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Vibration energy, as a sustainable energy source, has been widely studied.
However, due to the low-frequency and randomness of vibration energy, it is
difficult to collect vibration energy. Therefore, how to efficiently collect vibration
energy is a very challenging task. In order to expand the working bandwidth of
vibration energy collection under low frequency vibration excitation, improve
the energy collection efficiency with random vibration excitation, this paper
studies a piezoelectric-magnetic liquid composite energy collector problem
by constructing a multi-frequency cantilever structure. First, we give some
theoretical analysis for the designed novel composite energy collection, and
then, by several experiment results, the paper further shows the validity and
advantage of the collection. Different from existing literature on the issue,
combining the advantages of piezoelectric materials (piezoelectric film) and
magnetic liquid, the method of the present paper not only greatly expands
the working bandwidth of the vibration energy collection, but also significantly
improves the energy collection efficiency. The experimental results show that
the device possesses the capability of resonant energy collection in the low-
frequency range (5Hz—-25 Hz), and can also operate effectively across the entire
frequency band. Within the frequency sweep range of 5Hz-25Hz, the highest
open-circuit voltage of the energy collection device can reach 217V, the
highest instantaneous power can reach 171.61 yW. Moreover, it can charge the
capacitance energy of a 470 uF electrolytic capacitor to 92.39 pJ within 100 s.
In some practical application scenarios, comparative experiments between the
device and a existing cooperative multi-stable energy collector conducted show
that the operating bandwidth increase by 296.43%, the power increase by 1,012%,
and the electricity generation raised to 239%, which implies that the novel
composite energy collection device significantly enhances the efficiency of
low-bandwidth energy collection of vibration energy.

KEYWORDS

piezoelectric-magnetic liquid composite collecting, low-frequency vibration, multi-
frequency coordinated and multi-stable structure, vibration energy harvesting, energy
harvester

1 Introduction

Vibration, as a recyclable energy that exists widely in nature, has attracted the
attention of scholars in recent years. These vibration energy sources are endless and
collected in many scenarios, such as road traffic (Wangetal., 2018a; Sun etal., 2018;
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Gholikhani et al., 2019; Gholikhanietal., 2020), water flow
(Fang et al., 2017; Xu et al., 2018; Sun et al., 2019a), wind (Lin et al.,
2019; Wang et al., 2020a; Sun et al., 2020), ocean waves (Zhang et al.,
2021; Shietal, 2022; Xuetal, 2023), and people’s walking
(Kuang et al., 2017; Wangetal., 2017; Qianetal., 2019), etc. In
order to provide self-powered electrical energy to IoT (Internet
of Things) devices (Yoonetal., 2018) (wireless sensor network
nodes), environmental monitoring devices (Tianetal., 2020)
(acceleration sensors, etc.), and medical devices implanted in the
body (Hong et al., 2019; Lim et al., 2020; Chen et al,, 2021) (insulin
pumps, cardiac pacemakers, medical robots, etc.), scholars have
proposed many different types of devices to collect these vibration
energies.

At present, there are four main energy collection methods
for vibration energy: electrostatic effect method (Wang and
Hansen, 2014; Tao et al., 2015; Xu et al,, 2016), frictional electricity
(Wang et al., 2020b; Zhuetal, 2022) (friction nanogenerator),
piezoelectric effect method (Sunetal., 2019b; Lietal, 2023;
Yu et al., 2023) (Piezoelectric films, piezoelectric ceramics, etc.) and
electromagnetic induction method (Tan etal.,, 2016; Wang et al.,
2018b; Maharjan etal,, 2019) (magnetic liquids, etc.). These
energy collection methods are widely used to capture and convert
vibration energy into useable electrical energy, so as to achieve
the purpose of energy recovery and utilization. The electrostatic
effect method utilizes the change of the distance between the
electrostatic capacitance and the electrode during vibration
motion to change the capacitance value, thereby generating the
accumulation and flow of charges and achieving energy conversion.
Using the electrostatic effect and the normalized power density
method (Zhangetal.,, 2018), designed an electrostatic vibration
energy collector. Its excellent comprehensive performance provides
a broad application prospect for energy collection of random
sources. Based on the uneven distribution of electrostatic charges
brought by the frictional movement between materials, the
triboelectrification vibration energy collection device forms a
potential difference to realizes energy conversion. In (Xu et al,
2023), the authors studied an isotropic triboelectric-electromagnetic
hybrid nanogenerator iTEHG) based on guiding liquid to efficiently
collect omnidirectional ocean wave energy. This design motivates
the development of self-sufficient ocean sensors. Applying the
characteristics of the piezoelectric material, the piezoelectric
vibration energy collection device produces an unbalanced charge
distribution when the material is vibrated, thereby generating
voltage and realizing energy conversion. Based on the characteristics
of piezoelectric materials (Deng et al., 2019), presented a multi-
state vibration energy collection method. This method can achieve
the maximum number of stable equilibrium states and provide
a new design concept for nonlinear vibration energy collector.
However, this energy collection method does not make full use
of the structure characteristics, and only adds the permanent
magnet at the end of the cantilever beam to make the device have
the characteristics of synergistic multi-stable state. Therefore, the
device has a low utilization rate of the space structure, low output
and low conversion efficiency with a single energy conversion
mechanism. The electromagnetic vibration energy collection device
uses the magnetic field brought by the vibration movement to
interact with the coil, thereby generating the induced electromotive
force to realize energy conversion. By using the characteristics of
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electromagnetic induction (Yang et al., 2022), proposed a vibration
energy collector to directly convert mechanical motion into
electrical energy. However, since the device does not have multi-
frequency synergy, its energy conversion efficiency and output
power may vary greatly at different frequencies, which implies that
it cannot adapt to multiple vibration environments at the same time.
In addition, the less stable state of the device may also lead to poor
energy conversion efficiency when the vibration energy is lower or
higher, making it difficult to fully utilize the vibration energy in the
environment.

