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ABSTRACT Energy harvesting technologies are contributing to the development of the Internet of Things.
These techniques can provide continuous, energy-efficient and environmentally friendly power supplies and
reduce manual maintenance requirements, and thus have strong prospects for sensing and monitoring appli-
cations, particularly in certain harsh working environments. The proposed electromagnetic–piezoelectric
hybrid harvester contains both electromagnetic generator (EMG) and piezoelectric generator (PEG).
Through vibration of the cantilever beam, themagnetic circuit in the soft-magnetic material is both connected
and disconnected, and this can cause the magnetic flux in the coil to change dramatically, resulting in
induction of a large voltage in the coil. This paper illustrates the feasibility and the optimal characteristics of
the proposed hybrid harvester using theoretical verification and simulations, and demonstrates the factors that
affect the power generation effect through testing. The study found that the maximum open-circuit voltages
of the EMG and the PEG are 16 V and 42 V and the maximum peak powers of the EMG and the PEG reach
20 mW and 35 mW, respectively. The proposed energy harvester offers advantages in terms of both peak
voltage and peak power, and provides a new method and concept for the vibration energy harvesting field.

INDEX TERMS Energy harvesting, magnetic circuit switch, cantilever beam, magnetic flux.

I. INTRODUCTION
The Internet of Things (IoT) and wireless sensor networks
(WSNs) are used widely in industrial production. Sensor
nodes that are distributed in key parts of the industrial device
can collect signals effectively to determine the running status
of that device [1], [2], [3], [4]. However, supplying power to
the numerous nodes required represents amajor issue because
regular replacement or recharging of their batteries can incur
heavy manual maintenance costs, while use of cabled power
supplies can cause frequent failures [5]. A vibration energy
harvester can capture vibration energy generated during the
operation of large-scale equipment and use this energy to
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power the sensing nodes in critical parts of the equipment,
thus effectively avoiding the aforementioned power supply
problems [6], [7], [8]. In recent years, increasing attention
has been paid to energy harvesting techniques for industrial
equipment because of its great application prospects. This
approach is particularly suitable for certain special working
environments, including coal mines and other harsh applica-
tion environments, to ensure the safety of the personnel.

The available methods that can convert mechanical energy
into electrical energy efficiently include electromagnetic [9],
[10], [11], [12], [13], [14], [15], piezoelectric [16], [17],
[18], [19], [20], [21] and triboelectricity-based methods [22],
[23], [24], [25], [26]. Sometimes, depending on the structural
characteristics of the energy harvester, these energy harvest-
ing techniques can be integrated to achieve a better overall
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power generation effect. Among these methods, electromag-
netic energy harvesting is commonly used in vibration energy
harvesting because it offers comparatively higher power gen-
eration [27]. Of the existing electromagnetic energy harvester
configurations, the tube structure has been studied by many
researchers. In this structure, a voltage is induced in a coil
wound around the cylinder wall by magnets vibrating up
and down inside the cylinder. Yang et al. studied a mag-
netic levitation-type electromagnetic energy collector that
achieved tri-stable states by adding four small magnets at the
center of the cylinder. The main advantage of this structure is
that it broadens the operating frequency band of the generator.
Under the conditions of 1g and 8Hz, a peak power output of
6.9mW can be achieved. Its working frequency band is 3-8Hz
[28]. Zhang et al. used three cylindrical magnets to levitate
the circular main magnet that enabled energy harvesting in
the case of micro-vibrations. Under the conditions of 1g and
6Hz, The peak power of electromagnetic power generation is
1.6mW [29]. Iqbal et al. introduced a spiral planar spring to
extend the operating frequency band of a permanent magnet
during vibrations [10], [30]. Under the conditions of 0.6g and
9.7Hz, the peak power of electromagnetic power generation
is 0.18mW. The operating frequency of these structures is
concentrated at around 10 Hz and thus they are only suitable
for low-frequency vibration environments. The output perfor-
mances of these structures are greatly reduced in working
environments with operating frequencies above 20 Hz. In
addition, electromagnetic energy harvesters can have many
different structures [31]. For example, Gu et al. designed a
cup-shaped harvester structure. Vibrations in any direction
caused the magnetic sphere inside this structure to shift,
causing the surrounding coils to induce a voltage. Under the
conditions of 1g and 5Hz, the peak power of electromagnetic
power generation is 0.13mW [32]. These different design
forms offer certain advantages in terms of broadening the
frequency band and the energy harvesting direction, but their
operating frequencies are still low and they cannot be used
widely in vibrating equipment.

