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A B S T R A C T   

Electromagnetic vibration energy harvesters are widely investigated for self-powered wireless sensors and 
nonlinearity has been introduced for low-frequency and broadband vibration energy harvesting. But how to 
realize the nonlinearity with small amplitudes, high reliability and few complexities is still a challenge in real- 
world applications. In this paper, a novel electromagnetic vibration energy harvester comprising dual helical- 
plane springs and multiple Halbach arrays is proposed. The structural characteristics are analyzed, which 
indicate that the helical-plane springs can have nonlinear stiffness under small-amplitude vibrations and multiple 
Halbach arrays can greatly enhance the magnetic field. Then a magnet-electro-mechanical model is built by 
combining mechanical dynamics &electrodynamics, which is numerically solved by using the Runge-Kutta al
gorithm. Finally, the feasibility of the nonlinear electromagnetic vibration energy harvester is validated both 
numerically and experimentally. The results show that it has a nonlinear stiffness, a resonance bandwidth of 3 Hz 
and a peak power of 14 mW when the excitation amplitude is only 0.5 g. In particular, the resonance frequency 
range depends on the excitation amplitude. Furthermore, the prototype of a self-powered wireless temperature 
sensor is constructed and testified. The results of this study indicate that the proposed structure can be utilized 
and extended to build compact, reliable and nonlinear electromagnetic vibration energy harvesters for low- 
frequency, small-amplitude and broadband vibrations in real-world applications.   

1. Introduction 

Nowadays, wireless sensor nodes (WSNs) have been widely used in 
the field of Internet of Things (IoT) (Muhammad et al., 2022), such as 
industrial condition monitoring, environmental protection, agriculture 
monitoring, and so on. These WSNs can be used to sample various pa
rameters including temperature, humidity, pressure, light intensity, etc. 
Then these sampled data will be transmitted to remote cloud servers for 
analysis and storage. In order to achieve long-term operation, it is very 
necessary to provide reliable and stable power supplies for WSNs. At 
present, electrochemical batteries are typically used to power WSNs. 
However, conventional batteries generally have a limited lifetime, so it 
always needs to replace these batteries. In many cases, battery 
replacement is either too difficult or too costly (Wang et al., 2011). In 
order to address this issue, WSNs usually need to be self-powered. That is 

to say, they need to harvest electric energy from the surrounding envi
ronment to drive their own operation. Energy harvesting (EH) has be
comes a research hot spot in the field of IoT (Knight et al., 2008). 
Depending on the application and the place of WSNs, different kinds of 
environmental energy can be harvested, for example, solar (Abdin et al., 
2013), thermal (Alajingi and Marimuthu, 2022) or vibration energy 
(Anwesa et al., 2019). In particular, vibration energy is an advantageous 
power source alternative due to the large ambience of vibrations in the 
real world (Yang et al., 2023a). Vibration energy can be converted into 
electricity by using different working principles (Stephen, 2006; Khaligh 
et al., 2010; Bo and Gardonio, 2018). Up to now, vibration energy 
harvesters (VEHs) are typically divided into piezoelectric (Liang et al., 
2021; Sharma et al., 2022), electrostatic (Farid and Muhammad, 2016), 
electromagnetic (Afsharfard, 2018; Arnold, 2007; Muscat et al., 2022), 
and triboelectric categories (Fan et al., 2012; Wang, 2014). 

* Corresponding author at: College of Automotive Engineering, Changzhou Institute of Technology, Changzhou, China. 
E-mail address: chenzs@czu.cn (Z. Chen).  

Contents lists available at ScienceDirect 

Energy Reports 

journal homepage: www.elsevier.com/locate/egyr 

https://doi.org/10.1016/j.egyr.2024.01.007 
Received 23 November 2023; Received in revised form 23 December 2023; Accepted 3 January 2024   

mailto:chenzs@czu.cn
www.sciencedirect.com/science/journal/23524847
https://www.elsevier.com/locate/egyr
https://doi.org/10.1016/j.egyr.2024.01.007
https://doi.org/10.1016/j.egyr.2024.01.007
https://doi.org/10.1016/j.egyr.2024.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2024.01.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Energy Reports 11 (2024) 1363–1375

