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Abstract: In recent years, energy harvesting from ambient vibrations using piezoelectric materials has
become the center of attention due to the fact that it has the potential to replace batteries, providing an
easy way to power wireless and low power sensors and electronic devices. Piezoelectric material has
been extensively used in energy harvesting technologies. However, the most commercially available
and widely used piezoelectric materials are lead-based, Pb [ZrxTi1−x] O3 (PZT), which contains more
than 60 weight percent lead (Pb). Due to its extremely hazardous effects on lead elements, there
is a strong need to substitute PZT with new lead-free materials that have comparable properties
to those of PZT. Lead-free lithium niobate (LiNbO3) piezoelectric material can be considered as
a substitute for lead-based piezoelectric materials for vibrational energy scavenging applications.
LiNbO3 crystal has a lower dielectric constant comparison to the conventional piezoceramics (for
instance, PZT); however, at the same time, LiNbO3 (LN) single crystal presents a figure of merits
similar to that of PZT, which makes it the most suitable choice for a vibrational energy harvester based
on lead-free materials. The implementation was carried out using a global optimization approach
including a thick single-crystal film on a metal substrate with optimized clamped capacitance for
better impedance matching conditions. A lot of research shows that standard designs such as linear
piezoelectric energy harvesters are not a prominent solution as they can only operate in a narrow
bandwidth because of their single high resonant peak in their frequency spectrum. In this paper, we
propose, and experimentally validate, a novel lead-free piezoelectric energy harvester to harness
electrical energy from wideband, low-frequency, and low-amplitude ambient vibration. To reach this
target, the harvester is designed to combine multi-frequency and nonlinear techniques. The proposed
energy harvesting system consists of six piezoelectric cantilevers of different sizes and different
resonant frequencies. Each is based on lead-free lithium niobate piezoelectric material coupled with
a shape memory alloy (nitinol) substrate. The design is in the form of a circular ring to which the
cantilevers are embedded to create nonlinear behavior when excited with ambient vibrations. The
finite element simulation and the experimental results confirm that the proposed lead-free harvester
design is efficient at low frequencies, particularly different frequencies below 250 Hz.

Keywords: vibrational piezoelectric energy harvesting; multiple and low frequency; lead-free lithium
niobate material; nonlinearity; shape memory alloy

1. Introduction

Over the years, harvesting vibration, which is present in the form of kinetic energy in
our surroundings to generate electricity, has gained a lot of attention due to its promising
potential in powering miniaturized and low power consumption devices [1–3]. A lot of
research has been carried out based on different harvester’s mechanisms or principles of
conversion, such as electromagnetic [4,5], electrostatic [6], piezoelectric [7–11], or hybrid
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piezoelectric energy harvesters [12]. In the literature, the piezoelectric effect is among,
if not the first, most employed principle in the field of mechanical micro energy conver-
sion [13–15]. Based on the “direct piezoelectric effect” phenomenon that is also employed
in sensors [16] and self-sensing actuators [17,18] for further feedback control [19–22], piezo-
electric energy harvesting devices can scavenge the energy from vibrations and motion
present in the surroundings to provide the maximum output voltage when operating at
their resonance frequencies. However, exciting the devices at their resonance frequencies
is challenging because the available surrounding frequency is generally low whilst the
resonance of the harvester’s structure is high. It is therefore of paramount importance to
widen the spectrum and to include lower frequencies when designing vibrational piezo-
electric energy harvester (VPEH) devices so that they can be used in real applications
and situations. To this aim, investigations have been undertaken on different variants
of the vibrational piezoelectric energy harvester (VPEH), including linear and nonlinear
oscillators [23,24], multiscale [25–27], or millidegrees of freedom designs [28,29], or VPEHs
working with stochastic excitation [30–32]. A nonlinear technique used to widen and
lower the resonance frequencies employs magnets to enable the bistable functioning of
the VPEH [33]. The advantage of bistable designs over linear VPEHs is that they are less
dependent on the frequency of excitation but require only an external force to pass from
one stable state to another. In contrast, when the excitation force is low, one cannot activate
the bistable functioning, and thus the overall functioning, of the VPEH. This activation
threshold strongly depends on the materials used, the geometry, and the boundary. Recent
work [34] proposed a more efficient snap-through solution reducing the activation force,
but the required threshold is still high for certain applications. A mechanical approach
to VPEH design for low-frequency application is the addition of a mass at the tip of the
structure, which reduces its resonance [35]. However, this approach is only used for one
single frequency since one has to modify the mass, or its placement, to fit the structure for
a different excitation frequency, which is consequently infeasible for miniaturized VPEHs.
It is therefore important to find the optimal shape of the VPEH structures such that they
fit with prescribed low frequency. For instance, systematic design techniques based on
topology optimization [36,37], or based on interval techniques [38], have also been used
in [39,40], whilst a genetic algorithm was used in [41]. However, these works concern linear
structures and their excitation forces, and thus the amplitude of vibration was supposed
to be sufficiently high. To harvest energy from the surroundings with a wide and low
frequency range and low amplitude vibration, we propose a new multimodal piezoelectric
energy harvester MPEH structure design based on nonlinear functioning. The proposed
design is based on a circular ring embedded in six cantilevers of different resonance fre-
quencies and energy conversions. While the entire structure exhibits nonlinear functioning,
allowing functioning at low amplitude vibrations, we propose a lead-free material (single-
crystal lithium niobate LiNbO3) as the piezoelectric layer and a shape memory alloy as
the substrate. Finite element simulation and experiments on the fabricated design are
carried out and validate the functioning of the MPEH with the expected conditions, i.e.,
low amplitude, wide and low frequency range. The fact that the material used is lead-free
makes this harmless and thus ensures that the MPEH is utilizable for daily life applications
such as powering elder people’s tracking sensors, watches and electronic wearables, and
autonomous sensors in vehicles. The remainder of the paper is organized as follows. Here
we are targeting to place this transducer inside automobiles to scavenge energy from the
unwanted vibration occurrences in the environment. We present in Section 2 the new
MPEH design. Section 3 is devoted to a simulation study. In Section 4, we present the
experimental setup and the experimental results regarding the MPEH. Finally, conclusions
and perspectives are given in Section 5.