In this paper, by improving the shortcomings and deficiencies
of the multi-frequency cooperative multi-stable vibration method
presented in (Dengetal, 2019) and the magnetic liquid device
designed by (Yang et al., 2022), we propose a piezoelectric-magnetic
liquid composite energy collector with a multi-frequency cantilever
beam array structure. The energy collector can convert energy
simultaneously by installing a magnetic liquid device at the end of
the multi-frequency cantilever beam and the piezoelectric film at
the root of the cantilever beam. The permanent magnets repel each
other, so that the energy collection device realizes the comprehensive
characteristics of multi-frequency coordination and multi-stable
state. The main innovations of this paper are stated as follows:
(1) Different from (Dengetal., 2019), this paper proposes an
energy collector that replaces the permanent magnet by a magnetic
liquid device. This design makes a cantilever beam not only
generate electricity through piezoelectric films but also collect
energy through the magnetic liquid device. (2) Unlike (Yang et al.,
2022), the energy collector designed in this paper makes full
use of a pair of permanent magnet structures of the magnetic
liquid device. By utilizing the repulsion between the permanent
magnets of the magnetic liquid devices, the vibration of each
cantilever beam can influence several others. This not only widens
the working bandwidth of energy collection but also enables the
energy collector to have better performance of collecting energy
at lower frequencies. (3) Based on the mechanism analysis for
collection and conversion, and combing new rectifier and transform
devices, we propose more effective collection structure and design
method, which further expands the range and flexibility of energy
collection.

2 Main results

This section mainly puts forward the design principle,
experimental process and analysis of experimental results.

2.1 Design method and principle

Figure 1 shows the overall structure of the piezoelectric-
magnetic liquid composite energy collector designed in this
paper. The device is mainly divided into four parts: the first
part is a plurality of cantilever beams with different frequencies,
that is, 65 MN spring steels with different thicknesses are fixed
on the main beam of vibration table. The cantilever beams
with different thickness make the piezoelectric-magnetic liquid
composite energy collector have multi-frequency characteristics.
That is, the piezoelectric-magnetic liquid composite energy
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FIGURE 1
Overall structure of piezoelectric-magnetic liquid composite energy collector.

collector has multiple resonance frequencies in the low frequency
range, which effectively broad the collection bandwidth. The
second part is the connection device used to connect the
cantilever beam and the magnetic liquid device. It guarantees
the transmission efficiency of vibration and the integrity of
magnetic fleld. The third part is the magnetic liquid device
fixed at the end of the multi-frequency cantilever beams. The
fourth part is to paste piezoelectric material (PVDF) on the
root of the cantilever beam, its purpose is to use the vibration
of the beam to drive the deformation of PVDF and generate
electricity.

Remark 2.1: Materials of four components: 1) The cantilever beam
material is 65mn spring steel. 2) The connection device material is resin
material. 3) The main body of the magnetic liquid is resin material,
and the surrounding area with a diameter of 0.4 mm insulation copper
wire and the material of the upper and lower permanent magnets are
made of iron and boron. 4) The voltage material is made of polytin
fluoride.

The structure schematic diagram of a single cantilever beam
unit is shown in Figure 2, including three parts of the cantilever
beam connection device, the magnetic liquid device and the PVDF
pasted on the cantilever beam. The connection device is a cylindrical
hollow shape with the bottom extending 1 mm inwards for clamping
the magnetic liquid device. While the magnetic liquid device has a
cylindrical permanent magnet on the top and bottom respectively,
which mainly provides an external magnetic field for the magnetic
liquid device. In addition, the outer side of the inner cylinder
of containing magnetic liquid is wrapped with 0.4 mm insulated
copper wire, which is mainly to generate induced electromotive
force in the coil when being vibrated. The lower part of the upper
permanent magnet has the entrance for injecting the magnetic
liquid. The magnetic liquid device is equipped with part of the liquid
magnetic material. The main components of the liquid magnetic
material are base carrier liquid (water), surfactant (oleic acid) and
magnetic nanoparticles (ferric oxide, particle diameter of 10 nm).
The thickness of the PVDF pasted on the cantilever beam is 52um,
and it is pasted on the root of the cantilever beam to achieve fast
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response speed, which can respond to the vibration of the cantilever
beam in time.

Remark 2.2: Magnetic ore nano particles are purchased directly. In
the Bisley New Materials (Suzhou) Co., Ltd., the diameter is 10 nm,
and its purity is 99.95%.

The schematic diagram of the piezoelectric-magnetic liquid
composite energy collector is shown in Figure 3, mainly composed
of liquid magnetic material, connecting device, hollow cylindrical
body with extensions at the top and bottom, insulated copper
wire with a diameter of 0.4mm, two equally sized permanent
magnets, cantilever beams with different thicknesses, and PVDF
piezoelectric film. The working principle of the piezoelectric-
magnetic liquid composite energy collector is to use the nonlinear
coupling and cooperative multi-stable vibration between multiple
different cantilever beam vibration units to realize broadband
vibration energy collection. When the piezoelectric-magnetic
liquid composite energy collector is excited by external vibration,
the vibration excitation received by the cantilever beam with
different thickness will first be transmitted to the PVDF pasted
on the root of the cantilever beam, and the PVDF will generate
electric energy after deformation. When the vibration excitation
is transmitted to the magnetic liquid device, the sloshing liquid
changes the magnetic flux in the magnetic liquid device, thereby
generating an induced electromotive force in the insulated
copper coil wound around the magnetic liquid device. When the
vibration frequency reaches the natural frequency of the magnetic
liquid, resonance occurs, and the induced electromotive force is
maximized.

