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Abstract—This study presents a comprehensive investigation into the temperature-dependent performance of
polyvinylidene fluoride (PVDF)-based piezoelectric energy harvesters (PEHSs), integrating both experimental analysis
and finite element modeling. The primary objective is to elucidate the influence of temperature variations on the
electrical output and resonant frequency of PVDF-based PEHSs, thereby enhancing the reliability and efficiency of
energy harvesting systems in diverse thermal environments. Recognizing that environmental conditions play a
significant role in the degradation and failure of electronic devices, this research evaluates the electrical output and
resonant frequency of PEHs across a temperature range of -20°C to 50°C. Four identical PEH prototypes were
fabricated and subjected to controlled temperature conditions, revealing a nonlinear increase in output voltage and
power with rising temperature, while the resonant frequency remained relatively stable.

A new, flexible test rig was set up to easily check how PEH devices perform in different temperatures, and it can
also be scaled up for testing many devices in large production. To accurately simulate the observed behavior, finite
element models incorporating experimentally derived Rayleigh damping coefficients were developed using COMSOL
Multiphysics. The simulations closely matched the experimental data, validating the effectiveness of the damping
parameters in capturing the dynamic response of the PEHs under varying thermal conditions. The proposed
methodology provides a strong basis for future research into thermal aging effects, long-term durability, and
performance optimization of polymer-based energy harvesters. The findings underscore the suitability of PVDF as a

piezoelectric material with a steel substrate for energy harvesting applications.

Index Terms—Finite element modelling, Piezoelectric material, Renewable energy harvesting, Rayleigh Damping,

Reliability, Sustainable 10T, Thermal effect.

I. INTRODUCTION

iezoelectric vibration energy harvesting (PVEH) has

emerged as a promising alternative to conventional

batteries for powering ultra-low-power loT and
embedded systems. Prior studies have shown that optimized
energy harvesters can deliver sustained power for over 10 years,
potentially tripling device lifespan and significantly reducing
maintenance through self-sustained operation. In this paper we
demonstrate the concept of using a piezoelectric bimorph beam
for energy harvesting based on vertical vibrational motion.
Vibration at a particular frequency causes piezoelectric beam
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plucking and subsequently output voltage will be generated as
a result of the deformation of the piezoelectric beam.

Temperature affects several key material properties of
Polyvinylidene difluoride (PVDF), which in turn influence
harvester behavior. The PVDF’s piezoelectric coefficient d33
gradually changes with temperature. Generally, heating causes
a slight decrease in piezoelectric coefficients due to increased
dipole randomness (thermal agitation) for example, one study
found PVDF’s d33 drops linearly from about—17 pC/N at 25 °C
down to -6.5 pC/N by 130 °C [1]. At low temperatures,
conversely, dipoles are more stably aligned, so PVDF can
exhibit slightly higher piezoelectric response when cooled
(fewer thermal disruptions) [2].
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It is crucial to test the PVDF-based piezoelectric energy
harvesters in the temperature spans that cover typical
environmental conditions while staying within the polymer’s
stable operating limits. PVDF’s glass transition is around —
35 °C and melting point ~170 °C [3], so —20 °C to +50 °C
avoids the extremes of brittleness or permanent polarization
loss. In this range, PVDF (polyvinylidene fluoride) remains in
its piezoelectric B-phase with no phase transitions or depoling.
Moreover, many researchers [4] use this range to simulate real-
world climates (winter cold to summer heat) for loT sensors and
devices. Staying in this band ensures the harvester’s materials
(PVDF film, any substrates or adhesives) operate without
irreversible changes, focusing only on the reversible effects of
temperature on performance.

There is a lack of an integrated experimental and simulation-
based analysis that spans this full temperature range. Analytical
modeling approaches, including Euler—Bernoulli and
Timoshenko beam theory, have been used to evaluate
cantilever-type PVEHSs [5], [6] but their applicability is limited
by assumptions of linearity and simplified geometries. In
contrast, finite element modeling (FEM) allows the simulation
of complex coupled thermo-mechanical-electrical behavior,
accounting for nonlinear variations in PVDF’s piezoelectric and
elastic properties with temperature. Commercial tools like
COMSOL support temperature-dependent material parameters
and enable full 3D modeling of multilayer structures including
adhesive layers and proof masses.

Despite this, accurate damping modeling remains a critical
gap. While the loss factor method is often used to represent
material damping in the frequency domain, studies have shown

it can overestimate output by up to 50% compared to
experimental results [7] [8] Rayleigh damping, calibrated using
experimentally derived modal damping ratios, provides a more
physically representative model of system-wide energy
dissipation and is crucial for dynamic simulations [9]

Experimental validation is equally limited by the availability
of adaptable test benches. Standardized rigs are impractical due
to the diverse designs of PVEH systems. As a result, researchers
often develop custom test rigs to accommodate real-time
parameter changes and accurately capture temperature-variant
responses [10]. Yet, integrated efforts combining flexible test
setups, measured damping coefficients, and temperature-
controlled simulations are rare.

This study addresses these gaps by:

- Proposing a novel PVDF-based PVEH optimized for

vertical vibration harvesting.

- Developing a 3D FEM model with experimentally
calibrated Rayleigh damping coefficients.

- Simulating device behavior across —20 °C to 50 °C, and
validating against four physical prototypes tested in a
controlled thermal environment.

- Designing a modular experimental test bench for in situ
electrical and mechanical characterization.

Through this combined modeling and experimental
approach, the work provides a realistic and temperature-
resilient performance assessment of PVEHSs, offering new
insight into long-term  deployment under variable
environmental conditions. The overview of this study is shown
in Figure 1.
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Fig. 1. An overview of the research paper.

