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interaction
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Abstract: Harvesting vibration energy has attracted the attention of researchers in recent decades as a promising approach for 
powering wireless sensor networks. The hybridization of piezoelectricity and electromagnetism has proven helpful in the 
improvement of vibration energy harvesting. In this study, we explore the integration of piezoelectric and electromagnetic parts 
in one vibration energy harvesting device. Lumped-parameter models of the system are derived considering the different 
connection topologies of the piezoelectric and electromagnetic parts. Numerical predictions from these models are compared 
with experimental results to throw light on the nonlinearities in the system. Modifications of the system are also explored to 
provide insights into opportunities to improve its performance and that of future vibration energy harvesters.

Key words: Hybrid energy harvesting; Nonlinear interaction; Magnetic spring; Piezoelectricity; Electromagnetism

1 Introduction 

Recent years have witnessed the rapid develop‐
ment of wireless sensor networks and their vast appli‐
cations in consumer electronics, industrial automation, 
and environmental monitoring (Kandris et al., 2020; 
Malik et al., 2020; Priyadarshi et al., 2020). In this 
process, a major concern has been the power supply 
of such networks, which currently relies on batteries 
and suffers from a high cost of maintenance (Priya‐
darshi et al., 2020). In view of the ubiquitous pres‐
ence of vibration in the ambient environment, it is fea‐
sible in principle to harness available vibration energy 
and convert it into electricity for sensors. The so-called 
vibration energy harvester has emerged from this idea 
and has attracted the attention of numerous research‐
ers (Zhou et al., 2018; Malik et al., 2020; Miller et al., 
2020; Yao et al., 2023). According to their underlying 
mechanisms of energy transduction, several sorts of 
vibration energy harvesters are found in the literature: 

electrostatic energy harvesters (Basset et al., 2014; 
Zhang et al., 2016, 2018), triboelectric energy harvest‐
ers (Zhu et al., 2013; Li et al., 2015; Qiu et al., 2020), 
electromagnetic energy harvesters (Zhang et al., 2015; 
Saravia, 2019; Shi et al., 2020; Wang W et al., 2022), 
and piezoelectric energy harvesters (Cao et al., 2015; 
Zhang and Qin, 2019; Wang ZM et al., 2022; Wu and 
Xu, 2022). Among these, piezoelectric vibration energy 
harvesters (PVEHs) have shown superior potential 
for application due to their high voltage output and 
simple structure.

Physically, PVEHs operate in resonant mode to 
achieve high efficiency of energy conversion (Anton 
and Sodano, 2007; Safaei et al., 2019). One problem 
with these PVEHs has been their limited working fre‐
quency bandwidth. Great efforts have been made to 
enlarge the bandwidth of PVEHs, including the auto‐
matic tuning of their resonant frequencies (Challa et al., 
2011), integration of multiple PVEHs with different 
resonant frequencies (Dechant et al., 2017), combina‐
tion of PVEHs with other energy transduction mecha‐
nisms (Fan et al., 2018c; Liu et al., 2021), and inten‐
tional introduction of nonlinearity into PVEHs (Zou 
et al., 2017; Fan et al., 2018b). Of practical interest here 
is the combination of piezoelectric and electromagnetic 
energy harvesters. On the one hand, the frequency 
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bandwidth is broadened due to the different resonant 
frequencies of piezoelectric and vibration electromag‐
netic energy harvesters. On the other hand, introduc‐
tion of magnetic interaction provides an opportunity to 
further increase the frequency bandwidth with the help 
of nonlinearity.