One effective way to increase the working frequency is
to use a cantilever beam structure [33]. A coil or magnet
located on the beam is driven to move up and down by the
vibration of the beam, the magnetic flux then varies with
the relative displacement of the coil and the magnet and an
induced voltage is generated. This method can be combined
with a piezoelectric energy harvester to improve the power
generation performance. Burrow et al. studied a structure
with a magnet located at the end of a cantilever beam that
could form a magnetic loop with the armature on a stator
coil to provide effective power generation [34]. Abu Raihan
Mohammad Siddique et al. designed a spring pull magnet
structure at the end of a cantilever beam. Vibration of the
cantilever beam drives the spring and the permanent magnet
to move up and down and thus cause a coil situated near the
permanent magnet to generate an induced voltage. Under the
conditions of 0.8g and 7Hz, the peak power of electromag-

netic power generation is 0.22mW [35]. In these methods,
the cantilever beam is used as the traction component to
cause the permanent magnet to shift. The end load of the
cantilever beam is generally fixed, which means that the
overall tunability of the structure deteriorates and it cannot
be adapted to different types of vibrating equipment.

It can be concluded from the descriptions of the electro-
magnetic energy harvester devices above that their energy
harvesting mode involves changing the magnetic flux in a
coil through relative displacement of a permanent magnet
and a coil. This type of energy harvesting method relies on
movement of either the coil or the magnet to produce electric-
ity. The magnetic flux changes slowly and the peak voltages
are usually low, which means that this approach is not suit-
able for matching with different vibrating equipment types.
Herein, an electromagnetic-piezoelectric hybrid energy har-
vester combined with a magnetic circuit switch (MCS) based
on the cantilever beam structure is proposed. The change
in magnetic flux does not require relative displacement of
the coil and the magnet, but relies on the change in the
clearance between the cantilever beam and the coil column
that is caused by vibration. In addition, a piezoelectric energy
harvester is added to the cantilever beam to collect vibration
energy and thus improve the power generation efficiency of
the device. This energy harvesting scheme can improve both
the peak voltage and the instantaneous power effectively. Fur-
thermore, the frequency band of the harvester can be changed
by simply adjusting the cantilever beam to adapt to different
vibration environments. We tested the cantilever beam with
different thicknesses and determined that the cantilever beam
thickness would affect the operating frequency of the hybrid
energy harvester, but has little effect on output voltage. The
test results are shown in supplementary material Figure S1.

II. STRUCTURE AND THEORETICAL ANALYSIS
The structure and materials of the proposed electromagnetic–
piezoelectric hybrid harvester is shown in Figure 1(a) and 1(b).
The upper and lower ends of the columnar permanent magnet
are connected to a cantilever beam and a bottom plate,
respectively. The distal end of the bottom plate is connected
to a coil column via a screw thread, and the position of this
coil column can be adjusted using different threads. Com-
mercially available Pb(Zr1−xTix)O3 ( PZT ) was used as
the piezoelectric material. The PZT is placed at the clamped
end of the cantilever beam, and a mass is pasted on the free
end of the cantilever beam. The coil column, the cantilever
beam, and the bottom plate are all made from spring steel
(55SiCr63) because of its good magnetic conductivity. The
yield strength and the fatigue limit of this material are also
high. When the cantilever beam is in contact with the coil
column, these three components form a magnetic circuit
together with the permanent magnet. This magnetic circuit is
much more conductive than the surrounding air, which means
that most of the magnetic flux is concentrated within the
magnetic circuit. When the cantilever is disconnected from
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the coil column, the magnetic flux in the magnetic circuit
is reduced, and some of the magnetic flux is then carried
through the air.