The remainder of the paper is presented in the following
order. Section Il presents the summary of related works.
Section I11 introduces the overall design of our proposed model,
where detailed steps are presented with the designs. Section 1V
shows the Rayliegh damping experiments. Section V explains
the finite element model prepared and Section V1 analyses the
performance of the model system against various temperature
conditions. Section VII presents the practical experiment setup
and displays the experiment evaluation results alongside
simulation results. Section VIII presents a detailed discussion
of the results along with a comparative analysis against existing

studies, while Section 1X provides a concise summary of the
key conclusions drawn from this work.

Il. RELATED EXISTING WORKS

Polyvinylidene fluoride (PVDF) is widely used in
piezoelectric energy harvesters (PVEHS) due to its flexibility
and electroactive properties. However, its performance is
highly sensitive to environmental factors. Studies have shown
that PVDF exhibits thermal instability, with degradation
accelerated by high temperatures and UV exposure [8],[9],[10].
Mechanical testing at room and sub-zero temperatures has
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revealed significant dependencies on both strain rate and
temperature [11],[12] Notably, under high-stress conditions,
the glass transition temperature of PVDF shifts closer to 0 °C
[13], [14], indicating reduced mechanical resilience in cold
environments. Despite these insights, existing literature lacks
an integrated simulation—-experiment framework to quantify
how these thermal effects influence the mechanical and
electrical behavior of PVDF-based cantilever harvesters [15],
[16].

Furthermore, most experimental studies rely on fixed test
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configurations that limit the adaptability needed for
temperature-variant testing. For example, the system in [17]
shown in Figure 2(a) simulates human gait energy harvesting
using a fixed 1 Hz sinusoidal excitation (6.3 g), which fails to
represent the natural frequency range of human motion (0.5-
25Hz) and uses analog accelerometers prone to drift.
Similarly, [18] presents a rotor-based excitation mechanism
that enables delayed actuation but suffers from inconsistent
inputs and low-resolution voltage tracking via a digital
multimeter seen in Figure 2(b).
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Fig. 2. (a) Human gait energy harvesting test setup[17]; (b) Experimental setup to measure output voltage of rotational piezoelectric harvester [18]

Another critical limitation in prior models is the insufficient
incorporation of realistic damping [19], [20]. While Rayleigh
damping is a standard practice in finite element modeling
(FEM), few studies calibrate its coefficients experimentally.
This compromises model accuracy when simulating energy
dissipation in multilayer structures. Our study addresses this
gap by experimentally deriving Rayleigh damping coefficients
from two eigenfrequencies and incorporating them into a 3D
FEM simulation in COMSOL, vyielding improved alignment
with physical test results. This work contributes a unified
investigation by developing a reconfigurable test rig,
performing multi-temperature tests on PVDF-steel cantilevers,
and validating simulation results using experimentally
determined damping parameters - thus enabling a more accurate
and holistic assessment of energy harvester performance under
real-world thermal conditions.

I1l. DIMENSIONS OF THE PIEZOELECTRIC BEAM

Harvesting energy using a piezoelectric cantilever with proof
mass requires precise selection of beam geometry and material
properties to optimize voltage output. In this study, simulations
were performed in COMSOL Multiphysics® to evaluate the
performance of a bimorph cantilever beam composed of two
PVDF layers (each 14 mm x 64 mm X 0.03 mm), separated by
a copper electrode, and fixed to a steel substrate (23 mm x
64 mm X 0.1 mm). The cantilever is clamped at one end (3 mm
x 3 mm % 3 mm) and attached to a proof mass (14 mm x 64 mm
x 2.65 mm) weighing 29 g, as seen in Figure 3.

PVDF was selected due to its mechanical flexibility and
favorable piezoelectric coefficient (dsi=25pC/N), Young’s
modulus (E =2500 MPa), and relative permittivity (&/eo=9.5).

The simulations accounted for material damping using
experimentally derived Rayleigh coefficients (ou1=0.51,
az2=1.04x107°). In piezoelectric energy harvesting systems, the
optimal load resistance is known to be influenced by factors
such as excitation frequency, mechanical damping, and notably,
temperature [22]-[28]. However, in the context of this study, the
choice to use a fixed load resistance was a deliberate decision
aimed at isolating and analyzing the specific effects of
temperature on the energy harvester's performance. The
harvester was modeled under 1 g sinusoidal excitation at low
frequency with a load resistance of 310 kQ selected as the
optimum load.

To establish the constant load, the authors first performed a
bench-top sweep of external resistance from 10 kQ to 2 MQ at
25 °C; the harvested power peaked sharply at 310 kQ, which
therefore represents the maximum-power-transfer point for the
device’s intrinsic source impedance and fixed this value for all
subsequent temperature runs. Although a full sweep at every
temperature could marginally refine the match, our goal in this
materials-focused study was to isolate the temperature response
of the PVDF transducer under a constant, well-defined load. A
single resistance eliminates an extra degree of freedom,
ensuring that any power change reflects the device—not a re-
tuned interface. Finite-element modelling with temperature-
dependent material constants indicates the source impedance
drifts by <10 % between 0 °C and 80 °C, keeping the chosen
310 kQ within the flat-top region of the power-versus-load
curve where efficiency varies by less than 5 %. Therefore,
considering one sweep is sufficient for the objectives of this
work. That said, the authors acknowledge that adaptive
impedance-matching techniques [23](e.g., MPPT or SSHI
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circuits) could capture the residual mismatch losses, and plan to
incorporate a programmable-load rig and adaptive interface in
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Fig. 3. The constituent structure of proposed piezoelectric energy harvester

IV. MODELING PIEZOELECTRIC ENERGY HARVESTER

The schematic diagram is shown in Fig. 4(b). The major
parameters mentioned as global definitions in COMSOL
Multiphysics simulation software are listed in Table 1. This
table provides a comprehensive set of material, damping, and
geometric parameters crucial for analyzing and modeling the
performance of the PVDF-based piezoelectric cantilever. The
study on the Rayliegh damping experimental values in given in
the appendix.A 3D FEM as per the design parameters
mentioned above is constructed, depicted in Fig. 4(a). The
parallel connection between the two metalized (thin yellow
layers) PVDF (grey layers) and epoxy glue (blue layers) is
shown in Fig. 4(b).