Hence, many researchers have tried to construct 
and investigate hybrid energy harvesters based on 
piezoelectricity and electromagnetism (HEHPEs) (Xia 
et al., 2015; Ahmad and Khan, 2021). Magnetic inter‐
actions between permanent magnets and conducting 
coils have been introduced to conventional piezoelec‐
tric energy harvesters (Challa et al., 2009). Under the 
action of base excitation, the piezoelectric beam under‐
goes elastic vibration. As a result, the permanent mag‐
nets oscillate relative to the conducting coil. Electrical 
output can then be expected from the coil according 
to the principles of electromagnetism. Different arrange‐
ments between the magnets and the coils have been 
explored, based on spiral coils (Yang et al., 2010; 
Zhang et al., 2019) or helical coils (Sang et al., 2012; 
Xu et al., 2017b). Magnetic springs formed by the 
nonlinear interactions between different magnets have 
also been used to connect the piezoelectric and elec‐
tromagnetic parts of the HEHPEs (Xu et al., 2016; 
Xia et al., 2017). The optimal operation frequency of 
the HEHPE can be easily tuned by the nonlinear mag‐
netic spring introduced. An interesting approach to 
integrate the piezoelectric and electromagnetic parts 
in an HEHPE is to add an electromagnetic energy har‐
vesting unit to the free end of a piezoelectric energy 
harvesting unit (Shan et al., 2013; Mahmoudi et al., 
2014; Li et al., 2016; Liu et al., 2019). In this case, a 
multi-degree of freedom (DOF) vibration system is 
formed, increasing the power output of the hybrid sys‐
tem. Other investigations have focused on the intro‐
duction of impact or contact to tune the operation fre‐
quency of HEHPEs (Fan et al., 2018a, 2018b; Halim 
et al., 2019; Maamer et al., 2019; Iqbal et al., 2021). 
Nonetheless, it seems that the full potential of HEHPEs 
has not yet been revealed. Due to the mismatching 
characteristics of stand-alone piezoelectric and electro‐
magnetic energy harvesters (Arroyo et al., 2012), nearly 
all the proposed and investigated HEHPEs disconnect 
the output of the piezoelectric part from that of the 
electromagnetic part. Hence, the outputs of these two 
parts are considered and evaluated separately. Mean‐
while, due to the capacitive property of a piezoelectric 

energy harvester, addition of an external inductor alters 
the vibration characteristics of the device (Wang B et al., 
2022). Noting that coils are typical electrical induc‐
tors, the electrical connection between the piezoelec‐
tric and electromagnetic parts inside an HEHPE may 
also alter and enhance the performance of an HEHPE 
(Huang et al., 2022).

In this study, we investigated the direct integra‐
tion of piezoelectric and electromagnetic energy har‐
vesting units in one HEHPE. An electromagnetic part 
based on magnetic springs was attached to the free 
end of a piezoelectric part in an HEHPE. Lumped-
parameter models of the HEHPE were established con‐
sidering different connection topologies between the 
piezoelectric and electromagnetic parts. Experimental 
results were obtained and compared with theoretical pre‐
dictions considering the nonlinearities in the HEHPE. 
Modifications of the HEHPE were also explored to 
provide insights into the potential to improve the per‐
formance of HEHPEs and that of future vibration 
energy harvesters.

2 Structure and working principle 

Nonlinearity added to a vibration energy harvester 
enlarges the bandwidth of the originally linear system 
(Tran et al., 2018). The HEHPE discussed in this study 
is similar to that described by Shan et al. (2013) (Fig. 1). 
It consists of a piezoelectric part, an electromagnetic 
part, and electrical connections. The piezoelectric part 
is composed of a piezoelectric cantilever bimorph beam. 
The bimorph beam comprises two piezoelectric plates 
and a base plate. The two piezoelectric plates are polar‐
ized in the same direction (as shown in the lower corner 