1364

As for powering WSNs in real-world applications, VEHs have to face 
several requirements. The first one is from small volume and light 
weight. There is always no redundant space to hold a large or heavy VEH 
due to the requirement of compact design. Moss et al (Moss et al., 2015). 
reviewed scaling and power density metrics of electromagnetic vibra
tion energy harvesters. Gardonio and Bo (Gardonio and Bo, 2020) gave a 
theoretical study on the scaling laws of linear electromagnetic and 
piezoelectric VEHs. Elliott and Zilletti (Elliott and Zilletti, 2014) dis
cussed the relationship between the efficiency of an electromagnetic 
harvester and its size by using a non-dimensional electromagnetic 
coupling coefficient. The second one is from small amplitude and low 
frequency. Vibration control is often carried out to reduce the harm to 
the host structures or devices, so vibration amplitudes are small. The 
third one is from reliability. VEHs should have a long-term life in order 
to maintain the WSNs. Under considering these requirements, electro
magnetic vibration energy harvesters (EVEHs) are more suitable than 
other types due to the advantages of large output current, long service 
life and low cost. In particular, EVEHs mainly use the relative motion 
between solid magnets and coils, so they have strong resistance to harsh 
environments, leading to higher reliability. Thus EVEHs have been 
extensively investigated by both academia and industry. Muscat et al. 
gave an overview of EVEHs (Muscat et al., 2022). Early researches have 
mostly focused on linearly resonant EVEHs (Seong and Jin, 2017; Zuo 
et al., 2010). In this case, the output power of a linear EVEH can reach 
the maximum value only when its resonance frequency matches the 
dominant frequency of the environmental vibration. Otherwise, the 
output power will drop significantly once the excitation frequency de
viates from the resonance condition. Unfortunately, environment vi
brations are mostly broadband, so a linear EVEH has limited 
performance in real-world applications. An ideal EVEH should be able to 
generate high power output across a wide frequency spectrum. In order 
to address this issue, the introduction of nonlinearities into EVEHs has 
attracted wide attention in the past decades (Yang et al., 2023b; Phan 
et al., 2020a; Yang et al., 2022; Phan et al., 2020b). 

Nonlinearity in VEHs can take on various forms according to the 
literature. Jia (Jia, 2020) has reviewed and compared eight major types 
of nonlinear mechanisms that have previously been reported in the field 
of VEH, which include Duffing nonlinearity, bistability/multi-stability, 
parametric resonance, stochastic resonance, mechanical frequency 
conversion, mechanical end-stop effect, self-tuning mechanism and 
non-oscillatory mechanism. Similarly, these nonlinear mechanisms can 
also be introduced for EVEHs. By now, many studies have been carried 
out on nonlinear EVEHs and the results demonstrate that such nonlinear 
EVEHs often outperform traditional linear ones. In most existing works, 
nonlinearity in EVEHs comes from the spring term, including third-order 
(Mann and Sims, 2009) and high-order (Gao et al., 2018) polynomial 
springs. But it can be found out that most works mainly focus on theo
retical modeling &analysis based on dynamic equations, while proto
typing investigations are less done. The difficulty lies in how to realize 
the nonlinear spring for real-world applications. Traditional springs 
have nonlinear characteristics under large deformations, which are only 
suitable for large-amplitude vibrations. In addition, mechanical stoppers 
will cause physical impacts, leading to structural fatigue, wear and tear. 
In recent years, magnetic springs have been widely used to form 
nonlinear spring, where the cantilever-like (Daqaq, 2020) or 
levitation-like (Nguyen et al., 2019) structures are often built by using 
opposing magnets on either ends. However, these kinds of structures 
with more magnets may easily lead to a higher volume and a lower 
power density. Moreover, magnetic springs will likely generate 
high-order nonlinearity which is difficult to be stably controlled. Thus 
how to achieve the nonlinearity with low amplitudes, high reliability 
and few complexities is still a challenge of utilizing EVEHs in real-world 
applications. 