The flowchart in Fig 4(c) shows the simulation procedure
used in this study. Due to the extremely small thickness of the
electrodes compared to the overall thickness of the EH, the
mechanical effects of the electrodes have not been evaluated. It
is presumed that there is perfect coupling among the steel
substrate, and two layers of piezoelectric material and that there
is a uniform difference in electric potential given to ideally
conductive electrodes [29]. The steel core and the thin Al
electrode on the surface of 30 um PVDF film are used, bonded
in the same polling and stretching directions. The metal
substrate and proof mass are made of structural steel. A vertical
or volumetric displacement of a volumetric load described as a
kinematic excitation is applied to the EH. With this, active
piezo layers are implemented, and a voltage signal is generated.
Solid mechanics, electrostatics, and electrical circuits along
with frequency domain study are performed in COMSOL. This
model facilitates complex evaluation of cantilever response,
frequency response, and electrical response to the influence of

different temperatures. The lumped parameter mathematical
model adopted in our study is from reference [30],

—jROMew3Y el @t
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where 0 is the electromechanical coupling factor, R is the
load resistance, m, is the effective mass of the beam, m,, is the
effective mass of the beam, ¢ is the mechanical damping ratio
and C, is the equivalent capacitance. For parallel connections
of the piezoelectric layers as seen in Fig. 4(b), the equation for
electromechanical coupling factor 6 and equivalent capacitance
Cyis given in reference [21].
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So h, and hg are the thickness of piezoelectric layers and
substrate respectively, €5, is the permittivity strain constant, b
is the width of the beam and ds, is the transverse coefficient of
piezoelectricity. This compressive mathematical model is
simple but also considers the effect of mechanical damping on
the output voltage. The proof mass attached to the cantilever is
much larger than the mass of a cantilevered beam and this effect
is included in the above equation. The temperature-dependent
parameters of the cantilever namely poisson’s ratio (v),
Young’s modulus (E), and thermal coefficient value (K) change
concerning time [31].

TABLE |
GEOMETRIC VALUES AND PARAMETERS OF THE ENERGY HARVESTER MODEL

Piezoelectric material: PVDF (JINZHOUKEXIN Co. Ltd)
Parameters of PVDF Symbols Values
Coefficient of Piezoelectricity (pC/N) dsy 25
Thickness(um) ty 30
Young’s modulus (MPa/psi) E 2500
Density (kg/m?) Db 1780
Relative permittivity £/gg 9.5
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Cantilever Rayleigh damping coefficients from measurements

Mass coefficient (s™) a 0,51
Stiffness coefficient (S) a, 1,04E-06
Geometric values
Steel Dimension (mm) Lo X Wy X tg 23 x64x0.1
Single PVDF layer Dimension (mm) Le X Wy, Xt 14x 64 x 0.03
Fixed end Dimension (mm) Ly X Wy, Xty 3x3x3
Proof mass Dimension(mm) Ly X Wy Xt 14x 64 x 2.65
Weight of mass(g) M 29
Gaps(mm) L 10
i e ¢ 9
genfrequency=43.047Hz  Total displacement (mm) h
Definitions all fields
x10°

mm 60

Variable
Definitions

I Load ] IAcceleration] [Temperature]
[ I |
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Fig. 4. (a) COMSOL finite models in 3D view showing 3 mm displacement for 0.5 g acceleration; (b) PVDF top and bottom Al metallization layers
parallel connection; (c) Implementation of the temperature test procedure in COMSOL.

V. SIMULATION IMPLEMENTATION

The FEM simulation models a vertically applied sinusoidal
acceleration load of 0.5g, with temperature conditions varying
between —20 °C and 50 °C in 10 °C steps. Using COMSOL
Multiphysics, the process begins with defining global constants
and variables such as load, acceleration, and temperature. The
piezoelectric effect is incorporated through Multiphysics
coupling. A parametric sweep is applied to automate
simulations over the 8 defined temperatures, allowing for
efficient exploration of how output RMS voltage and resonant
frequency change with temperature (Table 2). The system is
then meshed, studied in both frequency and time domains, and
results are exported for analysis.

VI. RELATIONSHIP BETWEEN TEMPERATURE AND
OUTPUT VOLTAGE AND RESONANT FREQUENCY

Polymer-based PVDF (Polyvinylidene difluoride) material,
thin metal plate, and tip mass made of structural steel and epoxy
resin adhesive layers are the constituent materials used in the
PVEH.

TABLE Il
CALCULATED TEMPERATURE COEFFICIENT OF RESONANT FREQUENCY,
OUTPUT RMS VOLTAGE, AND GENERATED POWER

SI.No Frequency Voltage Power

) ) (uW)
Temperature | Model i?/i;l Model :\fsll Model iizl
-20°C 43.00 41.65 9.91 8.58 329.00 246.39
—10°C 42.98 41.75 | 11.167 | 9.09 413.29 276.23
0°c 42.97 41.79 |12.221 | 10.76 | 492.89 387.17
10°C 42.95 41.80 |13.043 | 12.05 | 562.76 485.74
20°C 42.92 41.68 |13.632 | 12.23 | 619.21 499.42
30°C 42.91 4157 |14.019 | 1255 | 662.07 526.06
40°C 42.89 4135 |14.233 | 12.73 | 691.70 540.35
50°C 42.87 41.12 | 14322 | 13.36 | 710.14 596.40
As a result, they can have different temperature

dependences.There is most likely a “bimaterial” effect due to
differences between their thermal dilation coefficients. The
temperature-dependent parameters of the cantilever namely
Poisson’s ratio (v)and Young’s modulus (E) change with
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respect to time according to the equation below [31].

v=0-3x(1+1%x10")XT (5)
E=200x(1—-3-34 X104 x T (6)

Where T is the temperature of the object under consideration.
According to each test temperature the combined value of
Poisson’s ratio (v)and Young’s modulus (E) is calculated by
COMSOL with the help of the above expressions and
consequently, it results in a change in thermal expansion,
resonant frequency, and output voltage generation.