2.2 Properties of piezoelectric-magnetic
fluid composite collecting

In the section, to the convenience of the experiment of the
next section, we present some analysis on the piezoelectric-magnetic
fluid composite cantilever and give specific data used in the

paper.
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FIGURE 2

Structure schematic diagram of a single cantilever beam vibration unit.

Magnetic liquid material

FIGURE 3
Composite energy collector schematic.

2.2.1 Resonant characteristics of the same
frequency

The design approach for same frequency resonance (Tien
and DSouza, 2020) is based on deriving the inherent oscillation
frequencies of each cantilever beam and the connected magnetic
liquid. Once the external dimensions of the magnetic liquid device
and the magnetic field strength of the permanent magnets 1 and 2
are determined, the inherent vibration frequency of the magnetic
liquid can be modified by changing its density. This allows for
achieving the phenomenon of same frequency resonance between
the cantilever beams and the magnetic liquid in each vibrating
unit. Since the piezoelectric thin film is adhered to the root of
the cantilever beam, when the cantilever beam reaches resonance,
the piezoelectric thin film also reaches resonance. The piezoelectric
thin film and the magnetic liquid simultaneously achieve resonance,
resulting in a greater amount of electrical energy generation at
the same frequency. Finally, the rectified output of each vibrating
units PVDF (Polyvinylidene fluoride) is connected in series with
the rectified output of the magnetic liquid device, and the outputs
of the five vibrating units are connected in parallel to achieve the
collection of vibrational energy. The specific analysis process is stated
as follows:
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The resonant frequency of each vibrating unit’s cantilever beam
f1,, can be calculated via the following equation (Xiang and Mao,

2019):
flo= iy imsa, ) (1)
=—\—= (n=3,4,...,
" 2m \Megq, x L3
w*ti
= 2
" 12 @
Meq,=Lxwxt, xp+m (3)

Eq. 1 can be used to calculate the first resonant frequency f1,,
of each vibrating unit’s cantilever beam, where n =3 represents
the vibrating unit with a cantilever beam thickness of 0.3mm,
n = 4 represents the vibrating unit with a cantilever beam thickness
of 0.4mm, n=>5 represents the vibrating unit with a cantilever
beam thickness of 0.5mm, and so on. Where, x is the product
of two real numbers, E represents the elastic modulus of the
cantilever beam, I,, is the moment of inertia of the cross-section for
different vibrating units, and Meg,, represents the equivalent mass
for different vibrating units, L denotes the length of the cantilever
beam.

Eq. 2 involves the width w and the thickness ¢, of the cantilever
beam. In Eq. 3, p represents the material density of the 65Mn spring
steel cantilever beam, and m is the weight of the magnetic liquid
device.

Now, to facilitate analysis in the next section, we give specific
parameter values to be used in the paper (See Table 1).

From the above and Eqs 1 and 2 3, one can obtain the first
resonant frequencies of cantilever beams with different thicknesses
0.3mm, 0.4mm, 0.5mm, 0.6mm, 0.7 mm are approximately f1; =
1.83Hz, f1, = 2.78Hz, f15 = 3.85Hz, f14 = 5.01Hz, f1, = 6.24Hz,
respectively.

Remark 2.3: These values are calculated based on the provided
parameters and assumptions. Howevet, since actual situations may
be influenced by other factors such as the nonlinear properties of
materials, the geometric shape of the cantilever beam, the method of
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TABLE 1 Parameter values.

Parameter name Specific value Standard deviation

E 196 x10°-210 x10°Pa 0=3.64 %10°Pa
L 0.12m 0~ 143%107°m
w 0.01 m 0=7.1%10"m
P 7850kg/m’ o = 4.47kg/m’
m 385g 0=0219¢g
t; 3%107*m 6=9.8%10°m
t, 4%107*m 0=~12%10°m
ts 5%107m 0=1.6%10"m
ts 6%10"'m o=17%10°m
t; 7 107*m 0=1.9%10"m
I 2.25 %1074 m? 0=7%10""m*
I, 1.04 x107%m* 0=7.5%10""m*
I 1.04 ¥10"%m* 0=~78*10""m
I 1.8 x10 ¥ m* o=8x10""m*
I, 2.86 ¥107 ¥ m* =82 %10"m*
Meq, 4.13 x10"’kg 0~7.38 x10 kg
Meq, 4.23 x10’kg 0~7.93 x10"'kg
Meqs 4.32 %10 %kg 0 =846 x10'kg
Meq, 4.42 x10~’kg 0=8.77 x10 *kg
Megq, 4.51 10 %kg 0=~89x10"'kg

fixation and the impact of the environment of the test bench, we only
give several approximations in the section. Even so, the effectiveness of
the results can be verified by a frequency sweep vibration experiment
in Section 2.3.1 of the paper below.

Under the action of the external magnetic field of the permanent
magnets 1 and 2, the inherent oscillation frequency of the magnetic
liquid can be expressed as (Yang et al., 2022):

dB(z)

B(z)xy——
— =% ktanh(kh,), k; =
:qun l

0<z<h,i=123,...,, 0<I<2r, n=3,4,5,6,7.