2. Design of a Multi-Frequency Piezoelectric Energy Harvester

The proposed nonlinear piezoelectric energy harvesting system of this study is shown
in Figure 1. This energy harvesting system is made of six cantilever beams and a monobloc
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with a circular ring. The monobloc ring and six cantilevers have two layers: a lithium
niobate (LiNbO3, 127.8◦ Y-cut, from Roditi systems Inc.;London, UK) layer, which is a lead-
free piezoelectric material, and a shape memory alloy (SMA) based on the nitinol material
(composition is 55:45 Ni: Ti, from Nexametals company, Ogun, Nigeria) which serves as a
passive layer. To fabricate the structure, the first step consists of separately cutting down
a LiNbO3 wafer and an SMA wafer to obtain the desired shape (circular ring with six
cantilevers) for each. The cutting process is conducted using a femtosecond laser cutting
machine with several distinct advantages: high resolutions (down to 25 nm), noncontact
interaction, and can be applied to any substrate without specific conditioning [42,43]. After
getting the desired shape, both samples were bonded together using silver glue with epoxy
and were kept in an autoclave for curing at 120 ◦C for one hour thirty minutes. To add
the electrodes, a mask is placed, and gold sputtering is conducted, on the Nitinol and
lithium niobate on the top and bottom surface. The six cantilever beams are of different
lengths but have the same thickness and width. However, all six cantilevers are connected
to the same electrodes to generate more electrical power than an individual consideration.
An important and attractive feature of this proposed energy harvester compared to the
others described in the literature is that there is no need to apply the traditional tip mass
to reach a relatively low frequency (less than 500 Hz). Indeed, the chosen materials (SMA
combined with LiNbO3) with appropriate dimensions and the nonlinearity (embedding
on a circular shape) allow the proposed structure to work at a low frequency and low
amplitude of vibration whilst the six cantilevers of different sizes allow a wide range of
principal working frequency (six resonance frequencies).
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Figure 1. Schematic of the proposed multi resonant piezoelectric energy harvester.

Finally, another feature of this proposed structure is its adaptability and simplicity
of design: its form is easy to fabricate, duplicate, or modify, for instance, if one needs
to put additional cantilevers to increase the frequency range and the output power. The
circular ring of the design has an outer diameter of 55 mm and an inner diameter of
50 mm. The choice of the cantilevers’ dimensions allows the tuning of their resonance
frequencies. Thus, to make the MPEH system performant for further analysis, we used
finite element analysis (COMSOL Multiphysics software 5.5, Burlington, MA, USA) to
optimize the cantilever beam’s geometry. We considered the parameters of the design
along with the cantilever beam’s material properties. Indeed, the material properties and
geometry have an essential role to play as these properties affect the vibration response
of the multiresonant piezoelectric energy harvester, including the system’s resonance
frequency. A full parametric study was therefore completed to find the cantilever beams’
optimum lengths (L1, L2, L3, L4, L5, and L6) using COMSOL Multiphysics, as presented
in the next section. This study’s primary focus is to target a frequency range between
1 Hz and 500 Hz. We want to use this device in automobiles to power sensors present
in them, as in those environments, the vibrating frequency is usually less than 500 Hz.
The objective of this investigation is to optimize the geometry and determine the lowest
resonance frequency without using the proof mass. The resonance frequency can be further
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tuned if we desire to implement the proof mass. The proposed multiresonant piezoelectric
energy harvester’s fabricated prototype was experimentally tested under harmonic base
excitation, as presented in the following section.

3. Finite Element Analysis of Multiresonant Piezoelectric Energy Harvester

We used COMSOL Multiphysics 5.5 software with a “Piezoelectric Module” for the
FEA study [44]. The total geometry, including the ring with all six attached cantilevers,
was modelled in 3D. Both of the materials, lithium niobate and the shape memory alloy
(Nitinol), were selected from the material library. The simulation evaluated the bending,
compression, and shear mode behaviors of the beam. The material properties of the lithium
niobate and the Nitinol were the same, as shown in Table 1. The ring was kept at the
fixed constraints for the boundary conditions when performing the simulation, and the six
cantilevers were selected as free. During the meshing in COMSOL Multiphysics software,
the elements’ size was chosen as 0.8 mm, getting accurate results with minimum simulation
time. Acceleration applied to the system was controlled at 1 g. From the simulation, we
can check the device’s resonance frequencies and the output voltage achieved from the
device. We know that the strain is directly related to the output voltage, therefore, the
higher the stress, the higher the output voltage will be. According to the literature [45],
connecting different energy harvesting cantilever beams of the same thickness but with
different lengths, can produce higher output power. It was reported that the output power
was increased from 2 µW to 5 µW, and the bandwidth was widened from (47, 55) Hz to
(22, 88) Hz. Therefore, in this study, we decided to use the same thickness but different
length cantilevers. In the next section, we present the results of the static structural analysis
obtained from FEA. We compared the stress, strain, and deflection of the cantilever while
changing the cantilever’s length. An eigenfrequency analysis was also carried out to find
the modes present for the device.