Table 3 captures the precise values of v and E at each test
temperature, forming the foundation of the temperature-
coupled simulation model. These values directly influence:

- Resonant frequency: A softer cantilever (due to reduced
E) leads to a shift in the resonant frequency, as verified
in the experimental-simulation comparison.

- Output voltage: Changes in mechanical compliance alter
the strain distribution in the PVDF layer, thereby
affecting charge generation (Figure 4(b)).

- Thermal expansion mismatch: The bimaterial interface
introduces curvature or stress asymmetry, further
modulating electrical performance.

Quantitatively, over the span from —20°C to 50°C:

- Poisson’s ratio increases from ~0.294 to ~0.311 (Av =
+5.7%), indicating slightly more lateral deformation
under axial strain.

- Young’s modulus decreases from ~201.34 GPa to
~186.56 GPa (AE = —7.35%), reducing the structural
stiffness of the cantilever.
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In particular, the Poisson’s ratio (v) and Young’s modulus
(E)—two critical elastic parameters that govern the mechanical
stiffness and strain distribution in the cantilever—are inherently
temperature-dependent. The table quantifies these parameters
over the investigated temperature range (-20°C to 50°C) using
the following empirically derived equations:

TABLE llI
TEMPERATURE-DEPENDENT VARIATION OF POISSON’S RATIO AND
YOUNG’S MODULUS FOR THE PVEH COMPOSITE CANTILEVER

Temp (°C) Young's modulus (GPa) | Thermal expansion (um/K)
-20 200.72 -1315.95
-10 200.54 -438.65
0 200.36 -438.65
10 200.18 -438.65
20 200 10
30 199.82 438.65
40 199.64 438.65
50 199.46 438.65

VIl. PRACTICAL TEMPERATURE EXPERIMENTS

To validate the simulation results, thermal vibration tests
were conducted on four nearly identical piezoelectric energy
harvester prototypes. Real photographs of the lab setup,
prototypes and flowchart of experiment are shown in Fig. 5(a)
and 5(b). Each prototype was mounted with an electromagnetic
exciter inside a temperature chamber to simulate realistic
working conditions. Tests were carried out over a temperature
range from —20°C to 50°C in 10°C increments. At each
temperature, the devices were subjected to 0.5 g sinusoidal
vibrations under a fixed load resistance of 310 kQ. Output RMS
voltage and resonant frequency were recorded.

Adaptation
to new temperature

Stabilization
@ 1°C + 10°C

(b)

Fig. 5. (a) Flow chart of experiment setup; (b) Flow chart of single temperature test cycle; (c) Photo of energy harvester prototype (d) Prototype
samples used in the experiments.

As illustrated in the test cycle diagram, each 10°C
temperature step lasted 20 minutes: 5 minutes for temperature
ramp-up, 20 minutes for stabilization, and 5 minutes for
measurement and resetting. Each prototype underwent 5 hours
of vibration across 8 temperature points, totaling 20 hours of
testing as shown in Fig 5(b). Signal 1/O circuitry remained
outside the chamber at ambient conditions. A temperature test
chamber from Guangdong Yuanyao Test Equipment Co., Ltd

was employed.

The experimental results are plotted alongside simulation
data in Fig. 6, illustrating RMS voltage, resonant frequency, and
generated power as functions of temperature under a uniform
base excitation of 0.5g. All prototypes exhibit resonant
frequencies in the range of 39-43 Hz, as shown in Fig. 6f(a).
The observed variation among samples is attributed to slight
differences in the manual assembly process—particularly the
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tip mass gap—which can affect resonance despite identical
cantilever dimensions and masses. Simulated resonant
frequency values remain nearly constant across the full
temperature range, from 43.00 Hz at -20°C to 42.87 Hz at
50 °C. Experimental results similarly show minimal variation,
with average values ranging from 41.65 Hz to 41.12 Hz. This
confirms that the resonant frequency exhibits negligible
temperature sensitivity for the polymer-based cantilever
structure.

Fig. 6(b) shows the temperature-dependent RMS voltage
output. The experimental average voltage increases from
8.58 V at -20°C to 13.36 V at 50 °C, with a value of 12.39V
near room temperature (25 °C). The simulated results follow a
similar trend, increasing from 9.91 V to 14.32 V over the same
range. This increase is nonlinear in nature, especially evident in
the 0—40 °C interval, where the slope of the curve gradually
flattens. Therefore, instead of assigning a constant rate of
increase, we describe the voltage-temperature relationship as a
smooth, saturating function. This curvature reflects the inherent
material response of the polymer and temperature-dependent

changes in the piezoelectric coupling and internal impedance.
Notably, voltage output is lower at sub-zero temperatures and
rises more rapidly between 0 °C and 30 °C than beyond 30 °C.

Power output, shown in Fig. 6(c), mirrors the voltage
behavior. The experimental average power rises from
24639 uW at -20°C to 596.40 uW at 50°C, reaching
approximately 500 uW around room temperature. The
simulation shows slightly higher outputs, ranging from
329.00 uW to 710.14 uW across the temperature span. The
increasing but nonlinear trend suggests improving energy
harvesting efficiency with temperature, likely due to enhanced
mechanical-to-electrical conversion and reduced energy losses.
As with voltage, the curvature in the power response implies
that polynomial or exponential fitting may be more appropriate
than linear assumptions for model calibration or performance
predictions. However, there seems to be a lower voltage
generation in the negative temperature region. Interestingly, the
rate at which the voltage generation decreases below 0 °C is
higher than the rate at which the voltage generation increases
after room temperature.
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Fig. 6. (a) Resonant frequency verses Temperature change; (b) RMS voltage verses Temperature change; (c) Power generated vs Temperature change.