_ in

Wh

& (4)

In Formula (4), the variables are defined as follows: g represents
the gravity acceleration, y is the magnetic susceptibility of the
magnetic liquid, y, is the permeability of free space, p,, represents
the density of the magnetic liquid in different vibrating units, k; is
the wave number, /i, is the height of the magnetic liquid, B(z) is
the magnetic induction intensity of the upper and lower permanent

magnets in the normal direction, dfl(zz)

represents the gradient of the
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magnetic field intensity in the vertical direction, tanh(-) is hyperbolic
tangent function, i represents different oscillation modes, /is alength
parameter used to adjust the spatial scale and vibrational behavior
of the magnetic liquid system, 4 refers to the internal height of the
magnetic liquid device, and r represents the internal radius of the
collector (see Table 2 for specific parameters).

Using Formula (1) and Formula (4), we can calculate the
conditions for the same frequency resonance between the magnetic
liquid and the cantilever beams in each vibrating unit. Specifically,
calculating first resonant frequency based on Formula (1), letting
1, =w,, and using Formula (4), one can determine the density of
the magnetic liquid that achieves simultaneous resonance with the
cantilever beams of different vibrating units as follows:

B(2)y L2
Pu= = )
Ho [g B m]

Formula (5) allows us to calculate the resonant density that
matches the cantilever beams of different vibrating units. According
to the above data and Eq. 5, the specific density value of the magnetic
liquid is given as the follows: p; = 686.27 kg/m>, p, = 691.93 kg/m?,
ps = 700.58 kg/m?, pe=713.68 kg/m*> and p,=732.35 kg/m?,
respectively.

On this basis of studying the density of magnetic fluids, we also
analysis the influence of an external magnetic field on the magnetic
fluid. In a magnetic fluid, the applied magnetic field interacts with
the magnetic particles or molecules, resulting in the generation of
magnetic forces.

Formula F = VYH describes the magnetic force in the magnetic
fluid, where F represents the magnetic force in the magnetic fluid,
V represents the volume of the magnetic fluid, y represents the
magnetic susceptibility of the magnetic fluid, and H represents
the magnetic field strength of the applied external magnetic
field.

The external magnetic field intensity not only affects the
magnetization strength of the magnetic fluid but also influences its
viscosity. Therefore, changes in the external magnetic field intensity
can have an impact on the oscillation behavior of the magnetic fluid.
When the magnetic field intensity is high, it restricts the movement
of the fluid inside the collector and the rotation of individual
magnetic particles. Additionally, the increased viscosity of the
magnetic fluid causes it to adhere to the inner wall of the collector,
resulting in a decrease in the rate of magnetic flux change and
subsequently reducing the electromotive force. As the magnetic field
intensity gradually decreases, the amount of magnetic fluid adhering
to the inner wall decreases, and the increased oscillation speed of
the magnetic fluid leads to an increase in the rate of magnetic flux
change. However, when the displacement distance exceeds a certain
range, the weakening of the external magnetic field intensity reduces
the magnetization strength of the magnetic fluid, resulting in a
decrease in the electromotive force (Further details, please see Ref
(Chen, 2022)).

2.2.2 Analysis of performance characteristics

The multi-frequency performance of the piezoelectric-magnetic
liquid composite energy collector is reflected in the fact that
the cantilever beam array is composed of cantilever beams with
different thicknesses, so each cantilever beam will have a different
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TABLE 2 Parameter values of Eq. 4.

Parameter name Specific value

10.3389/fmats.2023.1290501

Parameter name Specific value

g 9.8m/s* X 100

Ho 4mt x107H/m hy 2.5%107m
B(z) 0.28T % 3 %107
h&l 2.0 x10°m r 1.0 ¥10%m

FIGURE 4
Magnetic interaction between different cantilever beams.

resonant frequency. The theoretical analysis has been given in
Subsection 2.2.1, and the experimental verification will also be
carried out in Subsection 2.3.1.

The synergy is reflected in the fact that the end of each
cantilever beam is equipped with a magnetic liquid device. The
magnetic liquid device is equipped with a pair of permanent
magnets. The permanent magnets repel each other, so that when
one cantilever beam vibrates, several cantilever beams can be
affected, thereby broadening the operating bandwidth of energy
collection.

To analyze the magnetic interaction between the cantilever
beams, we adopt the expression (Xiang and Mao, 2019) of vector
differential method. As shown in Figure 4, magnetic dipoles & and
B represent the permanent magnets on cantilever beams « and
B, respectively (a,f € {1,2,---,n},a # ). The magnetic moments of
dipoles o and j3 are represented by i, and g Therefore, the
magnetic field generated by dipole « at the position of dipole  can
be expressed as:

o/ 7

g -t
BT gnt 3

= (6)

In Equation 6, y, represents the vacuum permeability (In
the paper, y, =47 x 1077H/m), V denotes the vector differential
operator, and 7 represents the directional vector from magnetic
dipole « to magnetic dipole 3, 7 represents a direction vector related
to the position of the observation point, which is used to describe
the change of the properties of the electromagnetic field at different

Frontiers in Materials

TABLE 3 Structural parameters of the experimental device.

Parameter name Specific value

Material of the cantilever beam 65Mn spring steel
Cantilever length 120 mm
Cantilever width 10.0 mm
The horizontal distance between any two adjacent 25.0 mm
cantilever beams
The inner diameter of the magnetic liquid device 20.0 mm
The inner height of the magnetic liquid device 20.0 mm
The wall thickness of the magnetic liquid device 2.0 mm
The diameter of the permanent magnet 20.0 mm
The height of the permanent magnet 2.0 mm
Dimensions of PVDF piezoelectric film 72.0 *16.0mm?
Thickness of PVDF piezoelectric film 52um
Connection diameter 32.0 mm
Height of the connecting device 24.0 mm
Extended length of connecting device 20.0 mm
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FIGURE 5
Vibration experiment system.

observation points, “-” denotes dot product of vectors. The magnetic
force exerted by magnetic dipole a on magnetic dipole 8 can be
expressed as:

= =

iy
Fotﬂ = —V

(_Eaﬁ ' mﬂ) = s

X ity = 20 (i, - g ) + 57 ((Fx 71, - (7% i) ))

((?>< iy ) X g+ (?x rﬁﬂ)
)

Through the analysis of magnetic interaction between cantilever
beams using the vector differential method, it is determined
that the magnetic field generated by dipole « at the position
of dipole B is related to the gradient of the dipole moment
,. The magnitude and direction of the magnetic field are
determined by the orientation of dipole a and the position
vector 7 of dipole . The magnitude of the force is inversely
proportional to the3 fourth power of the distance r between the
Ho

4nrt’
the distance increases (Further details, please see (Yungetal,

1998)).

dipoles, given by resulting in a rapid decrease in force as
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In terms of experimental validation, in Section 2.3.1, the
0.3mm thick vibrating unit of the cantilever beam reaches
second harmonic resonance between 20.5Hz and 24.5 Hz (See
Figure 7A), and the open-circuit output voltage of the adjacent
0.4 mm thick vibrating unit at the same frequency range also
increases (See Figure 7B). This validates the synergy of the
system.

The multi-stability is reflected in that the energy collector
uses the magnetic field force of the upper and lower permanent
magnets in the magnetic liquid to make the motion of the vibration
mechanism nonlinear. When the vibration system is subjected to
the nonlinear force, the potential energy function will change,
thus forming multiple potential energy wells. The vibration system
produces multi-stable motion between these potential energy
wells, which can significantly increase the response amplitude
of the vibration mechanism, especially under non-resonant
frequency excitation (Further details, please see (Dengetal.,
2019)).
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FIGURE 6
Piezoelectric-magnetic liquid composite cantilever array.

2.3 Frequency sweep vibration experiment

In order to verify the influence of the cooperative multi-
stable state of the piezoelectric-magnetic liquid composite energy
collector, the section designs a set of vibration sweep experiments.

In the following experiments, to simulate the low-frequency and
low-intensity excitation of the real environment, the vibrating table
is used to provide 5Hz-25 Hz sinusoidal sweep excitation for the
experimental device, the sweep rate is 0.2 Hz/s, and the excitation
amplitude is 2 mm. Under the vibration excitation, we measure
the open-circuit output voltage, power and capacitive electric field
energy of each cantilever vibration unit. The experimental setup
consists of cantilever beams with identical PVDF piezoelectric
films attached at their root, along with magnetic fluid devices of
varying densities (density increases with cantilever thickness). The
structural parameters of the experimental setup are provided in
Table 3.

The piezoelectric-magnetic liquid composite cantilever array
is fixed on the top of the aluminum alloy frame. Use the DC-
300-3 Su test shaker to provide vibration excitation for the
experimental setup. Use a ZLG DMM6000 desktop multi-meter
to record the output voltage of the device, and a 10MQ load
resistor as an external load. The experimental system is shown in
Figure 5.

2.3.1 Open circuit voltage and broadband
characteristics

In order to test the working frequency band and resonance of
the piezoelectric-magnetic liquid composite energy collector, five
cantilever beams with different thicknesses and natural frequencies
are used to form an array in the following frequency sweep
experiment, which ensure the relative displacement is constantly
changing. With the unchanged excitation conditions of the
frequency sweep experiment, the experimental setup is shown in
Figure 6. The thicknesses of the five beams in the piezoelectric-
magnetic liquid composite cantilever array are 0.3 mm, 0.4 mm,

Frontiers in Materials

08

10.3389/fmats.2023.1290501

0.5 mm, 0.6 mm, and 0.7 mm, respectively, and the cantilever beams
in the array are arranged in order of thickness from thin to
thick.

In order to study the widening effect of the vibration energy
collector, the open-circuit output voltage of each cantilever vibration
unit is measured using a desktop digital multi-meter under external
frequency sweep excitation and is shown in Figure 7 respectively.
The frequency band whose open circuit voltage is greater than 4 V is
selected as the effective working frequency band (Note: The reason of
choosing 4 V is that the general sensor equipment is powered by 3 V.
Thus, to show the collection capacity more effectively and intuitively,
the paper chooses 4V as the effective working frequency band).
Correspondingly, the effective working frequency band is marked
as a beige area in Figure 7.

From Figure 7A, it is easy to see that the area of collect energy
almost across the entire frequency range with a voltage output of
over 4 V. In other words, the effective working frequency band
has been widened. The reason why the 0.3 mm-thick cantilever
beam does not reach resonance in the low frequency state is that
the minimum vibration frequency of the vibration platform is
5 Hz. Therefore, the resonant point between 0 and 5 Hz cannot
be displayed, resulting in only the second harmonic frequency
of the 0.3 mm-thick cantilever beam being shown in Figure 7A
(Note: f1; = 1.83Hz). Figure 7 (b) and (c) indicate that the effective
working range is no longer limited to the resonance frequency
of the cantilever beam. The reason why the 0.4mm and 0.5 mm
thick cantilever beams does not reach resonance between 5 and
25Hz is that their first resonant frequency is below 5 Hz. Due
to the minimum vibration frequency of the vibration table being
5Hz, the resonant points between 0 and 5 Hz cannot be displayed
in Figures 7B,C (Note: f1, = 2.78 Hz and f15 = 3.85Hz). This proves
the low-frequency characteristics of the piezoelectric-magnetic
fluid composite cantilever beam array. As shown in Figure 7D,
the maximum open circuit output voltage is only generated at
5.9Hz, reaching 17.6V, and the resonance occurs from 5.2 Hz to
6.2Hz, lasting for 5 seconds. Figure 7D shows that the effective
working frequency band of the 0.6 mm thickness cantilever beam
becomes increasingly unstable after 18.9Hz, validating the strong
performance of the piezoelectric-magnetic liquid composite energy
collector in the low frequency range. As shown in Figure 7E, the
maximum open circuit output voltage is 21.7 V at 7.4Hz, and there
are a total of five resonances during the sweep reaching the highest
open circuit output voltage 21.7V, 12.2V, 8.51V, 7.47V and 5.6 V
with 7.4Hz, 7.9Hz, 8.1Hz, 8.3 Hz and 8.4Hz, respectively. It is worth
noting that all of these five resonant frequencies are within 10Hz,
which demonstrates the efficiency of the piezoelectric-magnetic
liquid composite energy collector in the low-frequency range. These
experimental results show that the piezoelectric-magnetic liquid
composite cantilever beam array has outstanding advantages in
low-frequency vibration energy collecting.

