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Abstract: Piezoelectric energy harvesters have been extensively researched for use with wireless
sensors or low power consumption electronic devices. Most of the piezoelectric energy harvesters
cannot generate enough power for potential applications. In this study, we explore the parameters,
including gap and proof mass, that can affect the damping of the cantilever to optimize the design of
the energy harvester. A finite analysis is conducted using COMSOL Multiphysics software. Usually,
this type of simulation is performed using the loss factor. However, it is known that results from the
loss factor produce models that do not fit the experimental data well. In fact, the result of output
voltage using the loss factor is 50% higher than the real value, which is due to ignoring the adverse
effect of a superimposing mechanical damping of different constituent materials. In order to build a
true model, Rayleigh damping coefficients are measured to use in a simulation. This resulted in a
closer fit of modeling and experimental data, and a 5 times better output voltage from the optimized
energy harvester compared with using the smallest gap and mass.

Keywords: piezoelectric energy harvester; modeling; PVDF,; loss factor; Rayleigh damping coefficient

1. Introduction

Over the past several years, energy harvesting has been an attractive research topic due to the
increased awareness of energy conservation. This interest stems from the need to power wireless
electronics, microelectromechanical systems, and implanted biomedical devices, and so on [1-3].
Most of these low power electronic devices are dependent on batteries, which are difficult or, in some
cases, impossible to recharge and replace, as well as being detrimental to the environment. Therefore,
many researchers are focused on energy harvesting techniques. The transduction mechanisms used
for transforming vibration to electric power include electromagnetic, electrostatic, and piezoelectric
mechanisms [4,5]. Electromagnetic induction technology relies on the relative motion of a magnet
and the coil or the change of the magnetic field, which makes the application difficult to implement.
Electrostatic conversion also has significant disadvantages [6]. Because of the unique advantages such
as flexibility, long service life, wide range of frequencies, a strong piezoelectric response, low acoustic
impedance, easy to fabricate and implement structure of the cantilevers, and so on, the piezoelectric
option has become significantly important. When mechanical force is applied to piezoelectric materials,
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electrical charges are induced; therefore, piezoelectric materials can be used as electromechanical
energy converters.

Cantilever-based piezoelectric energy harvesters are the most common devices for converting
vibration to electricity. Although low energy electronic devices consume power from several uW to
mW, supplying them with power from vibration with piezoelectric energy harvesters is insufficient.
Because the ambient vibrations are of random frequency and these vibration amplitudes are small
due to the small acceleration available [7-9]. To overcome this problem, many factors which have a
significant effect on power production are investigated to optimize cantilever-based piezoelectric energy
harvesters. On the one hand, by optimizing the geometry of the cantilever beam, the output power of
piezoelectric materials can be increased. The optimization and implementation of the geometry of
piezoelectric cantilevers have been reported by several researchers. The shape of piezoelectric materials,
for example, a separated piezoelectric patch [10] and arc-shaped energy harvesters [11], is investigated.
Three different shapes—near edge width quadratic (NEWD), half quadratic, and trapezoidal—were
analyzed, and the results showed NEWD has a better performance in terms of output power [12].
By varying the geometries of the cantilever beam, it was found that a tapered cantilever had a better
performance than a rectangle beam [13,14]. For practical cases, where the energy harvester is excited
randomly, a clamped circular plate energy harvester interconnected to a circular piezoelectric layer
was designed to optimize the performance, because if the resonant frequency of the designed beam is
close to the available mechanical vibrations, the displacement of the beam is maximum and hence,
it generates maximum power output [15]. Two low frequency piezoelectric cantilever beams were
designed after research of the relationship between the dimensions and the natural frequencies [16].
The frequency up conversion technique was adopted to harvest the inertial energy of human walking
motion, which has a low frequency [17-19]. On the other hand, quite recently, investigations showed
that if a piezoelectric energy harvester in the form of a cantilever beam is split into several pieces, or the
piezoelectric materials are split into several layers, and then, electrically connected in a parallel way,
the output will become higher compared with the output of a single cantilever beam or a single layer
material cantilever beam of similar total width and length [20,21]. In the previous investigations, it was
reported that there was an increase of 45% in harvested power for single folding, whereas for double
folding, the increase could be up to 75% compared with splitting [22]. The reason for the increasing
output power is due to the reduction in the damping ratio, which can result in a higher vibration
amplitude of the beam. Therefore, the energy harvester can harvest ambient vibrational energy more
efficiently. In addition, the piezoelectric energy harvester converts the mechanical vibration energy
into AC electrical power. Since most of the electronic devices and rechargeable batteries usually require
a DC power supply, a power management circuit is necessary to rectify the AC power to steady DC
power [23,24]. Therefore, some researchers focus on the circuit structures for piezoelectric energy
harvesters to improve the efficiency of the harvester. The general way to achieve this target is to
realize resistive matching [25,26]. These approaches are reasonable as the impedance of a piezoelectric
cantilever vibration around the resonant frequency is mostly resistive, which is also considered to be
available because they are easy to control and implement.