Table 1. Material properties of the multi resonant piezoelectric energy harvester (MPEH).

Parameter Substrate (Cantilever Beam) Piezoelectric

Material Nitinol 45:55 (Ni:Ti) Lithium Niobate (128◦ Y-cut)
Elastic modulus (GPa) 75–83 170

Poisson’s ratio 0.33 0.23
Density (kg/m3) 6450 4628

Piezoelectric constant (pC/N) - 6–70
Capacitance (nF) - 1.42
Thickness (mm) 0.10 0.35

3.1. FEA Mathematical Modeling

As seen in [46], the constitutive equations of linear piezoelectric material are presented
in Equation (1), which represents the material behavior and is used in the FEM software
for simulation.

T = cES − eE (1)

D = eTS + εSE

where T is the stress vector, D is the electric flux density vector, S is the strain vector,
E is the electric field vector, cE is the elasticity matrix (evaluated at the constant electric
field), eT is the piezoelectric stress matrix, and εS is the dielectric matrix (estimated at
constant mechanical strain). Here, Equation (2) represents the material behavior which
the FEM software solves. The finite element discretization is performed by establishing
nodal solution variables and element shape functions over an element domain which
approximates the following solution

uc = NT
u .u (2)

Vc = NT
V .V



Micromachines 2021, 12, 1537 5 of 15

where uc is the displacement within the element domain in the x, y, z directions, Vc is the
electrical potential within the element domain, Nu is the matrix of displacement shape
functions, NV is the vector of the electrical potential shape function, u is the vector of
nodal displacements, and V is the vector of nodal electrical potential. Using Equation (3),
the strain S and electric field E are thus related to the displacement and potential of
Equations (4) and (5), respectively. Consider

S = Bu.u (3)

E = −BV .V (4)

where:

Bu =


∂

∂x 0 0 ∂
∂y 0 ∂

∂z
0 ∂

∂y 0 ∂
∂x

∂
∂z 0

0 0 ∂
∂z 0 ∂

∂y
∂

∂x

 (5)

By =
[

∂
∂x

∂
∂y

∂
∂z

]T

After implementing the finite element discretization, the coupled finite element matrix
equation is given:[

M 0
0 0

][ ..
u
..
V

]
+

[
C 0
0 0

][ ..
u
..
V

]
+

[
K Kz

KT
z Kd

][
u
V

]
=

[
F
L

]
(6)

M =
∫

ρNuNT
u dv (7)

The damping matrix (C) may be used in harmonic, damped modal, and transient
analyses and substructure generation. In its most general form, it is given by Equation (8):

M = αM + (β + βc)K +
Nm

∑
j=1

[(
βm

j +
2
Ω

β
ξ
j

)
Kj

]
+

Ne

∑
k=1

Ck + Cξ (8)

where: β
ξ
j is frequency-independent (constant stiffness matrix coefficient for material j,

Ω—circular excitation frequency); Kj is the portion of structure stiffness matrix based on
material j; Ne is the number of elements with specified damping (Ck—element damping
matrix, Cξ—frequency-dependent, damping), C is the structural damping matrix; a is the
mass matrix multiplier; M is the structure mass matrix; β is the stiffness matrix multiplier;
βc is the variable stiffness matrix multiplier; K is the mechanical structure stiffness matrix;
and Nm is the number of materials with βm

j (stiffness matrix multiplier for material j).
For structural analysis, one of the main parameters is mechanical structural stiffness.

This is a matrix method that makes use of the members’ stiffness relations for computing
member forces and displacements in structures and is depicted in Equation (9):

K =
∫

BT
u cBudv (9)

Dielectric conductivity:

Kd = −
∫

BT
VεBVdv (10)

Piezoelectric coupling matrix:

Kz = −
∫

BT
u eBVdv (11)



Micromachines 2021, 12, 1537 6 of 15

where Kd is dielectric conductivity, Kz is piezoelectric coupling matrix, and F is a vector
of nodal forces, surface forces, and body forces. The electrical load vector L is a vector of
nodal surface and body charges.

3.2. Parametric Study of Cantilever Beam

A parametric study was conducted on the cantilevers’ length to analyze the impact
of varying lengths (Section 3.2.1). During this study thickness of the beam was kept the
equal to 0.45 mm (combined thickness of Nitinol with the Lithium niobate). A parametric
sweep was also conducted to see how the acceleration (Section 3.2.2) can change the
device’s voltage.

3.2.1. Effect of the Length of the Cantilevers

Table 2 illustrates the six schematics of cantilever beams with varying lengths of L1,
L2, L3, L4, L5, and L6. With the modal analysis conducted, the first four natural frequencies
of each design are summarized in the table. Selecting the best geometry for the design
of MPEH is strongly dependent on the frequency spectrum of the target vibration source
being lower than 500 Hz. The final dimensions of the cantilever beam length are depicted
in Table 3.