Fig. 1  Schematic diagram of the studied HEHPE. Lp and 
Ls are the lengths of the piezoelectric plates and base beam, 
respectively, and Lt is the extended length of the piezoelectric 
plates
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of Fig. 1). The electromagnetic part is formed by 
two fixed ring magnets at the upper and lower ends 
respectively, a magnet in the middle moving along a 
copper rail guide, an induction coil, and a tubular frame. 
The whole electromagnetic part is attached to the free 
end of the piezoelectric part as an attached mass. 
Magnetic poles of the moving and fixed magnets are 
arranged in such a way that the forces between the 
moving magnet and the upper and lower fixed mag‐
nets are both repulsive. At first, the fixed magnet is 
kept in a balanced position under the action of these 
two repulsive forces. Gravity is omitted here due to its 
smallness compared to the magnetic repulsive forces. 
To avoid asymmetric wobbling of the moving magnet, 
a thin copper rail is set in the axis of the tubular frame 
to guide the motion of the moving magnet (Fig. 1). In 
Fig. 1, A sin(wt) is the excitation acceleration with A 
being the amplitude, w being the angular frequency, 
and t being the time. hp1, hp2, and hs are the thicknesses 
of the top piezoelectric plates, lower piezoelectric plates, 
and base beam, respectively.

In the case of external base excitation of a sinu‐
soidal waveform, the piezoelectric cantilever beam is set 
into continuous vibration, and the free end undergoes 
periodical vibration of a certain waveform. As a result, 
the magnetic part is forced into nonlinear vibrations. 
When the piezoelectric plates and the induction coil 
are connected to certain external electrical elements, 
electrical output is expected, and the so-called energy 

harvesting is achieved. A salient feature that differen‐
tiates this study from that of Shan et al. (2013) is that 
several different topologies of the electrical connec‐
tions between the electromagnetic and the piezoelec‐
tric parts in the devices are considered. In Fig. 1, the 
piezoelectric and electromagnetic parts are electri‐
cally connected in series, and then to an external resis‐
tance load R load. More details of the connection topolo‐
gies are given in Section 3.

3 Theoretical model of the HEHPE 

3.1 Lumped-parameter representation of the system

As indicated above, the dynamic behavior of the 
HEHPE is affected by the connection topology between 
the electromagnetic and piezoelectric parts. Four con‐
nection topologies were considered: connection topol‐
ogy 1, connection topology 2, connection topology 3, 
and connection topology 4.

Connection topology 1 (Fig. 2a) acted as a control. 
There is no moving magnet in the electromagnetic 
part and the induction coil is not connected to electri‐
cal elements. An external load resistance Rp is connected 
to the piezoelectric part. Connection topology 2 (Fig. 2b) 
differed from connection topology 1 in which the mov‐
ing magnet is retained, but the induction coil is still not 
connected to any external electrical element. In con‐
nection topology 3 (Fig. 2c), an extra load resistance 

Fig. 2  Different connection topologies: (a) connection topology 1; (b) connection topology 2; (c) connection topology 3; 
(d) connection topology 4
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Re is connected to the induction coil. As shown in 
Fig. 2d, in connection topology 4 the piezoelectric 
and electromagnetic parts are connected electrically 
in series, with an extra single external load R load con‐
nected. A detailed analysis of the four connection topol‐
ogies is presented in the electronic supplementary 
materials (ESM).

4 Numerical analysis and experiments 

4.1 Experimental setup

Based on the above analysis, a prototype of the 
studied HEHPE was prepared (as shown in the enlarged 
inset located in the upper right corner of Fig. 3). Re‐
lated structural and material parameters are shown in 
Table 1. The prototype consists of a 3D-printed base 
made of resin materials, a 3D-printed frame made of 
transparent resin materials (Future Factory, China), a 
base beam made of red copper (Taizhou Shunkuo 
Hardware Products Co., Ltd., China), a ring magnet 
(Shanghai Strong Magnetic Material Factory, China), 
an induction coil, a copper bar guide, and some screws 
and nuts.

The main bimorph beam is composed of two 
PZT-5H ceramic plates (Baoding Hongsheng Electron‐
ics Co., Ltd., China) and the base beam. The two piezo‐
electric ceramic plates were attached to the base beam 
in parallel using AB glue. Both surfaces of the piezo‐
electric ceramic plate are covered with electrodes. The 
frame is attached to the free end of the base beam with 
the help of screws and nuts. An induction coil is 

wound in the middle of the frame. Two ring magnets 
are fixed at the upper and lower ends of the frame 
using solid sol. The ring magnets fixed at the upper 
and lower ends are connected by a thin copper rail, 
which guides the motion of the moving magnet.