Aswas observed above, piezoelectric energy harvesting experiments and simulations are available.
Several ways are provided to improve the output power and increase the efficiency of the piezoelectric
energy harvester [27-29]. However, in the majority of cases, mechanical damping and how it affects the
output is not considered and studied. Many researchers simulated the piezoelectric energy harvester
model using COMSOL Multiphysics, which explored various parameters, such as excitation frequency,
acceleration, thickness of piezoelectric layers, gaps, etc., to improve the output power [30-33]. In a
way, it is possible to improve the simulation results. However, in practice, the mechanical damping of
a whole system also changes with respect to the change in other parameters. It is simply inaccurate to
superimpose damping of different constituent materials. Therefore, it is extremely important to study
and understand the significance of the effects of damping and use damping of a cantilever to optimize
the piezoelectric energy harvester.
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The aim of this work is to develop a real polyvinylidene fluoride (PVDF) piezoelectric harvester
model in COMSOL Multiphysics software and study the effect of mechanical damping. In order to
meet the requests of practical applications of the piezoelectric energy harvester as the power source,
the damping effects of different gaps and proof masses are explored and the piezoelectric energy
harvester is optimized.

2. Modelling of the Piezoelectric Energy Harvester Cantilever

2.1. Device Configuration and Model

A self-powered piezoelectric vibration energy harvesting system is usually composed of four parts:
the source of vibration, a piezoelectric energy converter, an electrical interface circuit that converts the
generated AC current into the DC current, and an energy storage device that accumulates and stores
the energy for intermittent use [34]. The equivalent electromechanical scheme of the setup is shown
in Figure 1.
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Figure 1. Equivalent electromechanical circuit of a piezoelectric energy harvester.

As shown in Figure 2, a signal generator outputs a specific frequency signal, which, after amplification,
is used to excite the actuator to vibrate. The cantilever is fixed on the actuator. An oscilloscope and
multimeter are used to measure the peak-to-peak and root mean square (RMS) values of the output
voltage, respectively.
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Figure 2. The experimental setup.

Figure 3 shows a schematic diagram of a modeled piezoelectric converter, and Table 1 shows
the main parameters that were used for global definitions in the COMSOL Multiphysics simulation
software. The piezoelectric energy harvester consists of a base of passive material (e.g., steel) with
active layers of piezoelectric material attached to it by conductive electrodes. The mechanical effects of
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the electrodes on the system have not been evaluated due to their extremely small thickness compared
to the overall thickness of the transducer. It is assumed that the substrate and the layer of piezoelectric
material are perfectly coupled, and that the electrodes are ideally conductive and exposed to the same
difference of electric potential.

Proof

Gap mass

=¥ PVDF :&
i I Steel

F Y
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(Yoq

sapond’[g

Fixed end

Figure 3. A reference layout of the piezoelectric energy harvester cantilever.