VIIl. STATISTICAL EVALUATION

It was evaluated the output voltage and power of four energy
harvester devices across a broad range of ambient temperatures
(from —20°C to 50°C in 10°C increments). For each
temperature setpoint, the open-circuit output of four nominally
identical harvesters (devices #1-#4) was measured, and key

statistical metrics were computed: mean, standard error (SE),
median, standard deviation (SD), variance, range (absolute and
percentage), minimum (min), maximum (max), and the 95%
confidence interval (Cl). These metrics, summarized in Table 4
(voltage) and Table 5 (power), allow us to compare the
performance of the harvesters among each other and to assess
how temperature influences both the central tendency and
variability of their outputs.
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First Author et al.: Title 5
TABLE IV
STATISTICAL ANALYSIS OF VOLTAGE VS TEMPERATURE
Temp (C)| 20 ~10 0 10 20 30 40 50
ANl 1 2 3 |a|1]2|3|a|1 |2 |3 4|1 |2|3|4af1|2(3]al1|2]3]al1|2|3|4a|1|2|3]4
Voltage |5 |t 2 8085|8895 18|(R 8|88 3] IV[(J /8|53 8|8/ 9/88|=2|5|3
V) o|lo|ow ~lo|ldld|a| DS (S d Y (YISIY|YIY|I|YIIQ@IgIYIYNISIYIY|I|IGQ|Y |
Mean (V) 8.58 9.08 10.76 1205 1223 1255 1273 1336
Std Err 0.28 0.38 040 0.42 0.36 0.40 0.24 034
M(BS')a” 8.73 9.12 10.66 1231 1242 1273 1273 1334
S“(jVD)ev 056 0.76 0.81 083 0.71 0.79 048 069
Var (V<) 032 0.57 0.65 0.69 051 0.63 0.23 0.47
Range % 1457 18.00 1562 15.10 1314 1412 8.99 1128
Range (V) 125 163 168 182 161 177 114 151
Min (V) 782 8.23 1001 1088 1123 1147 1216 1264
Max (V) 9.07 9.87 11.69 12.70 1284 1324 1330 1415
C1 (95%) 0.89 121 1.29 132 113 1.26 0.76 1.09
TABLE V
STATISTICAL ANALYSIS OF POWER GENERATED VS TEMPERATURE
Temp
ey —20 ~10 0 10 20 30 40 50
Har,\‘l’ssmr 1)2(3]af1|2|3|4 |1 |23 4|1 |2|3|4a|1|2|3|a|1|2|3|a|1|2|3|4a|1]|2|3]|4
Power |« oo < lslolalSle(alw|lsm|s|sw|vu|lagla|lr vwlolela| j|[s|o|le|a|q||
o SREE3REF 8385553883858 883598388s§;
Mean (V)|  246.39 276.30 387.17 485.74 499.42 526.06 540.35 596.40
Std Err 1578 22.86 2916 3263 2842 3253 2033 3061
M?S')a” 253.87 277,51 379.47 505.60 514.10 540.53 539.84 593.21
St‘z\zev 3156 4571 58.32 65.25 56.85 65.07 40.66 6121
(\\//f\r/) 996.18 2089.68 3401.08 4257.84 323162 423368 165335 3746.70
Range %| 2857 35.68 3138 2043 2579 2773 17.96 2255
R?\'/’)ge 7039 9858 12150 142.95 12881 145.87 97.04 13451
Min (V) | 203.72 225.79 334.13 394.40 420.34 438.65 492.35 532.34
Max (V)| 27411 324.37 455.63 537.35 549.15 584.52 589.39 666.85
Cl(95%)  50.22 7274 92.80 10383 90.46 10354 64.70 97.40

A. Voltage Output vs Temperature

Mean and Median Voltage. The mean output voltage across
the four harvesters increases markedly with ambient
temperature. At the lowest temperature of -20 °C, the average
voltage is 8.585 V, and this climbs steadily to 13.365 V at 50 °C
(Table 2). This ~56 % increase in mean voltage from -20 °C to
50°C indicates a strong positive correlation between
temperature and the generated voltage. The median voltage at
each temperature closely tracks the mean (differing by less than
~2 % in all cases), which suggests the voltage values of the four
devices are fairly symmetrically distributed without severe
outliers. For instance, at 20 °C the mean voltage is 12.226 V and

the median is 12.419 V, and at 40 °C both the mean and median
coincide at 12.727 V (Table 4). This near coincidence of mean
and median shows that no single harvester is dramatically
skewing the distribution — the devices’ performances are
relatively consistent with each other in terms of central
tendency.