The test rig of the HEHPE is shown in Fig. 3. A 
vibration exciter is used to provide periodic base exci‐
tation, and its waveform and frequency are adjusted 
by a vibration controller, the control computer, and a 
power amplifier. The experimental prototype is fixed 
on the vibration exciter by screws. Two acceleration 
sensors are fixed to the base, one for detecting feed‐
back signal and the other for monitoring the vibration 
controller. Voltage generated by the prototype is col‐
lected by the computer through a data acquisition card.

4.2 Comparisons of the models and the experiments

Since the lumped-parameter model described in 
the ESM is based on the first resonant vibration mode 

Fig. 3  Schematic diagram of the studied HEHPE (PC: 
personal computer; NI: National Instruments)

Table 1  Parameters of the experimental prototype HEHPE

Sub structure

Base beam

Piezoelectric 
plates

Frame

Magnets

Copper rail

Multi-turn coil

Parameter

Size, Ls ´Ws ´ hs (mm)

Density, ρs (kg/m3)

Young’s modulus, Ys (GPa)

Poisson’s ratio, μ

Extended length, L t (mm)

Size, Lp ´Wp ´ hp (mm)

Density, ρp (kg/m3)

Equivalent capacitance, Cp (nF)

Piezoelectric constant, d31

A·s3/(kg·m)

Height×diameter (mm)

Size of fixed ring magnet, 
h ´Do ´D i (mm)

Size of moving magnet, 
hm ´Do ´D i (mm)

Density, ρm (kg/m3)

Height×diameter (mm)

Number of turns, N

Diameter, Rc (mm)

Thickness, hcoil (mm)

Outer diameter, D (mm)

Inner diameter, d0 (mm)

Value

63×21×0.6

8900

105

0.324

31

40×20×0.2

7500

110

2.74×10−10

90×20

5.4×10×3

12.7×10×3

7500

95×2.5

2000

0.01

20

25

20

Ws and hs are the width and thickness of the base beam, respectively; 
Wp and hp are the width and thickness of the piezoelectric plates, 
respectively; Do and Di are the outer diameter and inner diameter of 
the magnets, respectively; h and hm are the thicknesses of fixed magnets 
and moving magnets, respectively
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of the studied HEHPE, in subsequent analysis we use 
only the experimental data collected for the first-order 
harmonic. Under different connection topologies and 
given external load resistance, the output voltages of the 
piezoelectric and electromagnetic parts, if available, 
are normalized with respect to the amplitude of base 
excitation accelerations. Results were also obtained 
using the lumped-parameter model with parameters 
tuned to match the experimental results.

For connection topologies 1 and 2, the load resis‐
tance Rp of the piezoelectric part was 70 kΩ. The result‐
ing root-mean-square (RMS) value of the output volt‐
age and the average power of the HEHPE were nor‐
malized (Figs. 4a and 4b, respectively). The numerical 
results obtained from the derived theoretical lumped-
parameter models are in good agreement with the 
experimental results, which verifies the accuracy of the 
theoretical modeling. Under an excitation frequency 
of around 9.4 Hz, the normalized RMS voltage and 
average power of connection topologies 1 and 2 reached 

their maximums. The normalized RMS voltages per 
gravity acceleration amplitude were 27.84 and 24.72 
for working conditions 1 and 2, respectively, while the 
corresponding values for the normalized average power 
per unit acceleration amplitude were 11.080 and 8.729, 
respectively. The difference is that the RMS voltage 
and average power of connection topology 2 showed 
extra peaks at a frequency of around 6.6 Hz. This is 
explained by the addition of a moving magnet in con‐
nection topology 2. The electromagnetic resonator thus 
formed interacts with the piezoelectric cantilever beam 
and contributes to these extra peaks.