Table 1. Geometric parameters of the energy harvester cantilever model.

Parameters Symbols Values
Dimensions of fixed end (mm) Lin X W X tm 3x3x%x3
Dimensions of PVDF film (mm) Le X Wy X t 14 x (24-64) x 0.03
Dimensions of steel (mm) Le X W, X tg 14 x (24-64) x 0.1
Dimensions of proof mass (mm) L X Wn 14 x (24-64)
Weight of mass (g) M 15-30
Gaps (mm) L 5-10

The virtual interface between the piezoelectric power converter and the external electrical circuit
was realized using a SPICE electrical circuit simulation subroutine, in which the resistor was inserted
as a variable (i.e., a variable impedance element) into the finite element model (FEM) model of
the converter. A complex model of a vibrating electric converter was constructed, which evaluates
the mutual electromechanical interaction between the piezoelectric converter and the connected
electrical circuit.

PVDF was selected as the piezoelectric material for its high dielectric constant and piezoelectric
coefficient. The PVDF film used is 30 um thick, with a thin Al electrode on the surface, and bonded
in the same polling and stretching directions. The main parameters of PVDF are shown in Table 2.
Structural steel was chosen as both the metal substrate and proof mass.

Table 2. Parameters of energy harvester material.

Piezoelectric Material: PVDF (JINZHOUKEXIN Co. Ltd.)

Piezoelectric constant (pC/N) ds; 25
Young’s modulus (MPa/psi) E 2500

Relative permittivity efeg 9.5
Density (kg/m?) Pb 1780

Thickness (um) tp 30

The piezoelectric energy harvester was subjected to a selected kinematic excitation, which is
described as a vertical or volumetric displacement of a volumetric load. Therefore, the piezoelectric
energy harvester was excited and the active piezo-layers generated a voltage signal.

According to the design parameters above, the 2D finite element model (FEM) of a vibratory
piezoelectric power converter was built using COMSOL Multiphysics software, as shown in Figure 3.
For numerical studies, solid mechanics, electrostatics, and electrical circuits are the physics used along
with the study of frequency domain in COMSOL Multiphysics.
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The described FEM model of the piezoelectric energy harvester (Figure 4) allows for a complex
evaluation of the transducer response, the electromechanical interaction of the energy harvester with
the external electrical circuit, and the effects of nonlinear dynamics occurring in the vibrating mode
of the harvester. The influence of the energy harvester excitation signal, energy harvester geometric
configurations and shape variations, piezoelectric material layer thickness, connected electrical circuit
resistance on the energy harvester dynamic, and electrical response was evaluated using the developed
piezoelectric FEM model.

10 15 20
Length (mm)

Figure 4. COMSOL finite models of piezoelectric energy harvester cantilever.

The strain—charge constitutive relation is shown in Equations (1) and (2) [11]:
S=8xT+dl xE, 1)

D=dxT+erxT, )

where T—stress; S—strain; D—electric displacement; d—the piezoelectric coefficient matrix; e—the
permittivity matrix.

In general, there are two types of mathematical modeling for piezoelectric energy harvesters.
The first one is a lumped parameter electromechanical model, the second one is a distributed parameter
model. A compressive mathematical model should be as simple as possible, yet sophisticated enough
to capture the important phenomena. In our case, the proof mass is much larger than the mass of a
cantilevered beam in transverse vibrations (the harvester model in 31-mode). Therefore, the lumped
parameter mathematical model can be adopted, which can be given as:

—jROM>Y pel®t

o) = (wflL —w?+ jZCa)nLa)) X (me + jngCpa)) +jRO%w

®)

where 1, is the effective mass of the beam, w1, is the un-damped natural frequency, C is the mechanical
damping ratio, R is the load resistance, and 0 is the electromechanical coupling factor given by
2d31hps (kbL?)(21) for parallel connections of piezoelectric layers. C, is the equivalent capacitance that
can be given by 2£§3( bL)/hy, hs and hy, are the thickness of substrate and piezoelectric layers, respectively,
hps = (hs + hy)/2, €§3 is the permittivity at constant strain, ds; is the piezoelectric constant, and b is the
width of the beam [35].