Table 2. Representation of various geometries with different beam lengths and their natural (NF: natural frequency (Hz)).

Geometry Cantilevers with Changed
Length (mm)

Cantilevers with the Same
Length (mm) NF1 NF2 NF3 NF4

1. 21.5 (L1) 22 (L2, L3, L4, L5, L6) 51 61 101 221
2. 21 (L2) 22 (L2, L3, L4, L5, L6) 61 71 151 251
3. 24 (L3) 22 (L2, L3, L4, L5, L6) 21 31 61 101
4. 23 (L4) 22 (L2, L3, L4, L5, L6) 31 41 71 110
5. 22.5 (L5) 22 (L2, L3, L4, L5, L6) 41 51 81 121
6. 20.5 (L6) 22 (L2, L3, L4, L5, L6) 71 91 191 281

Table 3. Design parameter for the multiresonant piezoelectric energy harvester.

Description Dimension (L × W × H) Design Value (Units)

Outer circular ring 55 (dia) mm
Inner circular ring 50 (dia) mm

First cantilever 21.5 × 4 × 0.45 mm3

Second cantilever 21 × 4 × 0.45 mm3

Third cantilever 24 × 4 × 0.45 mm3

Fourth cantilever 23 × 4 × 0.45 mm3

Fifth cantilever 22.5 × 4 × 0.45 mm3

Sixth cantilever 20.5 × 4 × 0.45 mm3

For designs 1, 3, 4 and 5, the first four resonance frequencies were below 250 Hz and
for design 2 and 5, the first three resonance frequencies were below 250 Hz. Since the
vibration source is expected to primarily operate below 500 Hz, it was important to do
this kind of optimization to select the respective lengths of the cantilevers for effective
device performance.

It was worth mentioning that the design optimization of the geometry is mainly
governed by the target frequency range. However, to reduce the resonance frequencies of
the cantilever, further proof mass can be added to make it more compatible for random
vibrational energy harvesting.

Each design’s first four natural frequencies are summarized in Table 2. This study
has been conducted to select the best geometry for creating a multi resonant piezoelectric
energy harvester. However, this will also depend on the source of excitation. In this
research, our focus was mainly on a frequency lower than 500 Hz. That is why we targeted
a frequency range of 1–500 Hz.



Micromachines 2021, 12, 1537 7 of 15

3.2.2. Effect of the Acceleration on the Harvesting Device

We conducted another study to analyze the acceleration impact on the device; among
others, we chose to work at 1 g acceleration. Still, it was essential to know how the device
will work at high or low acceleration to check the device’s adaptability. The result is
displayed in Figure 2, where we observed that an increase in the acceleration will increase
the open-circuit voltage of the device.
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3.3. Modal and Harmonic Analysis of Multiresonant Piezoelectric Energy Harvester

From the studies carried out in the previous section, we were able to select the desired
cantilever lengths without any proof mass. With the geometry of the different lengths of
beams, modal and harmonic analyses are further carried out in this section.

3.3.1. Modal Analysis

In the modal analysis of the cantilever beam, we chose the resonance frequency with
high voltage values so that the first four frequencies for the six cantilevers would come
under 500 Hz. Hereafter, we represented the resonance frequencies with high voltages for
the multi resonant piezoelectric energy harvester summarized in Table 4.

Table 4. Natural frequencies for the MPEH (FEA) (NF: natural frequency).

Frequency Hz

NF1 101
NF2 151
NF3 61
NF4 71
NF5 121
NF6 191

The total deformation shapes (of three main axes) for the first six resonance frequencies
corresponding to Table 4 are illustrated in Figure 3. Note that the red-colored section
represents the maximum stress and maximum deformation.
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3.3.2. Harmonic Analysis

To verify the results we obtained from the modal analysis, we also performed a har-
monic analysis. For this particular study, the excitation was maintained at 1 g. Henceforth,
the frequency response was evaluated, where we calculated the voltage and displacement
of the multi resonant piezoelectric energy harvester. Again, only a range of frequency
between 1 Hz to 500 Hz was considered. The obtained results are presented in Figure 4a,b.
As shown in Figure 4, maximum displacement and voltage were attained when the frequen-
cies were closed to the resonance frequencies obtained from the modal analysis. This study
indicates that the relation between the harmonic response analysis and modal analysis
agrees closely.
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The voltage against frequency response, as illustrated in Figure 5, shows similar
behavior in which peak voltage is achieved at both resonance frequencies. We can see that
at the resonance frequency, the cantilever (1) yields a maximum voltage of 3.3 V and the
cantilever (2) produces 7.5 V, the remaining cantilevers (3), (4), (5), (6) yield a maximum
voltage of 1.3 V, 1.7 V, 0.2 V, 1.3 V, respectively.
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4. Experimental Validation

To validate the results, we obtained from the FEA simulation, an experimental study
was carried out. The multiresonant piezoelectric energy harvester prototype was fabricated
in a similar way to the previous section’s design, with all cantilevers having different
sizes. As the prototype was made up of a metal substrate (Nitinol) in the cantilever
beam’s shape, a lithium niobate layer was bonded over it. As we can see in Figure 5, the
experimental setup consisted of a shaker used to produce the mechanical vibration. The
shaker excited at the natural frequency of each cantilever and was driven by a sine wave
from a function generator (RIGOL Technologies DG1022 20 MHz waveform generator;
Starnberg, Germany).