Variation Among Harvesters. Although the four harvesters
show similar overall trends, there are measurable variations in
output at each temperature. The standard deviation (SD) of the
voltages provides a quantitative measure of this device-to-
device variability. At—20 °C, SD = 0.562 V, which corresponds
to a coefficient of variation (CV = SD/mean) of about 6.5%.
The variation among devices initially increases as temperature
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rises to —10 °C (SD = 0.757 V) and 0 °C (SD ~ 0.808 V). The
largest absolute spread in voltage is observed around 10 °C,
where SD = 0.832V and the range spans 1.819V (from
10.879 V up to 12.698 V). In relative terms, at -10 °C the range
is about 1.635V, which is ~18% of the 9.08 V mean — this is
the highest percentage variation seen in the voltage data.
Beyond 10 °C, the device outputs begin to converge slightly: by
30-40 °C the variation is lower (SD ~0.69 V at 30 °C, dropping
to 0.479 V at 40 °C). Overall, the relative variation (range%)
among devices stays within 9-18% across the entire
temperature sweep for voltage. Such levels of device scatter are
in line with what has been observed in other studies of
fabricated energy harvesters — for example, Xu et al.[32]
reported around 30% relative standard deviation in peak output
voltage across a batch of 40 MEMS piezoelectric harvesters.
Our four devices show a smaller spread (SD is at most ~8% of
the mean, and typically ~4-7% at moderate temperatures),
indicating a reasonably good uniformity for a small sample.
Nonetheless, the presence of any variation highlights the
influence of fabrication differences or material inconsistencies
on performance. These device-specific differences are
consistent with minor parameter variations; importantly, their
effect diminishes at the intermediate temperature of 40 °C
where all devices converge tightly.

Standard Error and Confidence Interval. The standard error
(SE) of the mean voltage, given by SD/vn (with n=4 devices),
reflects the uncertainty in the estimated mean at each
temperature. At most temperatures the SE is a few tenths of a
volt (e.g. 0.416 V at 10°C), and it reaches a minimum of
0.240V at 40°C thanks to the low scatter there. The
corresponding 95% confidence interval (CI) for the mean can
be calculated (for n=4, using the t-distribution) — this interval
width is about #(3.18-SE). For example, at 10 °C the mean
voltage 12.05V has a 95% CI of approximately £1.324 V, i.e.
one can be 95% confident the true mean lies between ~10.73 V
and ~13.38 V given the device-to-device variability. At 40 °C,
the CI narrows to about £0.763 V around the 12.727 V mean. In
general, the 95% CI spans were on the order of 0.8-1.3 V (Table
4) — relatively small compared to the mean values — indicating
that despite the limited sample of 4 devices, the mean output at
each temperature is estimated with decent precision.

It is worth noting that the largest relative disparities occurred
in the sub-zero region. At —10 °C, one harvester (Device #2)
lagged significantly (8.23 V versus ~9.55 V for the best device),
contributing to the highest variance and range%. This could be
related to performance issues at low temperatures, such as
increased internal impedance or even environmental effects like
frost/condensation. Indeed, previous work has observed
anomalies in harvester output around freezing conditions — Xu
et al. reported a “clear break” in device behavior at 0 °C, likely
due to condensation forming on the device. Our results align
with that observation: between —10°C and 0 °C the average
voltage jumped from 9.08 V to 10.76 V (a larger step than in
other intervals), and the device which was weakest at —10 °C
recovered by 0 °C, suggesting that transient effects (possibly
moisture-related) impacted the —10 °C readings. Above 0 °C,
the devices’ outputs increase Smoothly, and the variation trends
become more stable. Overall, the statistical analysis of voltage
outputs confirms that higher temperatures significantly boost
the harvested voltage, while also slightly improving the

uniformity among devices at certain mid-high temperatures.

B. Power Output vs Temperature

Output power vs ambient temperature for four harvesters.
Each device’s power output (in pW) is plotted as a function of
temperature. Power increases steeply with temperature for all
harvesters, roughly doubling (or more) between the lowest and
highest temperatures. The spread in power outputs between
devices is more pronounced at lower temperatures (e.g. at —
10 °C) and narrows at certain higher temperatures (e.g. 40 °C),
reflecting the amplified effect of voltage variation on power.

In summary, the power analysis confirms that higher
temperatures substantially boost the energy harvesting
capability, more than doubling the average power from —20 °C
to 50 °C. Concurrently, the relative differences between devices
become less extreme at higher temperatures (with the exception
of the very highest point where one device excelled). The data
suggest that around 30—40 °C, the harvesters not only output
high power (~0.5-0.55mW on average) but also operate
uniformly, which could be an ideal operating window for
reliable deployment of such devices. The insights gained from
these statistical metrics — mean trends and variability measures
— are valuable for both the design and application of energy
harvesters. They illustrate how environmental temperature can
affect not just the expected power output but also the
performance spread among units, which is crucial for predicting
system behavior and for quality control of the harvesters. Future
work may compare these results with other studies or
theoretical models; for instance, our observed temperature
coefficient of voltage is consistent with the fundamental
thermoelectric effect, and the device-to-device variation we
quantified (~10-30% range in power) is in line with prior
experimental reports for small batches of harvesters.

IX. DISCUSSION AND COMPARISON WITH
EXISITNG WORKS

Quantitatively, the deviations between experimental medians
and simulated values are generally small: on the order of 1% for
frequency, 5-15% for voltage, and 5-12% for power. Most of
these differences fall within or just above the predefined
tolerance ranges for each metric (with only the low-temperature
voltage deviation significantly exceeding the +5% voltage
criterion). The fact that simulation and experiment converge at
the high-temperature end for all outputs boost confidence that
the model captures the essential physics and that any disparities
at low temperature could be addressed by refining material
property inputs (e.g. temperature-dependent modulus or
damping in the simulation [33], [34].).

At lower temperatures, the material became harder, and its
stiffness increased. A rigid cantilever means smaller amplitudes
of vibrations hence smaller output RMS voltage and power
generation is observed at lower temperatures. because the
mechanical stiffness of the base steel increases. However, at
higher temperatures, with a softer core, the same acceleration
produces more voltage.

At lower temperatures, the steel substrate exhibits increased
stiffness due to reduced atomic vibrations, leading to higher
Young's modulus values [35]. This increased stiffness results in
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diminished vibrational amplitudes under the same excitation,
thereby reducing the mechanical strain transferred to the
piezoelectric layer and consequently lowering the output RMS
voltage and power generation. Conversely, as the temperature
rises, the steel becomes more compliant, allowing for greater
vibrational amplitudes and enhances energy conversion
efficiency.