As we can see from Equation (3), the mechanical damping has a direct influence on the output
voltage. The results obtained when modeling a multilayer piezoelectric energy harvester using
only the loss factor n are compared to the results obtained using the Rayleigh damping coefficient
(Figure 5) [36]. The latter is more advantageous and accurate in a dynamic response analysis as
it provides a clear physical meaning of the whole system. In most publications on the modeling
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of piezoelectric transducers, frequency data and modeling results are provided using only the loss
factor [37,38].

Voltage (V)

25 30 35 40 45
Frequency (Hz)

Figure 5. Voltage—frequency response of a piezoelectric biomorph cantilever using the loss factor. Uniform
line shows the results with the loss factor, the dotted line—using the Rayleigh damping coefficient.

The loss factor is a way to compare the damping of one material to another and it is independent of
the geometrical parameters of the structure as it just depends on the material; however, the geometrical
parameters of the beam do affect the damping and the output voltage. As can be seen in Figure 5,
the result of the output voltage using the loss factor is 50% higher than the real result, which is a
theoretical value instead of a practical value. Therefore, to evaluate the damping of the whole structure,
Rayleigh damping is an effective way as it considers the damping of the whole structure, which is
implemented in the present work.

To describe the FEM model, it is necessary to know not only the material properties but also
the damping ratio of the multilayer system. For this, experimental studies were carried out. Using
the previous modeling results, the boundary conditions of the cantilever dimensions were obtained,
from which the dependence of the system damping coefficient on the length, width, and load mass of
the cantilever was experimentally determined.

2.2. Measurements of Young’'s Modulus and Rayleigh Damping Coefficient

The Young modulus (E) of a material is an important parameter for piezoelectric harvester design.
In most cases, approximations and simulated values are sufficient, but when designing a precise and
efficient piezoelectric cantilever with optimal parameters, a more cautious assessment is in order [39].

In the case of the mechanical design of the elastic piezoelectric energy harvester cantilever
structures, the default Young modulus value of steel cannot be used directly, as the piezoelectric
material layer sticks to the steel, which causes the change of its practical value.

To determine the practical Young modulus value, a cantilever beam is fixed at one end and is free
to move vertically at the other, as shown in Figure 6.

Clam L R
i Unloaded beam i h

Loaded beam

Figure 6. Geometry of the cantilever beam test.

For each of the three strips of material (steel, glue, piezoelectric material), the strip is clamped at
one end so that it extends horizontally, with the plane of the strip parallel to the plane of the bench.
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A small weight is hung on the free end and the vertical displacement, 5, is measured. The value of 6 is
related to the applied load, P, and Young’'s modulus, E, by

E=1/3% (P x L3)/(5 x I), 4)

where L is the length of the strip and I is the second moment of area (moment of inertia).
For a prismatic beam with a rectangular section (depth & and width w), the value of I is given by

I=(w xh%)12. (5)

By hanging several different weights on the end of the strip, and measuring the corresponding
deflections, a graph can be plotted which allows the Young modulus to be calculated.

According to the theory above, the practical Young modulus value of the piezoelectric energy
harvester cantilever beam can be calculated. The deflection of a core layer of the piezoelectric energy
harvester cantilever is measured by attaching four different kinds of weights at the end, as shown in
Figure 7.

8
7 °
’5\6
g4
o
Q2
1
0
0 5 10 15 20 25 30 35

Load (10°Kg)

Figure 7. Results of the relation between load and deflection.

Based on the geometric parameters of the energy harvester in Table 1 and the measurements of
Figure 7, the Young modulus in this case is calculated as E = 15.46 x 10'° Pa.

Damping is the mechanism by which a system’s kinetic energy is gradually converted into heat
or sound. Due to the reduction in energy, damping has the effect of gradually reducing the system’s
response, e.g., the displacement amplitude. Thus, in many cases, damping is a beneficial phenomenon
without which the system may remain in a state of chaos indefinitely.