The designed hybrid energy harvester includes two power
generation methods, namely piezoelectric generator (PEG)
and electromagnetic generator (EMG). Theworking principle
of the (PEG) is described as shown in Figure 1(c). The
PZT is stuck near the fixed end of the beam, it presents a
periodic contraction and tension state with the vibration of
the beam, and the electrical energy is generated owing to the
d31 piezoelectric effect, the charge is distributed at the upper
and lower of the PZT. The distribution of charges changes
with contraction and tension to produce opposite polarities,
resulting in opposite currents. Figure 1(d) shows the principle
of the electromagnetic energy harvester simulated by COM-
SOL software. It illustrates the distributions of the magnetic
flux density when the cantilever beam makes contact and
separates from the coil column. As can be seen from the
figure, there is a very significant change in the flux density
inside the coil column for two states. During the vibration
of the cantilever beam, the flux density in the coil column is
low when the beam is separated from the coil column, and
increases sharply when the beam is in contact with the coil
column. Figure 1(e) shows the distribution ofmagnetic induc-
tion lines and the direction of current in the coil when the
beam is in different positions. In the initial state, the magnet
and the magnetic conductive material do not form a complete
path, so a part of the magnetic inductance line passes through
the air, and there is no induction current in the coil of the
electromagnetic generating unit. When the cantilever beam
moves downward to contact with the coil column under the
action of external vibration energy, the permanent magnet
and the soft magnetic material form a closed path, most of
the magnetic inductance line is concentrated in this magnetic
circuit, so that the magnetic flux in the coil column increases
rapidly, resulting in a larger voltage induced in the coil. Under
the stress, the cantilever beam starts moving upward from
the lowest point. At the instant when the cantilever beam is
separated from the coil column, the path described above is
disconnected. The magnetic flux in the coil column decreases
rapidly as a result, and a large reverse voltage is induced in the
coil. After separation, the cantilever beam continues to move
upward, and then the flux decreases slightly until the can-
tilever beam reaches its maximum upward displacement. At
this point, the magnetic inductance line in the coil decreases
to a minimum, the leakage in the air reaches a maximum, and
the direction of the current in the coil remains unchanged.
The cantilever then begins to move downward, the magnetic
induction lines in the coil column slowly increase, and the
direction of the current generated in the coil changes until the
cantilever beam is in contact with the coil column to form
a complete circuit in which the magnetic induction lines are
overwhelmingly concentrated.

In order to describe the power generation performance of
electromagnetic - piezoelectric hybrid harvester theoretically,
we model the hybrid harvester. The system motion is usually

FIGURE 1. (a) Structure design of the hybrid harvester. (b) Photograph of
the hybrid harvester and labels of each component. (c) The working
mechanism of the PEG. (d) COMSOL simulation of magnetic flux density
under two states of contact and separation. (e) The working principles of
the EMG.

FIGURE 2. Lumped parameter model.

equivalent to the spring, mass and damping. The lumped
parameter model [34], [36] was constructed as shown in
Figure 2. Let y = y1 − y0, and the motion equation of the
harvester is given by

mÿ+ cẏ+ ky+ Fp + Fe = 0 (1)

where m is the end mass of the beam, c is the equivalent
damping of the beam, k is the equivalent stiffness of the beam.
In addition to the cantilever force, the vibration system also
has the reaction force generated by piezoelectric and electro-
magnetic unit. Fp is the reaction force of the piezoelectric
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unit, Fe is the reaction force of the electromagnetic unit.
Reaction force of the piezoelectric Fp can be derived from
the following formula

Fp = 2pvR1 (2)

where 2p is proportional to the piezoelectric constant (d31)
of the piezoelectric patch. VR1 is the Voltage across the
external resistance (R1) of the piezoelectric patch. According
to Kirchhoff’s current law, the equation for the piezoelectric
unit is

2py−
vR1
R1

= Cpv̇R1 (3)

Reaction force of the electromagnetic unit Fe can be derived
from the following formula

Fe = 2eIe (4)

where 2e is the electromechanical coupling coefficient, Ie is
the induced current of electromagnetic unit.

The equation for the electromagnetic unit is

−2eẏ+ Lc İe + (Rc + R2) Ie = 0 (5)

in which Lc is the inductance of the coil, Rc is the coil
resistance, R2 is the external resistance connected to the coil.