According to the literature, planar springs can display stiffening 
behaviors and achieve a noticeable bandwidth enhancement. Therefore, 
few scholars began to study planar springs for nonlinear EVEHs. (Sui 

et al., 2011). studied four different planar springs with the permanent 
magnet attached on the center of the spring and the resonance fre
quencies were larger than 150 Hz. Aiming at MEMS-based EVEH, Sun et 
al (Sun et al., 2017). proposed to tune the thickness to length ratio of the 
planar spring for tuning linear and nonlinear stiffness coefficient sepa
rately and the resonance frequencies were larger than 400 Hz. It can be 
found in the above works that a single planar spring is often used for the 
EVEH and the resonance frequency is large. In real-world applications, 
however, the vibration frequencies are always less than 50 Hz. In 
addition, the Halbach array is an array of permanent magnets arranged 
to produce a very strong magnetic field on one side and practically 
cancel it on the other side (Zhu et al., 2012). It can decrease the reso
nance frequency and increase greatly the harvested power in a compact 
volume. At the same time, the way of using a single planar spring with 
Halbach arrays will lead to instability during vibrations. Ismardi et al 
(Ismardi et al., 2019). had a try on double planar spring for EVEH, but 
only finite element analysis (FEA) was done. Therefore, the objective of 
this paper is to design and realize a reliable nonlinear EVEH for effi
ciently harvesting small-amplitude, low-frequency and broadband vi
bration energy. To deal with it, the main contribution of this paper is to 
present a novel nonlinear EVEH with two structural features of dual 
helical-plane springs and multiple Halbach arrays. The remainder of this 
paper is organized as follows: In Section 2, structural characteristics of 
the proposed nonlinear EVEH is analyzed, including the nonlinear 
stiffness and the magnetic field. In Section 3, a 
magnet-electro-mechanical model of the EVEH is built by combining 
mechanical dynamics and electrodynamics. Then the response of the 
harvester is numerically derived by integrating the Runge-Kutta algo
rithm and the effects of key parameters are investigated in Section 4. 
Experiments are done to validate the proposed EVEH in Section 5. In the 
end, some conclusions are marked in Section 6. 

2. Structural analysis of the proposed nonlinear EVEH 

2.1. Description of basic architecture 

The schematic 3D structure of the proposed nonlinear EVEH is shown 
in Fig. 1(a), which is mainly composed of dualhelical-plane springs, four 
identical Halbach arrays & the holder, eight identical coils &bobbins, 
mechanical supports and the harvesting circuit. The eight coils are 
divided into four groups and connected in series. The four Halbach ar
rays are placed in the holder and suspended between the top and bottom 
helical-plane springs, leading to the Halbach-spring assembly as shown 
in Fig. 1(b). In the EVEH, all coils are fixed to the frame and the Halbach- 
spring assembly can vertically move inside these coils. When the EVEH 
is excited by an external vibration, there will be relative motions be
tween the Halbach arrays and the coils. Therefore, vibration energy can 
be converted into electrical energy according to the Faraday’s law of 
electromagnetic induction. 

Major advantages of Halbach arrays are that they can typically 
enhance the magnetic field intensity and reduce the overall volume of 
the EVEH. Also rectangular Halbach arrays have been widely used in the 
literature. Here, the four identical rectangular Halbach arrays are 
configured as Fig. 2 in order to keep compact and each Halbach array is 
formed by five block NdFeb magnets. The gap between the coil and the 
magnetic is equal to d. In this way, the magnetic field on the outer side 
can be greatly enhanced. In addition, the resonance bandwidth of a 
linear EVEH with traditionally linear springs is often narrow, so that 
broadband vibration energy is hardly harvested effectively. Therefore, 
the planar spring is adopted here. Meanwhile, if only a helical-plane 
spring is used, the Halbach-spring vibrator may produce lateral mo
tion which will directly result in unexpected collision and friction with 
the coil. To deal with this issue, this paper proposes to adopt dual 
helical-plane springs, which are connected to the two terminals of the 
Halbach arrays. Furthermore, modal analysis of the Halbach-spring as
sembly is done and the first four mode shapes and frequencies are shown 
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in Fig. 3. It can be seen that: i) The dominant mode shape is the first- 
order vertical motion and the contribution of other mode shapes is 
much small; ii) Other mode frequencies are much more than the first- 
order one, so the magnet-spring assembly mainly keep vertical mo
tions under low-frequency vibrations. 