The output voltage was measured by an oscilloscope of four inputs. The acceleration
was measured at the cantilever beam’s fixed base through an accelerometer (Dytran 3305A2,
Chatsworth, CA, USA; 0.3 to 5000 Hz, ±5%). The acceleration and the voltage generated
were recorded by NI DAQ modules, NI 9234 and NI 9229, respectively, through (Signal
Express software of NI Company, Austin, TX, USA). The schematics of the experimen-
tal setup and the fabricated prototype are presented in Figure 6a–c, where the whole
experimental design, along with a close view of the clamping unit with the shaker, are
represented, respectively.

4.1. Response at Resonance

Experiments were performed at the resonance frequency of each cantilever. Therefore,
we could calculate and compare our results from the FEA simulation. the obtained results
are displayed in Figure 7. It was found that at the resonance for the first cantilever, the
output peak voltage for the system was 5 VP, and for the second, third, fourth, fifth, and
sixth cantilevers, the voltage was 4.5 VP, 6 VP, 5.8 VP, 5.5 VP., and 1.5 VP, respectively.
The third cantilever was the longest, and the sixth cantilever was the shortest in the
following design.

4.2. Output Power at the Resonance Frequency

The output power of the MPEH at different load resistances was also calculated and
depicted in Figure 8. The electrical load ranged from 1 MΩ to 20 MΩ, and the voltage
response was measured at 1 g. As the electrical load increased, the voltage output from
the harvester also increased monotonically. However, the power output reached peak
values at 2.5 MΩ. Therefore, the harvester generated a useful power output for most of the
frequency interval 21–71 Hz, with base accelerations as low as 1 g and an output power of
120 µW at their resonant peaks.
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4.3. Comparison of Experimental Results with Simulation Results

To validate the output voltage from the FEA simulation, we compared them with
the FEA simulation results relative to the experimental results, see Table 5. In Figure 9,
we present (a) experimental results and (b) FEA Simulation results. While the error is
very small, it is worth mentioning that the resonance frequencies were similar in the
experimental and simulation results. In conclusion, the experimental and the simulation
results have certain differences due to the fillet added to provide support to the cantilever
at the contact point with the circular ring. This behavior was dominantly seen in cantilevers
3 and 5. Moreover, due to these fillets, cantilevers 3 and 5 also experienced a comparatively
greater damping effect than cantilevers 1, 2, 4 and 6, which is depicted in Figure 9a.

Table 5. Natural frequencies for the MPEH (FEA) (NF: natural frequency).

Cantilevers No. FEA Resonance Frequency (Hz) Experimental Resonance
Frequency (Hz) Error Percentage (%)

Cantilever 1 101 75 26

Cantilever 2 151 62 89

Cantilever 3 61 85 24

Cantilever 4 71 61 10

Cantilever 5 121 80 40

Cantilever 6 191 194 3

From Table 6, it is evident that the multiple resonating beam structure produces
more output power in comparison to the single beam structure. Six beam cantilever
structures had the advantage that their output power and bandwidth increased when
the number of beams increased. Thus, such promising arrays enable the fabrication of
well-functioning piezoelectric energy harvesters. Our structure has low output power
in comparison to the structures listed in Table 6, as they are fabricated with lead-based
material such as PZT, in comparison to the proposed design in this paper, which is based
on lead-free materials. It is also paramount to compare the device sizes mentioned in
Table 6 to better understand the output power. In [47], in which a prototype multimodal
energy harvester with four piezoelectric elements was fabricated, a single piezoelectric
element was able to generate peak power with a maximum of 249 µW, the dimension
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of the prototype length = 200 mm, width = 25 mm, thickness = 1.367 mm. A polygon-
shaped cantilever-based array is depicted, which employs the multifrequency operating
principle [48]. The structure consists of eight cantilevers with an irregular design of the
cross-sectional area. The cantilevers are connected to each other by specific angles to form
polygon-shaped structures. The dimensions of the device consist of wclamping = 35 mm,
wbase = 5 mm, Lbeam = 10 mm, Wfixing = 10 mm, D = 3.2 mm.
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Table 6. Performance parameters comparison of different arrays of piezoelectric harvesters.

Work No. Beams Output Power Bandwidth (Hz) Value

[49] 3 1.1 Mw 39.5–44 (Hz) mm

[47] 4 249 µW 10–20 (Hz) mm

[48] 8 65.24 µW 10–240 (Hz) mm

This Work 6 120 µW 21–71 (Hz) mm

5. Conclusions

This study shows that with lead-free materials, we can reduce our dependency on
lead-based materials as the new materials are also capable of giving good performance.
However, in this research, we showed how we could improve the performance of mul-
tiresonant piezoelectric energy harvesters based on lead-free material, lithium niobate,
by implementing cantilevers of varying lengths and through the optimization of various
design parameters. The presented multi resonant piezoelectric energy harvester can harvest
energy from broadband, low frequency (60–250 Hz), and low amplitude ambient vibration
sources. For the optimization and evaluation of the various parameters of the design, we
used the FEA COMSOL Multiphysics tool. We conducted a parametric study using the
same tool for the geometries with different lengths of the cantilevers and checked the
resonance frequencies each of the cantilevers. With the presented design, we observed all
six cantilevers having resonance frequencies under 1 g and excitation below 250 Hz. We
also verified the simulation results with the experimental results. The results show that the
proposed multi resonant piezoelectric energy harvester can work at an ambient vibration
source as it performs under a low frequency range. It is worth mentioning that, for the first
time, a multi resonant piezoelectric energy harvester based on lithium niobate has been
presented within this paper.