The overall dynamic equations of the harvester can then be
expressed as

mÿ+ cẏ+ ky+ Fp + Fe = 0
2py−

vR1
R1 = Cpv̇R1

−2eẏ+ Lc İe + (Rc + R2) Ie = 0

(6)

III. EXPERIMENTS AND RESULTS
To obtain the output performance of the device, a test platform
was built to perform experimental research. As shown in
Figure 3, the target spectrum signal was set up in computer
software and then transmitted to the controller (ECON VT
-9008), which generates the shaker motion control signal
and also controls the shaker (ECON VE-5120ST) vibration
after amplification by the amplifier(ECON VSA-H751A).
This approach enables precise control of the shaker’s oper-
ating vibration acceleration and the vibration amplitude. The
output voltage of electromagnetic unit and piezoelectric unit
are measured by a digital storage oscilloscope (GWINSTEK
GDS-3504), and the output power is measured by the power
analyzer (ZLG PA5001H). The energy harvester is fixed to
the shaker and is used to collect the vibration energy. Dif-
ferent energy harvester component materials and sizes have a
major impact on its output performance. The parameters used
in the fabrication of each component of the energy harvester
are listed in Table 1.

According to the different contact conditions existing
between the cantilever beam and the coil column during the
vibration process, it can be divided into three different oper-
ating states, i.e. contact and separation mode, non-contact
mode and continuous contact mode. Figure 4(a) shows the
schematic diagram of the contact and separation mode and

the output curves of the electromagnetic generation units and
piezoelectric generation units. The contact and separation
mode is where the cantilever beam is able to make contact
with the coil column as it vibrates downward and is able to
move upward at that point due to the stress being greater than
the magnetic suction. According to the previous description
of the operating principle, there is a very sharp change in the
magnetic flux in the coil during the time between the contact
and separation of the cantilever beam and the coil column,
so that the EMGunit generates a spike voltage. As can be seen
from the waveform of EMG, a peak high voltage is generated
because there is a very dramatic change in the magnetic flux
in the coil during the contact and separation time between
the cantilever and the coil column as described above in
the principle of operation. The PEG unit has its original
sinusoidal waveform somewhat altered due to the blocking of
the coil column. Figure 4(b) presents the schematic diagram
of the continuous contact mode and the output curves of the
EMG units and PEG units. The continuous contact mode is
one in which the stress on the cantilever beam is not sufficient
to overcome the magnetic suction, resulting in a continuous
contact between the beam and the coil post. In this mode, both
EMG units and PEG units are unable to perform effective
voltage output. Figure 4(c) depicts the non-contact mode of
operation and the waveforms of ENG and PEG in this mode
of operation. The non-contact mode is the case where the
cantilever beam is not in contact with the coil column dur-
ing the vibration. The waveform diagram of electromagnetic
generation shows only a weak near-sine waveform. This is
because the magnetic material does not form a closed loop
and most of the magnetic flux is present in the air while only
a small portion of the magnetic material is present, so the
induced voltage generated during vibration is small. In this
mode, PEG can output voltage normally because the vibration
of the cantilever beam is not limited.

FIGURE 3. Experimental equipment of the hybrid energy harvester.

Performance tests were conducted with respect to the
energy harvester’s output, initially by testing its open - circuit
voltage values relative to different frequencies and differ-
ent accelerations. To characterize the output performance of
each unit, we tested their open circuit peak voltages in the
frequency range from 20 – 40 Hz under various excitation
conditions (0.5 g, 1 g, 1.5 g and 2 g), with results as shown
in Figure 5. When the acceleration is 0.5 g, the device is
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TABLE 1. Symbols and parameters.

FIGURE 4. Schematic diagram and Voltage waveforms for the EMG and
the PEG in three modes. (a) Contact separation mode. (b) Continuous
contact mode. (c) Non-contact mode.

in noncontact mode. The cantilever beam vibrates normally
and the piezoelectric energy harvester can output energy nor-
mally. Because the conductive material cannot form a closed
loop, the electromagnetic output from the harvester is weak.
When the acceleration is above 0.5 g, the device is in contact
separation mode. The results show that both the electromag-
netic and piezoelectric output voltages reach their maxima at
30 Hz, where the maximum output voltages obtained under
2 g acceleration are 16 V and 42 V, respectively. In addition,
when the acceleration increases, the working band will then
be broadened to a certain extent.