In summary, the advantages of the proposed nonlinear EVEH can be 
sorted into four aspects. The first one is Simplicity. The whole harvester is 
just composed of several simple mechanical components and has no 
complex parts. The second one is Compactness. Instead of using magnetic 
springs, the utilization of planar springs makes the Halbach-spring 
structure be compact. The third one is Reliability. The structure 
comprising dual helical-plane springs has no collision and friction be
tween the Halbach arrays and the coils, so that the harvester can work 
reliably for long time. The fourth one is Nonlinearity. The overall stiffness 
of the dual helical-plane springs can be nonlinear under small vibra
tions, so nonlinearity will be introduced to enhance low-frequency and 
broadband vibration energy harvesting. As we all know that the per
formance of an EVEH depends strongly on the spring characteristics, the 
magnetic characteristics and the coil characteristics. Therefore, FEA will 
be next done to investigate these characteristics. 

2.2. The natural frequency of the Halbach-spring assembly 

According to Fig. 3, the first-order mode frequency is important since 
it denotes the resonance frequency. In order to carry out low-frequency 
VEHs, the harvester should be designed to make the resonance 

frequency be as small as possible. The Halbach-spring assembly is 
simulated in the COMSOL software. Here the helical-plane spring with 
size 45 × 45 mm2 is made from Steel and the size of each NdFeb magnet 
is 5 × 5 × 10 mm3. 

As we all know that the natural frequency depends on the equivalent 
mass and stiffness. Here the equivalent mass is fixed for given Halbach 
arrays. Therefore effects of key spring parameters on the natural fre
quency will be simulated. At the same time, the helical-plane spring has 
four cantilevers with a width of w and a thickness of h. Then the effects of 
h and w on the natural frequency are shown in Fig. 4. It can be seen that 
the natural frequency increases with both h and w. That is to say, it needs 
to reduce h and w in order to generate low resonance frequency. In turn, 
however, reducing h or w will decrease the strength of the cantilever, 
which may shorten the service life. Thus there should be a tradeoff be
tween the resonance frequency and the reliability in actual applications. 

2.3. Potential nonlinearity of the dual helical-plane springs 

As stated before, nonlinearity is an effective solution to realize 
broadband vibration energy harvesting. Thus it is much significant to 
investigate potential nonlinearity of the dual helical-plane springs. 
Analytical formula is difficult to get, so FEA-based static simulations are 
done to find the relationship between the restoring force and the elastic 
deformation. The process can be summarized into four steps: Firstly, the 
Halbach arrays with the holder are looked as an equivalent mass. The 
entity models of the dual helical-plane springs and the equivalent mass 

Fig. 1. The architecture of the proposed nonlinear EVEH.  

Fig. 2. Spatial configuration of the Halbacharrays and coils.  
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are built in the SolidWorks software, which are then imported into the 
COMSOL software. Secondly, both material properties and boundary 
constraints are set. Thirdly, a static force acts on the top of the equiva
lent mass and the displacement of the bottom of the equivalent mass is 
equal to elastic deformation. Finally, the parametric sweep analysis is 
done to obtain the relationship between the force and the elastic 
deformation. The relationship curves with different h and w are shown in  
Fig. 5, respectively. One can see that: i) In Fig. 5(a), the width w is fixed 
as 2.5 mm. When h becomes small, the stiffness tends to be nonlinear. 
While h is large enough, the stiffness should be linear; ii) In Fig. 5(b), the 
thickness h is fixed as 0.2 mm. The stiffness tends to be nonlinear with 
the increase of w. Moreover, the nonlinearity increases with w. Thus 

both small h and large w are desirable to enhance the nonlinearity of the 
dual helical-plane springs, but in turn reduce the reliability and increase 
the resonance frequency according to Fig. 4. Therefore, there is also a 
tradeoff between the nonlinearity and the reliability in actual 
applications. 

Furthermore, the nonlinear spring can be modeled as the hardening- 
spring Duffing oscillator by referring to the literature (Mallick et al., 
2015). That is to say, the relationship between the restoring force (Fe(z)) 
and the elastic deformation (z = z(t)) can be represented as, 

Fe(z) = αz+ βz3 (1)  

where α, βare the fitting coefficients. For different h and w, these fitting 

Fig. 3. The first four mode shapes and frequencies of the Halbach-spring assembly.  