It is recommended for future studies to conduct electrical interfacing to see the electri-
cal response of this multi resonant piezoelectric energy harvester. We would like to point
out that the high performance of these kinds of transducers cannot be attained by using
bulk LiNbO3 wafers due to impedance–matching issues. Due to this reason, for bulk single
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crystals, the low value of the capacitance yields requires delicate interfacing with a typical
electrical circuit. Another problem could be associated with matching electrical impedance
to counter this problem. A specific electric circuit could be implemented so that these
electric circuits can model the frequency response of supercapacitors and can work on high
frequency. The results suggest that the faster the charge/discharge of this energy storage
system, the lower the capacity value and, therefore, the lower the energy storage capabil-
ity [50]. In addition, we can also reduce the thickness of the lithium niobate, which will
increase our output and displacement. In this study, for simplicity purposes, we directly
took the lithium niobate wafer at a thickness 0.35 mm, which can be factor that is improved
in future studies. The use of a circular base can also potentially improve the design. Studies
related to reducing the negative impact of antiresonance are also highly recommended.

Author Contributions: Investigation, N.K.; writing—original draft, N.K.; visualization, N.K.; con-
ceptualization, M.R.; methodology, M.R.; writing—review and editing, M.R.; funding acquisition,
M.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European MSCN-ITN-ENHANCE program grant number
722496, France. This work was also partially supported by the French ANR CODE-TRACK project
(ANR-17-CE05-0014-01).

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have influenced the work reported in this paper.

References
1. Aksel, E.; Jones, J.L. Advances in Lead-Free Piezoelectric Materials for Sensors and Actuators. Sensors 2010, 10, 1935–1954.

[CrossRef]
2. Funasaka, T.; Furuhata, M.; Hashimoto, Y.; Nakamura, K. Piezoelectric generator using a LiNbO/sub 3/ plate with an inverted

domain. In Proceedings of the IEEE Ultrasonics Symposium, Sendai Japan, 5–8 October 1998; p. 959. [CrossRef]
3. Inman, D.; Grisso, B. Towards autonomous sensing. In Proceedings of the Smart Structures and Materials Conference, San Diego,

CA, USA, 1 May 1996.
4. Roundy, S.; Wright, P.K. A piezoelectric vibration based generator for wireless electronics. Smart Mater. Struct. 2004, 13, 1131–1142.

[CrossRef]
5. Karami, A.; Inman, D.J. Equivalent damping and frequency change for linear and nonlinear hybrid vibrational energy harvesting

systems. J. Sound Vib. 2011, 330, 5583–5597. [CrossRef]
6. Mann, B.; Sims, N. Energy harvesting from the nonlinear oscillations of magnetic levitation. J. Sound Vib. 2009, 319, 515–530.

[CrossRef]
7. Dai, H.L.; Abdelkefi, A.; Javed, U.; Wang, L. Modeling and performance of electromagnetic energy harvesting from galloping

oscillations. Smart Mater. Struct. 2015, 24, 045012. [CrossRef]
8. Hoffmann, D.; Folkmer, B.; Manoli, Y. Fabrication, characterization and modelling of electrostatic micro-generators. J. Micromech.

Microeng. 2009, 19, 094001. [CrossRef]
9. Barrero-Gil, A.; Alonso, G.; Sanz-Andres, A. Energy harvesting from transverse galloping. J. Sound Vib. 2010, 329, 2873–2883.

[CrossRef]
10. Yang, Y.; Zhao, L.; Tang, L. Comparative study of tip cross-sections for efficient galloping energy harvesting. Appl. Phys. Lett.

2013, 102, 064105. [CrossRef]
11. Bibo, A.; Daqaq, M.F. Energy harvesting under combined aerodynamic and base excitations. J. Sound Vib. 2013, 332, 5086–5102.

[CrossRef]
12. Dai, H.L.; Abdelkefi, A.; Wang, L. Piezoelectric energy harvesting from concurrent vortex-induced vibrations and base excitations.

Nonlinear Dyn. 2014, 77, 967–981. [CrossRef]
13. Vicente-Ludlam, D.; Barrero-Gil, A.; Velazquez, A. Enhanced mechanical energy extraction from transverse galloping using a

dual mass system. J. Sound Vib. 2015, 339, 290–303. [CrossRef]
14. Zhang, G.; Gao, S.; Liu, H.; Zhang, W. Design and performance of hybrid piezoelectric-electromagnetic energy harvester with

trapezoidal beam and magnet sleeve. J. Appl. Phys. 2019, 125, 084101. [CrossRef]
15. Erturk, A.; Inman, D.J. Piezoelectric Energy Harvesting; Wiley: New York, NY, USA, 2011.
16. Abdelkefi, A. Aeroelastic energy harvesting: A review. Int. J. Eng. Sci. 2016, 100, 112–135. [CrossRef]
17. Rabenorosoa, K.; Rakotondrabe, M. Performances analysis of piezoelectric cantilever based energy harvester devoted to mesoscale

intra-body robot. In Proceedings of the Next-Generation Robotics II and Machine Intelligence and Bio-Inspired Computation:
Theory and Applications IX, Baltimore, MD, USA, 22 April 2015; Volume 9494, p. 28.