For condition 3, the piezoelectric and electromag‐
netic parts of the HEHPE were electrically disconnected 
from each other. The external load resistance of the 
piezoelectric part was 70 kΩ, while that of the electro‐
magnetic part was 150 Ω. The normalized output RMS 
voltage and average power of the piezoelectric part are 
shown in Figs. 5a and 5b, respectively, and those of the 
electromagnetic part in Figs. 5c and 5d, respectively. 

Fig. 4  Comparison of the frequency responses of RMS voltage and average power of the HEHPE obtained with different 
connection topologies: (a) and (b) for connection 1 and (c) and (d) for connection 2
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For both the piezoelectric and electromagnetic parts, 
two resonant peaks are present at the base excitation 
frequencies of 6.4 and 9.6 Hz, respectively. For the 
piezoelectric part, the normalized RMS voltages for 
the two resonant peaks were 2.624 and 10.850, respec‐
tively, while those for the average power were 0.91 
and 1.68, respectively. For the electromagnetic part, the 
normalized RMS voltages for the two resonant peaks 
were 0.733 and 0.892, respectively, while those for 
average power were 3.585 and 5.300, respectively.

Comparing the results for connection topology 3 
to those for connection topology 2, although the fea‐
ture of two resonant peaks persists, there is an obvious 
decrease in the normalized RMS voltage and average 
power with connection topology 3. This is closely 
related to the addition of load resistance Re to the elec‐
tromagnetic part. In connection topology 2, the non‐
linear magnetic spring is formed while no electrical 
output is expected without an external resistance load. 
No energy can be dissipated through the induction 

coil, and the elastic vibration of the piezoelectric part 
is enhanced to some degree, especially around the res‐
onant peaks. In connection topology 3, the vibration 
energy of the electromagnetic part is partly dissipated 
through the external resistance load. As a result, energy 
dissipation through the external resistance load to the 
piezoelectric part, or the RMS voltage and average 
power, declined. This partly reflects the interaction be‐
tween the piezoelectric and electromagnetic parts of 
the HEHPE. The nonlinear feature of magnetic forces 
is manifested in the RMS voltage and average power 
of the electromagnetic part (Figs. 5c and 5d, respec‐
tively). Unlike those shown in Figs. 5c and 5d, the res‐
onant peaks for the electromagnetic part are not well 
separated from each other. As a consequence, the out‐
put of the electromagnetic part remains at a relatively 
high level for a wide range of base excitation frequen‐
cies. The average power of the electromagnetic part is 
essentially higher than that of the piezoelectric part. We 
conclude that the integration of the piezoelectric and 

Fig. 5  Comparison of the frequency responses of RMS voltage and average power of the piezoelectric part (a and b) and 
electromagnetic part (c and d) obtained with connection topology 3
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electromagnetic parts in an HEHPE serves to improve 
the working bandwidth of the system to some degree.

Note that although the experimental results ob‐
tained are in good qualitative agreement with the numer‐
ical predictions from the developed models, there are 
quantitative errors. One reason for this is the oversim‐
plification of the 3D motion of the HEHPE 1D linear 
motion. Rotational elastic vibration of the piezoelec‐
tric cantilever beam is ignored. The swing of the elec‐
tromagnetic part and revolution of the moving magnetic 
with respect to the copper guide rail are also neglected. 
A second concern is the simplified expression of the 
magnetic force and electromagnetic damping shown 
before. Moreover, although the copper guide rail was 
made as smooth as possible before the experiment, 
friction and collision between the moving magnet and 
the copper guide rail contribute to the differences.

To investigate the influence of the connection 
topology between the piezoelectric and electromagnetic 
parts on device performance, the two parts were elec‐
trically connected in series in connection topology 4, 
and a single external load resistance R load=70 kΩ was 
adopted. The RMS output voltage and average power 
are shown in Figs. 6a and 6b, respectively. Resonant 
peaks can be seen at base excitation frequencies of 6.4 
and 9.4 Hz. The RMS voltages and average powers of 
the HEHPE were 4.53, 14.72 and 0.3, 3.1, respectively. 
RMS voltages in connection topology 4 were higher 
than those in connection topology 3. This verifies the 
previous statement that mechanical interaction and elec‐
trical coupling between the piezoelectric and electro‐
magnetic parts in the HEHPE may have a large effect 
on the output performance of the device.