Fig. 4. The natural frequency v.s. (a) h and (b) w.  
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coefficients are calculated and listed in Table 1 by using FEA. Then the 
nonlinear stiffness of the dual helical-plane springs can be written as, 

knl(z) = α+ 3βz2 (2)  

2.4. Magnetic characteristics of the four Halbach arrays 

Magnetic characteristics play an important role of the nonlinear 
EVEH. Firstly, the four Halbach arrays as Fig. 2(b) are modeled in the 
COMSOL software and geometric parameters (magnet length, magnet 
width, magnet thickness and magnet spacing) of each Halbach array is 
defined in Fig. 6(a) and Table 2. The x, y and z axis are shown in Fig. 6 
(b). Next, the magnetic flux density of the four Halbach arrays is 
calculated and both the cross-section and top views are plotted as Fig. 6 
(b). It can be easily seen that the magnetic flux density on the outer side 
is much more than that inside. Also the magnetic field distribution of 
each Halbach array is almost independent of others. Furthermore, taking 
the cross section for analysis, the magnetic flux densities at y = 4 mm 
(Inside) and y = 11 mm (Outside) are calculated and shown in Fig. 6(c), 
respectively. One can see that the magnetic flux densities are symmetric 
along the z axis and the peak value of the former is almost five times that 
of the latter, which testifies that the Halbach arrays can enhance greatly 
the magnetic field. 

At the same time, magnetic characteristics of the four Halbach arrays 
are strongly related to the geometric parameters. In particular, the 
magnetic gap (d1) is an important parameter. As for differentd1, the 
magnetic flux density at y = 12 mm is calculated and shown in Fig. 7. It 
can be seen that both the peak value and the change rate of the magnetic 
flux density will decrease with d1. Thus the arrangement of the magnet 
stack should be as compact as possible when designing the Halbach 
array. 

3. Magnet-electro-mechanical model of the nonlinear EVEH 

In order to investigate dynamic behavior and the harvesting per
formance, it needs to build the magnet-electro-mechanical model of the 
nonlinear EVEH. Nowadays, the lumped-parameter modeling method is 
widely adopted in the field of magnetic vibration energy harvesting due 

to the simplicity (Jerzy et al., 2022). Thus the nonlinear 
lumped-parameter model in Fig. 8(a) is adopted to represent the EVEH, 
including the equivalent mass (M), the nonlinear stiffness (knl), the 
mechanical damping (cm) and the ampere force (Femf ). In theory, cmis 
mainly due to air resistance and mechanical friction. Femf is the inverse 
force generated by the induced current in the coils, which is also called 
as the electromagnetic shunt damping(ce) force. The excitation 
displacement is denoted as u(t) and the vertical displacement of the 
equivalent mass is denoted asv(t). Then the relative displacement can be 
written as z(t) = v(t) − u(t). 

At the equilibrium position, the center plane of the top-bottom coil 
coincides with that of the Halbach arrays, which is set as the datum 
plane. Meanwhile, the initial deformation of the spring is not considered 
due to small mass. The overall force diagram of the equivalent mass is 
shown in Fig. 8(b). Then the dynamic equation can be derived as, 

Mz̈(t)+ cmż(t)+Femf +Fe(z)+Mg = − Mü(t) (3) 

In order to validate the nonlinear EVEH, it needs to analyze its vi
bration responses. For the sake of simplicity, the electric load is assumed 
to be a pure resistor (RL), which can be utilized to observe the harvested 
power and the bandwidth without loss of generality. Then the electro
dynamic equation of the harvesting circuit can be written as, 

∑8

j=1
Uj(t) −

∑8

j=1
Lj

di(t)
dt

−
∑8

j=1
Rji(t) − RLi(t) = 0 (4)  

where Uj,RjandLjare the induced voltage, the internal resistance and the 
inductance of the jth coil, respectively. i(t) denotes the induced current 
in the coils. At the same time, the inductanceLj is much small when the 
excitation frequency is low. In this case, the voltage drops across the 
inductances will be neglected in the following steps. 

According to the reference (Spreemann and Manoli, 2012), the 
ampere force and the induced voltage by the eight coils can be repre
sented as follows, respectively. 

Femf = cei(t) = ηemi(t) (5)  

Uout =
∑8

j=1
Uj(t) = ηemż(t) (6)  

where ηem denotes the total electromagnetic coupling factor of the eight 
coils and Uoutdenotes the output voltage. 