Thanks to the synergistic multi-stable motion of the cantilever
array and the low-frequency characteristics of the magnetic liquid
device, the five cantilevers can be mutually driven during the
vibration process. The experimental phenomena mentioned above
further explain the reason why the output voltage of the five
cantilevers increases under non-resonant frequency excitation. The
synergistic multi-stable motion significantly enhances the response
amplitude and output voltage of the multi-frequency structure under
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non-resonant frequency excitation, and endows the vibration energy
collector with better broadband characteristics.

2.3.2 Output power

The broadening of the working frequency band of the energy
collector is reflected in not only the open-circuit output voltage,
but also the output power. In order to study the influence
of the cooperative multi-stable motion on the output power,
under the same experimental conditions, the piezoelectric-magnetic
liquid composite cantilever array is subjected to sweep excitation
experiments. Applying the formula P = %2 to calculate the power
output from the energy collector to the external load (The load
resistance is used as the external load), we record the voltage across
the resistor box by a digital multi-meter. According to the principle
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of impedance matching (Li and Chen, 2009), the resistance value
of the load resistance is selected as 10MQ. The output power of the
piezoelectric-magnetic liquid composite cantilever array is shown in
Figure 8.

It can be seen from Figure 8 that, when the excitation frequencies
are 578 Hz, 6.44Hz, 7.52Hz, 7.93Hz, 8.15Hz and 8.34 Hz,
the maximum instantaneous power reach 89.53uW, 14.06uW,
171.61uW, 42.12uW, 22uW and 14.44 uyW respectively. At the
same time, under vibration excitation, the five cantilever beam
vibration units also reach resonance between 20.24 Hz and 25Hz,
and the maximum instantaneous power reach 63.52 yW. The above
experimental results show that the piezoelectric-magnetic liquid

composite energy collector effectively improves the output power at
low frequencies.
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TABLE 4 Structural parameters of comparative experimental devices.

Parameter name Specific value

Material of the cantilever beam 65Mn spring steel
Cantilever length 120 mm
Cantilever width 10.0 mm
The horizontal distance between any two adjacent 25.0 mm

cantilever beams

Permanent magnet block length, width and height 10.0 x10.0 %5.0mm®

The mass of the magnetic liquid device 385g

The mass of the permanent magnet 385¢g

Dimensions of PVDF piezoelectric film 72.0 x16.0mm?

Thickness of PVDF piezoelectric film 52um

2.3.3 Capacitor charging experiment

In order to further study the energy collecting efficiency of
the piezoelectric-magnetic liquid composite energy collector, a
capacitive charging experiment is carried out. The experiment still
adopts sinusoidal frequency sweep excitation, and the excitation
conditions remain unchanged. In the piezoelectric-magnetic liquid
composite cantilever beam array, the magnetic liquid device of each
cantilever beam vibration unit is boosted (transformer), and the
boosted magnetic liquid device is rectified, and the piezoelectric
film is also rectified at the same time. The output of the magnetic
liquid device and the piezoelectric film is rectified and then
connected in series, and finally the output of the five cantilever
beams is connected in parallel to both ends of a capacitor. The
circuit diagram of a single vibration unit is shown in Figure 9.
During the vibration process, the capacitor voltage U is recorded
using a desktop digital multi-meter. The capacitor used in the
experiment is a 470 uF electrolzmc capacitor. The change curve of
the electric field energy (W = ) stored in the capacitor is shown in
Figure 10.

10.3389/fmats.2023.1290501

During the whole frequency sweep process, the charging
curve has a larger slope, so it has a faster charging rate and a
higher output power. After being subjected to a 100-s vibration
excitation with a sweeping frequency, the energy collected by
the piezoelectric-magnetic liquid composite cantilever beam array
reaches 92.39 yJ. It is mainly benefit from the cooperative multi-
stable motion of piezoelectric-magnetic liquid composite cantilever
arrays. Therefore, this piezoelectric-magnetic liquid composite
cantilever array not only broadens the working frequency band
of the vibration energy collector, but also improves the energy
collection efficiency.

2.4 Vibration experiments in actual
application scenarios

In order to further validate the energy collecting performance
of the piezoelectric-magnetic fluid composite collector at low
frequencies, a comparative vibration experiment is conducted using
a set of cooperative multi-stable cantilever beams in contrast to
the piezoelectric-magnetic fluid composite cantilever beams. The
cooperative multi-stable cantilever beam array contains five beams,
which have the same material, length, and width. The difference is
that the free end of the cooperative multi-stable cantilever beams
is connected to a permanent magnet, while the free end of the
piezoelectric-magnetic fluid composite cantilever beams is attached
to the magnetic fluid device of the equal mass. All the cantilever
beams are attached with the same PVDF piezoelectric film at their
roots. The structural parameters of the experimental setup are
provided in Table 4.