The piezoelectric polymer layer, such as PVDF, also exhibits
temperature-dependent behavior. As temperature increases, the
piezoelectric coefficients (e.g., ds1) can initially increase due to
enhanced molecular mobility [36], improving the material's
ability to convert mechanical energy into electrical energy.
However, beyond a certain temperature threshold, these
coefficients may decrease due to depolarization effects [37].

Equally important, the consistency of the four harvesters’
performance is evident from the tight clustering of the box plots
at each temperature. The devices demonstrate uniform
behavior, confirming that the observed trends are intrinsic to the
harvester design rather than random unit-to-unit variations.
This consistency, even when pushed to —20°C and 50°C, speaks
to the reliability of both the materials and the fabrication
process. Only slight increases in output scatter at the extremes
hint at the expected challenges (for instance, polymers
stiffening in the cold or reaching softening points when hot),
but these effects are relatively minor. All harvesters remained
operational and effective throughout, with no outliers falling
outside the whisker ranges to indicate any device failure or
aberrant performance.

The resonant frequency is practically invariant with
temperature, ensuring consistent device tuning, while the
voltage and power outputs improve with temperature in line
with theoretical expectations (higher piezoelectric activity and
lower internal losses at warmer temperatures). The deviations
between experiment and simulation are quantitatively small and
mostly within acceptable engineering tolerances, highlighting
the model’s validity. Furthermore, the small variability among
devices confirms a high level of reproducibility and reliability
in the harvester design.

This proposed EH device within a volume of 270 mm3
shows an output power of up to 1ImW which is comparable to
that of the best-performing PVDF-based energy harvesters
within similar volume reported so far [38], [39]. For
comparison, these features of the energy harvester are tabulated
along with other published works in Table VI. The RMS
voltage generated by EH is more than 5 times that of the piezo
sensors that are available commercially. The proposed
harvester power density is nearly ten thousand times more than
that of commercial piezo sensors, shown in our previous works
[40] .

Our device achieves a power density of 3.77 uW/g/mm?* at
room temperature, which is competitive with current state-of-
the-art piezoelectric energy harvesters. For instance, recent
studies have reported power densities ranging from 0.035
3.77 uW/g/mm? to 1.22 pW/g/mm? under various conditions
and materials. While direct comparisons are challenging due to
differences in materials, device architectures, and testing
conditions, our results demonstrate that our device performs
favorably within the context of existing technologies.

The power output of the proposed energy harvester exhibits
a clear temperature-dependent behavior, with experimental

results showing a nonlinear increase in power as temperature
rises from —20 °C to 50 °C under constant excitation. Although
a precise power density of 3.77 uW/g/mm? is achieved at room
temperature, performance at lower temperatures is reduced due
to increased material stiffness, which limits cantilever
deflection and energy conversion efficiency. Conversely,
higher temperatures enhance flexibility and improve output.
These trends align well with theoretical expectations of
temperature-dependent material properties—particularly in
polymers like PVDF, where piezoelectric coupling improves
with thermal softening up to a certain threshold. Compared to
recent state-of-the-art PVEH systems using rigid
piezoceramics, our polymer-based device offers competitive
performance while providing advantages in flexibility and
durability. This positions the proposed design as a promising
candidate for practical applications where moderate
temperature fluctuations are expected, especially in wearable,
structural, and automotive environments.

TABLE VI
SUMMARY OF RELATED WORKS
3
,\SIL (erezs) PDensity (I‘J‘W/gmm ) Ref
1 33 0.035 [41]
2 30 0.116 [42]
3 17 0.15 [43]
4 30.8 0.220 [44]
5 55 0.38 [45]
6 103.8 0.94 [46]
7 34.4 1.22 [47]
8 43 3.77 Our Proposal

X. CONCLUSION

Our experimental data demonstrates a clear, nonlinear
increase in power output with temperature. Specifically, the
average power output rises from 246.39 uW at —20°C to
596.40 uW at 50 °C, with a notable acceleration in growth
between 0°C and 30°C. This trend is mirrored in our
simulations, which show power increasing from 329.00 uW to
710.14 pW over the same temperature range.

The observed temperature-dependent behavior aligns with
established theoretical models of piezoelectric materials. As
temperature increases, the mechanical stiffness of the steel
substrate decreases, allowing for greater vibrational amplitudes
and enhanced strain transfer to the piezoelectric layer.
Concurrently, the piezoelectric polymer (e.g., PVDF) exhibits
increased molecular mobility, leading to enhanced piezoelectric
coefficients up to a certain temperature threshold. These
combined effects result in increased voltage and power output
at elevated temperatures. Similar temperature-dependent
enhancements in piezoelectric performance have been reported
in the literature, corroborating our findings.

Rayleigh damping coefficients (o = 0.51, o2 = 1.04x107°)
were experimentally extracted and applied in COMSOL to
accurately simulate energy harvester (EH) performance. Their
inclusion significantly improved alignment between simulated
and measured power outputs across temperature ranges.

PVDF was validated as a viable piezoelectric material for EH
applications within 0°C to 60 °C. Results provide practical
guidance on operational limits, safe temperature thresholds, and
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long-term reliability of EH devices. The developed harvester
demonstrated a power density of 3.77 pW/g/mm?, placing it on
par with conventional PZT-based harvesters despite using
flexible polymeric materials.

Quantitatively, the deviations between experimental medians
and simulated values are generally small: on the order of 1% for
frequency, 5-15% for voltage, and 5-12% for power. Most of
these differences fall within or just above the predefined
tolerance ranges for each metric (with only the low-temperature
voltage deviation significantly exceeding the +5% voltage
criterion). Such a strong correlation between experimental data
and simulation not only validates the design and modeling
approach but also provides confidence for deploying these
harvesters in real-world environments with fluctuating
temperatures.