Combining Eq.(2)–(6), the magnet-electro-mechanical model of the 
nonlinear EVEH can be represented as, 
{

Mz̈(t) + cmż(t) + ηemi(t) + Mg + Fe(z) = − Mü(t)
ηemż(t) − (RI + RL)i(t) = 0 (7) 

Fig. 5. The stiffness characteristics with different (a) h and (b) w.  

Table 1 
Estimations of fitting coefficients for different geometric parameters.  

Geometric parameters α β 

w= 2.5 mm, h= 0.2 mm  609.5 6.45 × 107 

w= 2.5 mm, h= 0.3 mm  2364 1.93 × 108 

h= 0.2 mm, w= 1.5 mm  435.5 7.34 × 106 

h= 0.2 mm, w= 2.0 mm  539.2 4.45 × 107 

h= 0.2 mm, w= 3.0 mm  859.5 1.45 × 108  
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where RI =
∑8

j=1Rjand M is equal to the sum of the masses of all mag
nets and the holder. Finally, the harvested power is calculated as Ph =

U2
max/RL, where Umaxis the amplitude of Uout . 

3.1. Calculation of the internal resistance of the eight coils (RI) 

The resistance of air cored coils can be calculated once the copper fill 
factor of the winding process is given. The eight coils are identical, so it 
only needs to estimate the internal resistance of one coil. Geometric 
configuration of the coil and the bobbin is shown in Fig. 9. Here the 

copper fill factor is denoted askc. Then the resistance of the eight coils 
can be approximated as follows. 

RI =
4kc(l3 + l4 + l5 + l6)l1l2ρcoil

πr4
coil

(8)  

where rcoilindicates the wire diameter andρcoilindicates the wire re
sistivity. 

3.2. Calculation of the total electromagnetic coupling factor (ηem) 

According to Fig.(6), the four pairs of Halbach-coil are identical and 
independent, so only a Halbach-coil pair including the top and bottom 
coils is selected as an example. The magnetic flux of each coil is calcu
lated as 

Φ = Nc

∫∫

A
BdA (9)  

where A indicates the area enclosed by the coil winding, Ncindicates the 
number of turns and B is the magnetic flux density. But here the 
analytical calculation of B is rather complicated. Thus B at each vertical 
position is assumed to be a constant, which is equal to the average 
magnetic flux density (Bavg(z(t))) going through the coil winding with 
the area ofSc(Sc is the average area of magnetic flux). Then the induced 
voltage of the top (or bottom) coil can be represented as, 

U = −
dΦ
dt

≈ − NcSc
dBavg

dz
ż (10) 

Based on Eq. (10), the electromagnetic coupling factor of each coil 
can be calculated as, 

η = − NcSc
dBavg

dz
(11) 

Furthermore, FEA is adopted to estimateBavgand the parameters of 
single coil winding are listed in Table 3. For different d, Bavgof top and 
bottom coils are simulated and plotted in Fig. 10. It can be seen that: i) 
The peak value and the gradient of Bavg tends to decrease with the in
crease of d, so small d is desirable for the EVEH; ii) TheBavgof the top coil 
is anti-symmetric to that of the bottom coil, so their electromagnetic 
coupling factors and induced voltages have opposite signs; iii) When the 
vertical displacement (z(t)) is small, Bavg(z(t))can be considered to 
change linearly. Otherwise, it will be nonlinear. Based on the above 

Fig. 6. Magnetic field distribution of the Halbach arrays by FEA.  

Table 2 
Physical parameters of the Halbach array.  

Parameter Value Parameter Value 

a 5 mm b 10 mm 
c 5 mm Br 1.41 T  

Fig. 7. Magnetic flux densities under differentd1.  
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simulation results, it is very important to explain how the eight coils are 
connected in series. That is to say, the bottom coil is inversely connected 
to the top coil, so that the electromagnetic coupling factors and induced 
voltages of the eight coils have the same sign, respectively. In this case, it 
only needs to obtain the average magnetic flux densities of the top and 
bottom coils in order to estimate the total electromagnetic coupling 
factor (ηem). 

Based on the FEA results, a third-order polynomial is used to fit the 
average magnetic flux densities of the top (BT

avg(z(t))) and bottom 
(BB

avg(z(t))) coils as follows. 