The cooperative multi-stable cantilever beam array and the
piezoelectric-magnetic fluid composite cantilever beam array are
both fixed on the top surface of an aluminum alloy frame. An
MS90A treadmill is used to provide vibration excitation for the
experimental setup. The open circuit voltage and output power and
capacitor charging experiments are performed at an operating speed
of 5 km/h, which corresponds to approximately 1.39 m/s. For each
step taken during running, a stride length is 0.8 m, resulting in
a step frequency of approximately 1.74 Hz. The output voltage of

rollecting circuit

Cooperative multi-stable cantilever array

FIGURE 11
Treadmill vibration test system.

ﬂ.{\ Engrgy-collecting circuit

Desf{' TDiuiIul “J
Multimeter
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Cooperative multi-stable cantilever array

FIGURE 12
Comparative experimental.

the devices is recorded using the ZLG DMM6000 desktop multi-
meter, and a 10MQ load resistor is used as the external load. The
experimental setup is shown in Figure 11.

2.4.1 Comparison results of open circuit output
voltage

In the subsequent comparative experiment, the excitation
condition for the comparative experiment is a running machine
with a speed of 5 km/h, and the experimental setup is depicted in
Figure 12. The thicknesses of the five beams in the piezoelectric-
magnetic fluid composite beam array are 0.3 mm, 0.4 mm, 0.5 mm,
0.6 mm, and 0.7 mm, respectively, which are the same as ones in the
cooperative multi-stable cantilever beam array. The masses of the
magnetic fluid device at the end of the piezoelectric-magnetic fluid
composite beam array are equivalent to the ones of the permanent
magnet block at the end of the cooperative multi-stable cantilever
beam array. The thickness of cantilever beams are arranged from thin
to thick.

In order to study the widening effect of the vibration energy
collector in the real environment, we measure and record the open-
circuit output voltage on a parallel combination of five cantilever
beam vibration units. The results are plotted in Figure 13. The
portions of the piezoelectric-magnetic fluid composite cantilever
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beam array’s open-circuit output voltage is greater than that of the
cooperative multi-stable cantilever beam array are highlighted in a
beige-colored region in Figure 13.

As shown in Figure 13, compared to that of the cooperative
multi-stable cantilever beam array, the operating bandwidth of
the piezoelectric-magnetic fluid composite cantilever beam array’s
open-circuit output voltage is enhanced by 296.43%. Among the
50,000 collected data points, the open-circuit output voltage values
of 39,920 data points in the present paper are higher than ones in
(Deng et al., 2019). Additionally, from Figure 13, it can be observed
that the open-circuit output voltage of the collecting device in
the present paper is mostly concentrated between 3V and 6V,
while the open-circuit output voltage of designing energy collector
in (Deng et al.,, 2019) is concentrated between 1V and 3 V. These
experimental results demonstrate the advantages in low-frequency
vibration energy collecting by applying the device of the present

paper.

2.4.2 Experimental comparison of output power

The low-frequency characteristics of the energy collector is not
only reflect in the open-circuit output voltage but also in the output
power. To study the effect of cooperative multi-stable motion on
the output power, a comparison is made between the cooperative
multi-stable cantilever beam array and the piezoelectric-magnetic
fluid composite cantilever beam array under the same external
excitation. The experimental conditions remained unchanged. The
power delivered by the energy collector to the external load is
calculated by using the formula P = %2, where the voltage across
the load resistor is recorded using a desktop digital multi-meter.
According to the impedance matching principle, we choose the same
load resistance of 10MQ. The output powers of the cooperative
multi-stable cantilever beam array and the piezoelectric-magnetic
fluid composite cantilever beam array are illustrated in Figure 14.

Among them, the frequency bands where the output power of
the piezoelectric-magnetic fluid composite cantilever beam array
exceeds that of the cooperative multi-stable cantilever beam array
are marked as the light-yellow region. From Figure 14, it can be
observed that, in the majority of the frequency range, the output
power of the piezoelectric-magnetic fluid composite cantilever beam
array is higher than that of the cooperative multi-stable cantilever
beam array. For example, at vibration times of 37.0s, 61.5s, 75.7s, and
80.9s, the maximum instantaneous power outputs of piezo-magnetic
liquid composite cantilever array achieve 3.49uW, 3.34uW, 3.86u W,
and 4.42uW, respectively. In contrast, the co-oscillating multi-
stable cantilever array only produces power outputs of 0.84uW,
0.33uW, 1.094 W, and 0.9 u W at the corresponding times. Compared
to the cooperative multi-stable cantilever beam array, the output
power of the piezoelectric-magnetic fluid composite cantilever beam
array is increased by 415%, 1,012%, 354%, and 491%, respectively.
Furthermore, the output power bandwidth of the piezo-magnetic
liquid composite cantilever array is increased by 152.61% compared
to the output power bandwidth of the synergistic multi-stable
cantilever array. Among the 50,000 data points collected, 30,207 data
points in this paper have higher output power values than the one
in (Deng et al,, 2019). These experimental results demonstrate the
effective enhancement in the output power of the energy collector
for low frequencies.
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2.4.3 Capacitor charging experiment comparison

In order to further show the influence of vibration frequency
and amplitude in real environments, under the same conditions,
we also give a comparison result in terms of the charging rate
of capacitors. During the vibration process, the voltage across
the capacitor, denoted as U, is recorded using a desktop digital
multi-meter. In the cooperative multi-stable cantilever beam array,
the rectification process is applied to the piezoelectric films,
and the rectified outputs of the five cantilever beams are also
connected in parallel to the terminals of another capacitor.
Two electrolytic capacitors with a capacitance of 47 yuF are
used in the experiment. The variation curves of the stored
electrical energy in the two capacitors (W= CTUZ) are shown in
Figure 15.