18. Zhang, Z.; Kan, J.; Cheng, G.; Jia, Y.; Wang, H. Influence of Multi Piezoelectric Effects on Sensors and Actuators. Mechan.Syst.
Signal Process. 2013, 35, 95–107. [CrossRef]

http://doi.org/10.3390/s100301935
http://doi.org/10.1109/ULTSYM.1998.762301
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1016/j.jsv.2011.06.021
http://doi.org/10.1016/j.jsv.2008.06.011
http://doi.org/10.1088/0964-1726/24/4/045012
http://doi.org/10.1088/0960-1317/19/9/094001
http://doi.org/10.1016/j.jsv.2010.01.028
http://doi.org/10.1063/1.4792737
http://doi.org/10.1016/j.jsv.2013.04.009
http://doi.org/10.1007/s11071-014-1355-8
http://doi.org/10.1016/j.jsv.2014.11.034
http://doi.org/10.1063/1.5087024
http://doi.org/10.1016/j.ijengsci.2015.10.006
http://doi.org/10.1016/j.ymssp.2012.09.011


Micromachines 2021, 12, 1537 14 of 15

19. Liseli, J.B.; Agnus, J.; Lutz, P.; Rakotondrabe, M. An overview of piezoelectric self-sensing actuation for nanopositioning
applications: Electrical circuits, displacement and force estimation. IEEE Trans. Instrum. Meas. 2019, 69, 2–14. [CrossRef]

20. Rakotondrabe, M. Combining self-sensing with an unkown-input-observer to estimate the displacement, the force and the state
in piezoelectric cantilevered actuators. In Proceedings of the 2013 American Control Conference, Washington, DC, USA, 17–19
June 2013; pp. 4516–4523.

21. Omar, A.; Micky, R. Observer and robust H-inf control of a 2-DOF piezoelectric actuator equiped with self-measurement.
IEEE-Robot. Autom. Lett. (RA-L) 2018, 3, 1080–1087. [CrossRef]

22. Salem, M.S.; Ahmed, S.; Shaker, A.; Alshammari, M.T.; Al-Dhlan, K.A.; Alanazi, A.; Saeed, A.; Abouelatta, M. Bandwidth
broadening of piezoelectric energy harvesters using arrays of a proposed piezoelectric cantilever structure. Micromachines 2021,
12, 973. [CrossRef] [PubMed]

23. Ling, J.; Rakotondrabe, M.; Feng, Z.; Ming, M.; Xiao, X. A robust resonant controller for high-speed scanning of nano positioners:
Design and implementation. IEEE Trans. Control. Syst. Technol. 2019, 28, 1116–1123. [CrossRef]

24. Habineza, D.; Rakotondrabe, M.; Le Gorrec, Y. Multivariable generalized Bouc-Wen modeling, identification and feedforward
control and its application to a 2-DoF piezoelectric multimorph actuator. IFAC Proc. Vol. 2014, 47, 10952–10958. [CrossRef]

25. Erturk, A.; Hoffmann, J.; Inman, D.J. A piezomagnetoelastic structure for broadband vibration energy harvesting. Appl. Phys. Lett.
2009, 94, 254102. [CrossRef]

26. Sun, S.; Cao, S.-Q. Analysis of chaos behaviors of a bistable piezoelectric cantilever power generation system by the second-order
Melnikov function. Acta Mech. Sin. 2016, 33, 200–207. [CrossRef]

27. Lan, C.; Qin, W.; Deng, W. Energy harvesting by dynamic unstability and internal resonance for piezoelectric beam. Appl. Phys.
Lett. 2015, 107, 093902. [CrossRef]

28. Zhou, S.; Cao, J.; Inman, D.J.; Lin, J.; Liu, S.; Wang, Z. Broadband tristable energy harvester: Modeling and experiment verification.
Appl. Energy 2014, 133, 33–39. [CrossRef]

29. Zhou, S.; Zuo, L. Nonlinear dynamic analysis of asymmetric tristable energy harvesters for enhanced energy harvesting. Commun.
Nonlinear Sci. Numer. Simul. 2018, 61, 271–284. [CrossRef]

30. Lai, S.; Wang, C.; Zhang, L.-H. A nonlinear multi-stable piezomagnetoelastic harvester array for low-intensity, low-frequency,
and broadband vibrations. Mech. Syst. Signal Process. 2019, 122, 87–102. [CrossRef]

31. Yuan, T.-C.; Yang, J.; Chen, L.-Q. Nonlinear dynamics of a circular piezoelectric plate for vibratory energy harvesting. Commun.
Nonlinear Sci. Numer. Simul. 2018, 59, 651–656. [CrossRef]

32. Zhao, L.C.; Zou, H.X.; Yan, G.; Zhang, W.M.; Peng, Z.K.; Meng, G. Arbitrary directional broadband vibration energy harvesting
using magnetically coupled flex tensional transducers. Smart Mater. Struct. 2018, 27, 095010. [CrossRef]

33. Liu, D.; Xu, Y.; Li, J. Probabilistic response analysis of nonlinear vibration energy harvesting system driven by Gaussian colored
noise. Chaos Solitons Fractals 2017, 104, 806–812. [CrossRef]