To the authors’ knowledge, this is the first integrated
experimental and simulation study analyzing temperature
effects on a full PVDF-based EH system. The methodology
offers a foundation for future studies on thermal aging, service
life prediction, and optimization of polymer-based harvesters.

The authors plan to investigate the performance of
piezoelectric energy harvesters using flexible polymer
substrates, such as polypropylene (PP) and polyethylene
terephthalate (PET), to assess their thermal and mechanical
behavior across varying temperatures. The current study
establishes foundational measurements, while the investigation
of accelerated thermal aging, long-term durability, and
performance optimization will be addressed in a separate
follow-up study. This future research aims to explore the
potential advantages of polymer substrates over traditional
steel, including enhanced flexibility and reduced weight, which
could lead to improved energy harvesting efficiency in diverse
applications.
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XII. APPENDIX A

A. Rayliegh damping measurements

Polymers such as PVDF, P(VDF-HFP), PMMA, and ABS
exhibit viscoelastic behavior [23], meaning their damping
characteristics are both time- and frequency-dependent. While
Rayleigh damping provides a convenient means to include
damping in simulations, the a (mass-proportional damping) and
B(stiffness-proportional damping) coefficients are not intrinsic
material properties and often require calibration [24]. This
calibration is typically performed by matching the simulated
damping ratios to experimental data over the frequency range
of interest.

For macroscale polymer cantilevers, typical values reported
in the literature [19] include a values in the range of 10 to 25
s7!, and P values between 5x107¢ and 1x10~° s. For instance,
Okeke et al.[19] experimentally determined o = 10.5-23.2 s™
and f=6.7x10"°to 1.2x107° s for polymers such as PMMA and
ABS by fitting random vibration responses. In another study, 8
= 5.37x107° s was used to replicate free vibration decay in a
cantilever beam [25].

The procedure is described for determining damping ratios in
polymer vibration energy harvesters (PVEHS) and is a well-
established method [18] in structural dynamics and materials
engineering, A typical underdamped vibration response, shown
in Fig. A-1, is described by Eqg. (A.1), governed by initial
displacement x(0) =d,, and velocity x (0) =v,. The
solution represents a single-mode harmonic oscillator with
exponential decay [18].

x(t) = e~%nt(dycos wat + Ww

sinwgt) (Al

The terms include initial displacement (d,) and velocity (v,),
natural (w,) and damped (w,) angular frequencies, damping
ratio (¢;), time-dependent oscillatory components (cos and sin)
and exponential decay (e %“nf) due to damping. This
expression models the decaying oscillation observed
experimentally for a single resonant mode, as depicted in Fig.
A-1.

response, 1)

time, r, sec

Fig. A-1. lllustration of a typical damped signal.

The goal of the flowchart and experiment setup, seen in Figs.
A-1and A-2 is to determine the damping ratios associated with
the PVEH's first and second vibrational modes. This is achieved
by measuring the free decay response of the harvester after
excitation, using a high-precision laser interferometer setup.
The displacement data collected allows for the calculation of
the logarithmic decrement, which quantifies the rate at which
oscillations diminish over time. Subsequently, these values are
used to compute the damping ratios for each mode.

{ Amplifier H Power Source ]

Laser
Interferometer

Data Display

Fig. A-2. Flowchart of the experiment setup.

To initiate oscillation, the energy harvester (EH) was
mounted on an exciter system comprising a signal generator,
low-frequency amplifier, and power source, as shown in Fig. A-
3. For precise displacement measurement of the energy
harvester (EH), a dual-frequency helium-neon (He—Ne) laser
interferometer was employed, offering extended measurement
range without compromising resolution. The interferometer
generates two orthogonally polarized beams with a frequency
difference of 2 x 10°Hz, derived from a nominal 5 x 10'* Hz
source. These beams are split into reference and measurement
paths via a beam splitter. The EH, mounted on an exciter driven
by a low-frequency amplifier and signal generator, was
monitored by positioning the interferometer directly above the
cantilever tip. Displacement over time was recorded and
visualized on a connected system, as illustrated in Fig. A-4.

The harvester is excited to resonate at its natural frequencies
(43 Hz and 163.7 Hz), and upon cessation of excitation, the free
decay response is recorded as illustrated in Fig. A-1, A-4. By
analyzing the amplitudes of successive peaks in the decay
curve, the logarithmic decrement is calculated using the
formula [24]:

x(t)

x(t +nT) (A-2)

5=lm[

n
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where x(t) and x(t+nT) are the amplitudes of two successive
peaks separated by n cycles. The damping ratio ¢ is then
determined from the logarithmic decrement using [27]:

1

w(7)

~
I

(A.3)

These damping ratios for the two modes are subsequently

used to compute the Rayleigh damping coefficients o and f
through [28]:

2
oy = ng(‘:z% (Cw, — 1) (A.4)
a; = ﬁ (Cw, —Gwy)  (A5)

where w;and w, are the natural angular frequencies of the first
and second modes, respectively. The Rayleigh damping
coefficients—mass proportional 0.51 s™ and stiffness
proportional 1.04 X 107° srespectively. were determined
experimentally and implemented in the COMSOL model.

In this work, only one set of Rayleigh damping
coefficients—are used in the COMSOL Multiphysics
simulations. This is appropriate because the study focuses on a
single cantilever geometry with fixed material and dimensional
parameters. Rayleigh damping depends on the structural
properties of the system [20], so these coefficients are specific

to the geometry analyzed. For different geometrical
configurations or material setups, new values would need to be
calculated, as the damping behavior would change accordingly.

Energy harvester

&\J

Laser
Bl Interferometer

Fig. A-3. Actual Experiment setup.

Peakintensitat

1005 -

\ :El'ff.\me [;]: ! -_2 27:3 -
Fig. A-4. Screenshot of damped signal of harvester energy measured
by an Interferometer.
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