Throughout the experiment, the energy stored in the capacitance
connected to the piezoelectric-magnetic liquid composite cantilever
array is always higher than the one collected by the cooperative
multi-stable cantilever array after 20s. Compared to the cooperative
multi-stable cantilever beam array, the capacitor charging curve
corresponding to the piezoelectric-magnetic fluid composite
cantilever beam array exhibits a steeper slope, indicating a faster
charging rate and higher output power. After 100 s of excitation,
the energy collected by the piezoelectric-magnetic fluid composite
cantilever beam array reaches 718.94u/, while the energy collected
by the cooperative multi-stable cantilever beam array is only
301.01 yJ. Thanks to the low-frequency nature of the piezo-
magneto-rheological fluid composite cantilever array, the power
generation of the energy collector has increased by 239% in the
same time period. From the above analysis, this piezoelectric-
magnetic fluid composite cantilever beam array of the present
paper not only expand the operating frequency range of the
vibration energy collector but also improve its energy collecting
efficiency.

3 Fabrication of the proposed
composite energy harvester

A. Material and size.

1) Shaker base: We use European standard TDT2020
aluminum, including 5 aluminum plates with a size of 250%20
%20 (mm) and 2 aluminum plates with a size of 100%20 *20
(mm). Panels are secured with 2020 corner code fasteners and
bolts.

2) Cantilever beam: Made of 65 MN spring stiffness material,
there are 5 cantilever beams, the sizes are 120x10 0.3 (mm), 120%10
%0.4 (mm), 120%10 *0.5 (mm), 120%+10%0.6 (mm), 120%10 *0.7
(mm).

3) Piezoelectric film: We use polyvinylidene fluoride material.
There are five piezoelectric films with a size of 72416 (mm).

4) Magnetic fluid devices: These devices are manufactured
through 3D printing of resin materials. The inner cylinder size is
20mm, height 20mm, wall thickness 2mm, extending up and down
2mm, and there is a liquid inlet with a diameter of 5 mm in the center
of the upper part.

5) Insulated coil: We use copper wire coil with a diameter of
0.4 mm. Each magnetic fluid device is wound with 200 turns of
insulating coils.
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6) Magnetic liquid solution: This solution is a mixture of water,
oleic acid and ferric oxide. Water is used as the base carrier fluid,
oleic acid is used as the surfactant, and the purity is 90%. The
diameter of the magnetic nanoparticles (ferro ferric oxide) is 10 nm.
In the total fraction, the basic carrier liquid and surfactant account
for more than 90%, and the volume of magnetic nanoparticles
does not exceed 10% of the total volume of the magnetic
liquid.

7) Permanent magnet: The permanent magnet is made of
NdFeB, with dimensions of 20 mm in diameter and 2 mm in height.

8) Connection device: 3D printed with resin material, divided
into three small parts, namely, a hollow cylinder used to hold the
magnetic liquid device, with an inner diameter of 30mm, the bottom
extending inward by 2.5mm, and a wall thickness of Imm; Fastening
buckles used to fix the cantilever beam and the hollow cylinder;
Fastening washers used for fastening.

B. Connection method:

Cantilever beam installation: The root of the cantilever beam
(20 mm) is fixed on the vibration base and fixed with corner code
fasteners and bolts. The position 20mm-92 mm from the root is
used for pasting the piezoelectric film. The 20 mm end of the
cantilever beam is used to connect with the connecting device. The
magnetic fluid device is placed in a hollow cylinder within the
connecting device.

Insulating coil and magnetic liquid device: Insulating coils are
wound on both sides of the magnetic liquid device, permanent
magnets are pasted on the top and bottom, and the magnetic liquid
solution is filled inside.

C. Circuit connection method:

The composite vibration energy harvester has a total of five
vibration units. The circuit connection method of each vibration unit
is as follows: first, the electrical signal generated by the piezoelectric
film is rectified, and at the same time, the electrical signal generated
by the magnetic liquid device is boosted and rectified. The two
rectified DC signals are then processed in series to form two output
terminals of each vibration unit. Finally, the outputs of the five
vibration units are connected in parallel to obtain the total open
circuit voltage.

4 Conclusion

This article presents a new energy collecting device, called as the
piezo-magnetic liquid composite cantilever beam array, which uses
a multi-frequency cantilever beam structure to collect energy with
low-frequency vibrations. By combining piezoelectric and magnetic
liquid technologies, the energy collector uses the nonlinear coupling
between multiple cantilever beam units and their multi-frequency
cooperative and stable vibrations to achieve wide-band energy
collecting. This collector not only improves the spatial utilization
of energy collectors but also enhances collection efficiency. From
the frequency sweep experiments, it is evident that the piezo-
magnetic liquid composite energy collector performs well in the
low-frequency range. It achieves an effective operating bandwidth of
approximately 80% of the entire frequency sweep range, the output
open circuit voltage of a single cantilever vibration unit is 21.7 V.
The instantaneous maximum power of the piezoelectric-magnetic
liquid composite energy collector can reach 171.61 yW. Comparison
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results with the existing cooperative multi-stable energy collector
in a practical vibration experiment show that the piezo-magnetic
liquid composite energy collector improves the operating bandwidth
by 296.43%, increases the power to 1,012%, and boosts the power
generation by 239%, which implies that the piezo-magnetic liquid
composite cantilever beam array of the paper not only collects multi-
frequency vibration energy but also exhibits better power generation
efficiency. This provides a new approach for the development of
vibration energy collecting.
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