with the output voltage Vpp. Thus,
the peak-to-peak output voltage can be approximately expressed as:

Vpp ≈ (Kδ)

(
d31

sE
11εT

33

) (2ζr)2(
(2ζr)2 + (1− r2)2

)2 +
(1− r2)

2(
(1− r2)2 + (1− r2)(2ζr)2

)2


1/2

(A10)

In Equation (A10), the quantities d31, sE
11, and εT

33 are piezoelectric strain coefficient in
31 mode, elastic compliance in the longitudinal (x-) direction, and dielectric permittivity in
the thickness (z-) direction of the piezoelectric material in the THUNDER transducer. K is a
proportional parameter that is a function of the dimension of the device and elastic moduli
of the constituent materials. The dimensionless term  a

a+1 2 is absorbed into K.
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