Note that the equivalent capacitance Cp of the 
piezoelectric cantilever beam can be calculated as 
(Erturk and Inman, 2009)

Cp =
εS

33Wp Lp

hp

 (1)

where εS
33 is the dielectric constant of the underlying 

piezoelectric material under constant strain. In this 
sense, the equivalent capacitance of the piezoelectric 
part, equivalent inductance of the electromagnetic part, 
and the external load R load form a typical electrical oscil‐
lator circuit (Fig. 7). Combined with the equivalent 
inductance Lc of the induction coil, the electrical reso‐
nant frequency fr is obtained from Eq. (2):

fr =
1

2π LcCp

 (2)

where

Lc =
7.875 ´ 10-6 D2

m N 2

3Dm + 9hcoil + 5(D - d0 )
, (3)

where Dm=(D+d0 )/2 is the average diameter of the coil.

Fig. 6  Comparison of the frequency responses of RMS 
voltage (a) and average power (b) of the HEHPE obtained 
with connection topology 4

Fig. 7  Schematic diagram of the resistor-capacitor-inductor 
(RCL) circuit in the energy harvester device
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As stated previously (Huang et al., 2022), the com‐
plex coupling between the electrical resonator, the piezo‐
electric part, and the electromagnetic part is seen to 
have the most influence on device performance. Cal‐
culations show that in our situation, the electrical reso‐
nant frequency was around 631 Hz. As this frequency 
is far outside the considered frequency range, the effect 
of the electrical resonance is not shown in our experi‐
ments. However, extra tuning of the external load cir‐
cuits can help tune the output performance of HEHPEs 
(Huang et al., 2022). Because of the limited choice of 
piezoelectric and electromagnetic materials, the effect 
of electrical resonance has not been fully recognized. 
Further research is needed urgently, and this will be a 
topic of future investigations.

As a final characterization, considering the HEHPE 
in connection topology 3, different external load resis‐
tances were applied to the piezoelectric part (1–1000 kΩ) 
and electromagnetic part (10–5000 Ω), respectively. 

The RMS voltage and average power of the HEHPE 
are shown in Fig. 8. With increasing load resistance, 
the output voltage amplitude gradually increases, and 
finally approaches a limit (Figs. 8a and 8c). The aver‐
age output power first reaches the maximum value at 
the optimal load, and then decreases monotonically with 
the further increase of load resistance (Figs. 8b and 8d). 
The predictions from our lumped-parameter models 
are also shown.

Note that when the base excitation frequency is 
far from the resonant frequencies (here we aimed for 
a resonant frequency of around 6.4 Hz), the numerical 
predictions are in good agreement with the experi‐
ment results. However, when the base excitation fre‐
quency is close to the resonance, numerical predictions 
deviate from experimental results. This is consistent 
with our model assumption that the electromagnetic 
and piezoelectric parts weakly interact with each other. 
Close to resonance, however, the interaction between 

Fig. 8  Outputs of the HEHPE with connection topology 3 at excitation frequencies of 6.0, 7.5, and 9.0 Hz: RMS voltage 
(a) and average power (b) for the piezoelectric part; RMS voltage (c) and average power (d) for the electromagnetic part
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these two parts is strong with dramatic energy exchange, 
which is not accounted for in the simplified model. 
Nonlinearity and mutual coupling in the HEHPE need 
extra attention in future investigations.

4.3 Modifications of the electromagnetic part

Results from previous experiments gave us the 
impression that a moving magnet in the electromag‐
netic part does not move far from its balanced posi‐
tion. As a consequence, the RMS output voltage of 
the electromagnetic part shown in Fig. 8 is far from 
satisfactory. A direct cause is that the magnetic force 
is too strong for the moving magnet to move easily. 
To strengthen the motion of the moving magnet, we 
replaced the upper fixed magnet in the electromag‐
netic part with an elastic spring. A schematic dia‐
gram of the modified system is shown in Fig. 9. The 
main idea is that when the moving magnet oscillates, 
it will collide with the elastic spring. Non-smooth non‐
linearity is introduced into the system and the oscil‐
lating amplitude of the moving magnet can be in‐
creased (Xu et al., 2017a).