34. Lu, Z.; Chen, L.-Q.; Brennan, M.J.; Yang, T.; Ding, H.; Liu, Z. Stochastic resonance in a nonlinear mechanical vibration isolation
system. J. Sound Vib. 2016, 370, 221–229. [CrossRef]

35. Liu, D.; Xu, Y.; Li, J. Randomly-disordered-periodic-induced chaos in a piezoelectric vibration energy harvester system with
fractional-order physical properties. J. Sound Vib. 2017, 399, 182–196. [CrossRef]

36. Scarselli, G.; Nicassio, F.; Pinto, F.; Ciampa, F.; Iervolino, O.; Meo, M. A novel bistable energy harvesting concept. Smart Mater.
Struct. 2016, 25, 055001. [CrossRef]

37. Wang, L.; Li, T.; Liu, Y.; Zhang, H.; Zhao, Q. Exploiting elastically supported masses in cantilever for resonance frequencies
down-shifted vibration energy harvester. Energies 2019, 12, 2207. [CrossRef]

38. Allaire, G.; Michailidis, G. Modal basis approaches in shape and topology optimization of frequency response problems. Int. J.
Numer. Methods Eng. 2017, 113, 1258–1299. [CrossRef]

39. Schlinquer, T.; Mohand-Ousaid, A.; Rakotondrabe, M. Optimal design of a unimorph piezoelectric cantilever devoted to energy
harvesting to supply animal tracking devices. IFAC-PapersOnLine 2017, 50, 14600–14605. [CrossRef]

40. Rakotondrabe, M. Performances inclusion for stable interval systems. In Proceedings of the 2011 American Control Conference,
San Francisco, CA, USA, 29 June–1 July 2011; pp. 4367–4372.

41. Khadraoui, S.; Rakotondrabe, M.; Lutz, P. Optimal design of piezoelectric cantilevered actuators with guaranteed performances
by using interval techniques. IEEE/ASME Trans. Mechatron. 2014, 19, 1660–1668. [CrossRef]

42. Rakotondrabe, M. Smart Materials-Based Actuators at the Micro/Nano-Scale: Characterization, Control and Applications; Springer: New
York, NY, USA, 2013; ISBN 978-1-4614-6683-3.

43. Homayouni-Amlashi, A.; Mohand-Ousaid, A.; Rakotondrabe, M. Analytical modelling and optimization of a piezoelectric
cantilever energy harvester with in-span attachment. Micromachines 2020, 11, 591. [CrossRef] [PubMed]

44. Luo, Q.; Hosseini, S.A.; Liu, W.; Gravel, J.F.; Kosareva, O.G.; Panov, N.A.; Aközbek, N.; Kandidov, V.P.; Roy, G.; Chin, S.L. Effect
of beam diameter on the propagation of intense femtosecond laser pulses. Appl. Phys. B 2005, 80, 35–38. [CrossRef]

45. Korte, F.; Serbin, J.; Koch, J.; Egbert, A.; Fallnich, C.; Ostendorf, A.; Chichkov, B.N. Towards nanostructuring with femtosecond
laser pulses. Appl. Phys. A 2003, 77, 229–235. [CrossRef]

46. Elvin, N.G.; Elvin, A.A. A Coupled finite element—circuit simulation model for analyzing piezoelectric energy generators. J. Intell.
Mater. Syst. Struct. 2008, 20, 587–595. [CrossRef]

http://doi.org/10.1109/TIM.2019.2950760
http://doi.org/10.1109/LRA.2018.2795045
http://doi.org/10.3390/mi12080973
http://www.ncbi.nlm.nih.gov/pubmed/34442595
http://doi.org/10.1109/TCST.2019.2899566
http://doi.org/10.3182/20140824-6-ZA-1003.01190
http://doi.org/10.1063/1.3159815
http://doi.org/10.1007/s10409-016-0609-8
http://doi.org/10.1063/1.4930073
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.cnsns.2018.02.017
http://doi.org/10.1016/j.ymssp.2018.12.020
http://doi.org/10.1016/j.cnsns.2017.12.010
http://doi.org/10.1088/1361-665X/aad2c8
http://doi.org/10.1016/j.chaos.2017.09.027
http://doi.org/10.1016/j.jsv.2016.01.042
http://doi.org/10.1016/j.jsv.2017.03.018
http://doi.org/10.1088/0964-1726/25/5/055001
http://doi.org/10.3390/en12112207
http://doi.org/10.1002/nme.5504
http://doi.org/10.1016/j.ifacol.2017.08.2111
http://doi.org/10.1109/tmech.2013.2292494
http://doi.org/10.3390/mi11060591
http://www.ncbi.nlm.nih.gov/pubmed/32545825
http://doi.org/10.1007/s00340-004-1692-2
http://doi.org/10.1007/s00339-003-2110-z
http://doi.org/10.1177/1045389X08101565


Micromachines 2021, 12, 1537 15 of 15

47. Alomari, A.; Batra, A. Experimental and modelling study of a piezoelectric energy harvester unimorph cantilever arrays. Sens.
Transducers 2015, 192, 37.

48. The ANSI/IEEE IEEE Standard on Piezoelectricity. 1987. Available online: https://ieeexplore.ieee.org/document/26560
(accessed on 1 December 2021).

49. Toyabur, R.; Salauddin, M.; Park, J.-Y. Design and experiment of piezoelectric multimodal energy harvester for low frequency
vibration. Ceram. Int. 2017, 43, S675–S681. [CrossRef]
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