Rayleigh damping, known as a proportional damping or classical damping model, expresses
damping as a linear combination of the mass and stiffness matrices [40], that is

C=oaM + BK, (6)

where M—mass matric; K—stiffness matric; o and 3—real scalars with 1/s and s units, respectively.
Modes of classically damped systems preserve the simplicity of the real normal modes.

To determine Rayleigh damping, it is usually recommended that the two specific frequencies
w1 and wp, to ensure reasonable damping values in all the modes, significantly contribute to the
vibrations. At the frequency outside the range of these two frequencies, the damping will dramatically
increase and the modal responses at the corresponding frequency range will be almost eliminated.
Practically, this can be used to damp out the high and low frequency vibrations/noises that are outside
the frequency range of interest. The relations of Rayleigh damping coefficients «, 3, damping ratio ¢,
and two specific frequencies w; and w; are shown in Equation (7)

[o, B] =2¢/(w1 + wp) X [w1 X @y, 1] ()
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The Q factor describes an underdamped oscillator. One of the Q factor definitions is the
frequency-to-bandwidth ratio of the resonator

Q= w/(w2 — wy), ®)

where w; is the resonant frequency, and w,; — w; is the bandwidth, or the width of the range of
frequencies for which the energy is half of its peak value.
The relationship between the Q factor and damping ratio is shown in Equation (9)

c=12xQ. )

In order to simulate the model, we measured the damping ratio and calculated the Rayleigh
damping coefficients o and (3.

We designed five kinds of energy harvester cantilever with different widths of PVDF material,
ranging from 24 to 64 mm. According to the theoretical description of Rayleigh damping, we need
to measure the peak-to-peak value of output voltage under the resonant frequency. Based on the
peak-to-peak value, we can measure another two frequencies, in which the output power is half of the
value measured under resonant frequency.

As shown in Figure 8, the result reflects that the energy harvester is a linear vibration system.
According to these data, the damping coefficient of different gaps and widths can be approximately
calculated using empirical approximation.

0.04
0:03 0.025

0.02

0.01

10 0.015

0.01

x107°
11

10

(©)

Figure 8. Results of damping coefficients: (a) damping ratio ¢, (b) Rayleigh damping coefficient of «,
(c) Rayleigh damping coefficient of (3.
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2.3. Simulation Implementation and Results

According to the geometry dimensions of the practical piezoelectric energy harvester cantilever
beam, a 2D model is built to simulate in COMSOL. The electrical circuit is connected based on the
practical model. Since the damping ratio will change while changing the other variables, a parametric
sweep method is used for the study. The parametric sweep can handle several parameter cases
together and accomplish the work simultaneously. In this case, the proof mass and gap change with
the damping coefficients, respectively.

The whole implementation procedure of the piezoelectric devices’ modeling for energy harvester
in COMSOL is shown in Figure 9. When we want to explore the gap between the clamped end and
the proof mass, we need to keep the proof mass stable and change the gap. Similarly, if exploring the
factor of the proof mass, we need to keep the gap constant.

Global | Set constants for
definition all fields

Variable definition

— 1

P Mass Gap <+
Create 2D
geometry
Specify multi- Piezoelectric
physics models effects
Assign initial and Electrostatics and
boundary [ m— . S
e electrical circuit
conditions
Meshing Eploring| gap
Select solver

Assign tolerance Post processing

Slove
Inbuilt test

Eploring [mass

Figure 9. Implementation procedure of modeling in COMSOL.

Using the dependence of the damping coefficient of the inverter on its length, width, and load
masses, FEM modeling was performed. The pulsed excitation signal is described in the FEM model as
a vertical load volume. The change of the effective voltage generated by the piezoelectric converter
depending on the energy harvester parameters is recorded. Figure 10 gives the voltage as a function of
the PVDF width under uniform load (15.2 g).