To begin with, we were concerned about the dis‐
tance d between the elastic spring and the moving 
magnet (Fig. 9). Its influence upon device performance 
was explored. The values of d were set to 0, 2, and 
4 mm, respectively. Under connection topology 3, the 
RMS voltages of the piezoelectric part and the electro‐
magnetic part were as shown in Figs. 10a and 10b, 
respectively, versus the base excitation frequency. 
Under connection topology 4, the RMS voltage of the 
HEHPE was as shown in Fig. 11.

In Figs. 10a and 11, with increasing d, the RMS 
voltage for the first resonant peak decreases gradually, 
while that for the second peak increases, while in 

Fig. 10b, the RMS voltage of both resonant peaks 
decreases with increasing d and gradually approachs 

Fig. 9  Diagram of the structure of the modified HEHPE 
with the upper fixed magnet replaced with a fixed spring

Fig. 10  Output performance of the modified HEHPE with 
different d with connection topology 3: (a) RMS voltage of 
the piezoelectric part; (b) RMS voltage of the electromagnetic 
part

Fig. 11  Output voltage of the modified HEHPE with different 
d with connection topology 4
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that of the original HEHPE prototype. Note that replace‐
ment of the upper fixed magnet with an elastic spring 
increased the output performance of the device for 
nearly all connection topologies. Besides, due to the 
introduction of collision between the moving magnet 
and the elastic spring, up-conversion of the frequency 
is apparent in Figs. 10 and 11.

Since the mathematical model of the modified 
HEHPE is not well established, detailed discussions 
are postponed. In future investigations, a search for an 
optimal value of d could be of primary interest to 
improve device performance. In addition, the stiffness 
of the elastic spring was not carefully tuned in our small-
scale experiments. Future investigations should be done 
to elucidate its effects.

5 Conclusions 

With increasing attention being paid to PVEHs, 
researchers are attempting to increase their working 
bandwidths through the integration of piezoelectric and 
electromagnetic energy transduction mechanisms in a 
single HEHPE.

This study focused on the nonlinear interaction 
in an HEHPE. Mathematical models of the proposed 
HEHPE were established considering different connec‐
tion topologies. Prototypes were prepared and tested. 
Input and output signals of the HEHPE were firstly 
analyzed to stress the insufficiently understood features 
of containing multi-frequency components. Methods 
for characterizing such signals are put forward and dis‐
cussed. With regard to different connection topologies, 
the RMS voltage and average power of the HEHPE 
were investigated and compared with numerical pre‐
dictions based on a developed model. Good agreement 
was found. We also found that the electrical connec‐
tion between the electromagnetic and piezoelectric parts 
in the HEHPE serves to tune the frequency character‐
istics of the device and alter its output performance. 
Nonlinearity due to the magnetic force introduced 
also changes the energy distribution between the elec‐
tromagnetic and piezoelectric parts. Once system 
parameters are well tuned, better device performance 
in terms of working bandwidth and output power can 
be expected.

Also, the original HEHPE was modified by replac‐
ing the upper fixed magnet with an elastic spring. An 

obvious performance improvement was witnessed and 
considerable frequency tuning observed. Changing the 
distance d between the spring and the moving magnet 
was shown to greatly affect device behavior.

Nonetheless, several points need attention in future 
research. The base beam in the piezoelectric part should 
be longer and thicker, to make it easier to match the 
resonant properties of the piezoelectric and electro‐
magnetic parts. Besides, tuning of the resonant fre‐
quency due to the electrical connection between the 
piezoelectric part and the electromagnetic should be 
optimized. In addition, a detailed study of the modi‐
fied HEHPE is needed to provide a thorough under‐
standing of the effect of the introduced nonlinearity 
on device performance.
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