Based on the working principle of the device, the gap
between the coil column and the cantilever beam is a highly
important parameter. The distance of the gap is represented
by d in the Figure 6. The output voltage characteristics of
the EMG and the PEG at a frequency of 30 Hz and at
accelerations of 2 g are shown in Figure 6 for gap sizes of
0.5 mm, 1 mm, 1.5 mm and 2 mm. Almost no voltages are
output by the EMG and the PEG when the gap is 0.5 mm.
The device is in continuous contact mode in this case. When
the gap size is 1 mm, 1.5 mm and 2 mm, the peak open-circuit
voltages of the electromagnetic unit are 7 V, 12 V and 16 V
and the peak open-circuit voltages of the piezoelectric unit
are 27 V, 35 V and 42 V, respectively. The device operates
in contact separation mode in these three cases. The results

show that the gap length has a linear relationship with the
peak open-circuit voltage in this mode.

FIGURE 5. Open circuit voltage with different frequencies and
accelerations. (a) EMG. (b) PEG.

FIGURE 6. Open circuit voltage with different gaps. (a) EMG. (b) PEG.

The distance of the magnetic path between the permanent
magnet and the permeable material also has a major impact
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on the device output voltage. Here, we varied the distance of
the magnetic path by changing the distance between the coil
column and the permanent magnet. The distance between the
coil column and the permanent magnet is represented by L in
the Figure 7. The output voltage characteristics of the EMG
and the PEG at a frequency of 30 Hz and acceleration of 2 g
are shown in Figure 7 for L of 40 mm, 50 mm, 60 mm and
70 mm. The corresponding peak open-circuit voltages of the
EMG and the PEG are 0.3 V, 16 V, 12 V and 4 V, and 32 V,
34 V, 30 V and 20 V, respectively.

When the distance is 40 mm, the EMG only shows a
weak output voltage, while the output from the PEG is
normal, which indicates that the device is working in the
noncontact mode in this case. When the distance reaches
50 mm, the device operates in the contact separation mode.
At this time, the peak open-circuit voltages of both the elec-
tromagnetic and piezoelectric units reach their maximum
values. Thereafter, the peak open-circuit voltage decreases
gradually. The EMG works best at the distance of 50 mm,
indicating that a shorter path is better in contact separa-
tion mode. The PEG works best at the distance of 50 mm
because of the finite effect of the coil column. As the
distance away from the permanent magnet increases, the
deformation of the cantilever beam decreases in tandem.
The output open-circuit voltage thus tends to decrease in this
scenario.

Connecting the EMG unit and PEG unit to the load resistor
respectively, we can get its output voltage and power. Accord-
ing to the maximum power transfer theorem, it is known
that the maximum output power can be obtained when the
external load and the power load are the same. The internal
resistance of the EMG unit and PEG unit can be measured
to be 1.3k � and 19k � respectively through a multimeter.
The impedance of the EMG unit and PEG unit have induc-
tance and capacitance in addition to resistance, so the total
impedance is higher than 1.3k � and 19k �. As can be seen
in Figure 8, the EMG unit achieved maximum power at 3k,
while the PEG achieved maximum power at 30k, which were
20 mW and 35 mW, respectively. At this time, the voltage
on the load resistor was 5.3V and 23V, respectively. The
voltage increases with the increase of load resistance value,
and the maximum output voltage of EMG and PEG can reach
10V and 40V, respectively, when the resistance is 10k �

and 100k �.
Table 2 shows a comparison of four typical piezoelectric

and electromagnetic hybrid power generation works with this
work. It can be seen that the working conditions of Zhou,
Wang, and Tian’s hybrid generators are all low-frequency
and cannot be applied to mechanical vibration equipment.
Only Zhang’s hybrid generator has a working frequency of
20Hz, but its working acceleration reaches 39.2ms, requir-
ing intense vibration energy to operate, much higher than
the 14.7ms required for this operation. Among these four
hybrid generators, the maximum output voltage and power
of electromagnetic power generation are only 3V and 8mW,

far lower than the operating 16V and 20mW. Therefore, the
hybrid generator of this work is more suitable for energy
harvest of mechanical vibration equipment than these four
works, and electromagnetic power generation has better
energy harvest effect.