The dependences of the gap and the proof mass on the output voltage of the structure are
simulated. A load resistance of 470 () is selected. In order to analyze the effects of the proof mass and
gaps, we simulated four kinds of masses and three kinds of gaps. To be comparable, mass and gap are
kept stable in each simulation.

The voltage—frequency response curves of different masses are shown in Figure 11.

It can be seen from these figures that by increasing the gap, it is possible to obtain higher energy
efficiency, but the resonant frequency decreases.
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Figure 10. The voltage—frequency response curves of different width of PVDEF.
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Figure 11. Simulation result of voltage—frequency response curves of different mass: (a) gap is 6 mm,

(b) gap is 8 mm, (c) gap is

10 mm.
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3. Experimental Results and Discussion

In order to validate the simulation results, experiments were carried out. In Figure 12,
the experimental voltage data of the PVDF energy harvester cantilever are compared against the
simulated voltage data at resonant frequency.

14 12.85 16 14.33 -
12 —e—experiment data 14 T3 12.95 —e—experiment data
9.8 : ——
10 comsol data _ 12 102 comsol data
2 2 10
(9] 8 k¥
g g8 5.65
£ 6 = 5.65
= =
4 4
2 2
0 0
30 40 50 60 25 30 35 40 45
Frequency (Hz) Frequency (Hz)
(a) (b)
16 15 =
14 14. 13.6 —e—experiment data
12 comsol data
S0 9.1
gn 8
2 6
4
2
0
20 25 30 35 40

Frequency (Hz)

(©)

Figure 12. Experimental and simulated voltage data with different masses: (a) gap is 6 mm, (b) gap is
8 mm, (c) gap is 10 mm.

As can be seen in Figure 9, the systems oscillate following the typical response characteristics
of linear vibration systems. The values of simulated voltage and measured voltage are fitted well.
The differences between simulation and measurement resonant frequency are no more than 4 Hz.
The practical cantilever model is built by hand, with manually adjusting parameters, like gaps,
and some tolerance exists. In contrast, in numerical analysis, there could be no error. Furthermore,
the thickness of the glue used to stick the piezoelectric layers together could also affect the results.
Perhaps this could be one of the main reasons for the difference in the simulated and practical values
as the thickness of the layer of glue applied in the practical model is challenging to measure. In future
works, these differences can be analyzed in more depth. It can also be seen in these three figures that
with the mass increasing, the output voltage increases in both simulation and experimental data.

To identify how the gaps affect the output voltage, we compared the output value of different gaps.
The results reflect changes of the output voltage with gaps. As the gap becomes bigger, the output
voltage increases. According to the experimental data, the output voltage measured with the maximum
gap and mass is about 5 times the voltage measured with the minimum gap and mass. Clearly,
increasing the proof mass and gap can improve the output voltage and decrease resonant frequency.

4. Conclusions

In order to have a better optimized output, simulation results using Rayleigh damping prove to
be more accurate compared to the loss factor results. According to our tests, simulation results using
loss factor differ from the actual value by 50%, which clearly shows that it is not the best suitable model
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to define a cantilever harvester. However, the model created by the Rayleigh damping overcomes the
shortcomings present in the loss factor model by considering the virtue of mechanical damping in the
practical models.

A more accurate model and simulation was built in the COMSOL Multiphysics simulation software
based on the measurements of Rayleigh damping coefficients. The COMSOL simulation results are
compared with the experiment data. As expected, the simulation results follow the theoretical ones.

Experimental determination of Rayleigh Damping coefficients, linear approximation, and modeling
of the cantilever give results with sufficient error (up to 10%).

According to both experimental and simulation data, increasing the gap and proof mass increases
the output voltage. Under the conditions of 0.4 g acceleration, 10 mm gap, and 29.3 g proof mass,
the output voltage and power can rise to 14.6 V and 435 uW, respectively. Comparing with the smallest
gap and proof mass, proper piezoelectric energy harvester optimization can increase a voltage output
up to 5 times.
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