FIGURE 7. Open circuit voltage with different distance between the coil
column and the permanent magnet. (a) EMG. (b) PEG.

To demonstrate that these hybrid harvesters can be used
as sustainable power sources, three sets of practical demon-
strations were performed in the laboratory. As shown in
Figure 9(a), the electromagnetic unit output and the piezo-
electric unit output from the energy harvester passed through
their respective bridge rectifier circuits, and then the two
outputs were connected in parallel to a thermometer, 50 LED
lights and a capacitor. Figure 9(b) depicts a demonstration
scenario in which the hybrid energy harvester powers a
thermometer. Hybrid energy harvester collects the vibration
energy from the shaker and converts it into electric energy,
which is processed by the conditioning circuit to power the
thermometer. When connected to the load composed of the
LED lights, the lights can all be seen clearly to be lit in a
dark environment, as shown in Figure 9(c). Figure 9(d) shows
the characteristics of a 100 µF capacitor being charged by
the individual units (electromagnetic, piezoelectric) and by
the hybrid harvester. The voltage obtained within a charging
time of 10 s was 6.9 V for the hybrid harvester, but only
5 V was realized when using the electromagnetic generator
alone. The hybrid harvester thus offers a significant advan-
tage in terms of its charging rate. Additionally, the saturation
voltage was also higher for the electromagnetic–piezoelectric
hybrid harvester. Three different capacitors were charged
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TABLE 2. Comparison between previous works and this work.

FIGURE 8. Peak voltage and peak power under different external loads.
(a) EMG. (b) PEG.

using the hybrid harvester and the charging curves obtained
are shown in Figure 9(e). The open circuit voltage curves
after rectification under electromagnetic, piezoelectric and
mixed conditions involved here are shown in supplementary
material Figure S2.

To provide further verification of the prospects for use
of energy harvesters in mechanical devices, tests were also
conducted on a car engine as shown in Figure 10(a). Before
the test, the acceleration spectrum of the automobile engine
was tested using an acceleration sensor. Corresponding power
spectral density curve was obtained through a MATLAB
analysis and is shown in Figure 10(b). The figure shows

that the car engine offers a better power output at around
30 Hz. The power harvester was placed in several positions
around the engine to find the best working position. After
testing, the energy harvester was placed at 45◦ above the
engine and leaning against the back of the box to generate
the best results. Connection to the rectifier bridge circuit
allowed the thermometer to work properly, as illustrated in
Figure 10(c). In addition, in order to verify the stability of the
device, the hybrid energy harvester was operated for 1 hour
every day for 30 days, and the measured output voltage could
be well kept stable. The peak open-circuit voltage for 30 days
is shown in supplementary material Figure S3.

FIGURE 9. Energy harvester application testing in the laboratory.
(a) Rectifier circuit and the test device. (b) Test scenario for powering a
thermometer. (c) 50 LED lights are lit by the energy harvester.
(d), (e) Capacitance charge test results.
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FIGURE 10. Application testing of Energy Harvester on a car engine.
(a) Overall test scenario. (b) Power spectral density curve.
(c) A thermometer powered by energy harvester.

IV. CONCLUSION
In summary, to power sensor nodes for operation in critical
parts of equipment in an industrial vibration environment,
a method in which a magnetic circuit switch is applied to
a hybrid electromagnetic–piezoelectric energy harvester is
proposed. The main feature of this hybrid energy harvester
is that the electromagnetic energy harvesting is performed
by using vibrations to vary the gap between the cantilever
beam and the coil column. Combination of this arrangement
with a piezoelectric energy harvester on the cantilever beam
provides further improvements in the power generation effi-
ciency of the proposed hybrid energy harvester. In this paper,
the feasibility of this hybrid harvester is illustrated using a
combination of simulations and theoretical analysis, and a
prototype device was trial-produced based on the proposed
principle. Three different energy harvester modes were anal-
ysed and the parameters that affected the output voltage were
tested to obtain the best output. The effect of application of
the hybrid energy harvester was verified by performing labo-
ratory application tests and automotive vibration environment
tests. These verification tests showed that the hybrid energy
harvester proposed in this paper provides a new method for
the vibration energy harvesting field and that it has wide
application prospects for use in industrial production.
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