BT
avg(z(t)) = λ10 + λ11z(t)+ λ12z2(t) + λ13z3(t) (12a)  

BB
avg(z(t)) = λ20 + λ21z(t)+ λ22z2(t) + λ23z3(t) (12b) 

Fig. 8. (a) Lumped-parameter model and (b) the force diagram of the equivalent mass.  

Fig. 9. Geometric configuration of the coil and the bobbin.  

Table 3 
Parameters of single coil winding.  

Parameter Value Parameter Value 

l1 4.0 mm l4 10 mm 
l2 2.5 mm l5 11 mm 
l3 17 mm l6 5.0 mm 
rcoil 0.1 mm kc 0.5 
ρcoil 0.0185 Ω.mm2/m Nc 500 
Sc 105 mm2    

Fig. 10. Estimations of the average magnetic flux density by FEA.  
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where λ10 ∼ λ23denotes the fitting coefficients, which are estimated and 
listed in Table 4. 

Then the total electromagnetic coupling factor of the eight coils can 
be approximated as 

ηem = − 4NcSc
[
(λ11 − λ21)+ 2(λ12 − λ22)z(t) + 3(λ13 − λ23)z2(t)

]
(13) 

So far, the magnet-electro-mechanical model in Eq.(7) can be built 
by substituting Eqs. (2), (8), and (13) into Eq. (7). 

4. Numerical investigations on the nonlinear EVEH 

Generally speaking, it is much difficult to get the analytical solution 
of Eq. (7). Therefore, the response of the nonlinear EVEH will be 
numerically derived by using the Runge-Kutta algorithm. Moreover, the 
proposed harvester in this paper is designed for small-amplitude, low- 
frequency and broadband vibrations. Therefore, the excitation is 
assumed to be a harmonic vibration with small amplitude and low fre
quency. Then the sweep-frequency simulation is done to investigate 
frequency responses of the nonlinear EVEH and validate the broadband 
characteristics. Without loss of generality, the excitation acceleration is 
further expressed asü(t) = a0 cos 2πf0t, where a0indicates the amplitude 
and f0 indicates the excitation frequency. Denoting q1(t) = z(t)andq2(t)
= ż(t), then Eq. (7) can be transformed into the following state-space 
equation. 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

q̇1(t) = q2(t)

q̇2(t) = − a0 cos(2πf0t) − g −

((

cm +
η2

em(q1(t))
(RI + RL)

)

q2(t) + Fe(q1(t))
)/

M

ηem(q1(t))q2(t) − i(t)(RI + RL) = 0
(14) 

And the initial conditions are represented as, 
{

q1(0) = z(0) = 0
q2(0) = ż(0) = 0 (15) 

Next the effects of key geometric parameters on the performance of 
the nonlinear EVEH will be studied and other simulation parameters are 
selected as:M = 41mg, RI = 395.2Ω, RL = 395Ω, w= 2.5 mm. Nowa
days, it is very difficult to model the mechanical damping equation of a 
structure. Then cmis determined as cm = 0.14 N⋅s/mby referring to 
similar structures in the literature. It must be pointed out that the output 

voltage is defined as the open-circuit voltage when RLis set to be much 
larger than RI. 

4.1. Effect of the spring thickness (h) 

As stated before, the thickness (h) of the helical-plane spring is an 
important parameter. By setting d= 2 mm anda0 = 0.5g, the effects of h 
on the vibration amplitude, the open-circuit voltage (RL = 2 MΩ) and 
the harvested power are simulated and plotted in Fig. 11, respectively. It 
can be seen that: i) As h increases, the resonance frequency of the 
nonlinear EVEH also increases; ii) Under the same excitation amplitude, 
the vibration amplitude of the nonlinear EVEH tends to decrease as h 
increases. At the same time, however, both the open-circuit voltage and 
the harvested power will increase. The reason may be that the natural 
frequency increases with h, so that the open-circuit voltage and the 
harvested power are also raised according to the theoretical formula.iii) 
As h increases, the resonance frequency band of the nonlinear EVEH 
tends to decrease, which shows that nonlinearity can be utilized to 
enlarge the operating frequency band of the nonlinear EVEH. Further
more, the above results are also consistent with the FEA results in Fig. 4 
and Fig. 5. 

4.2. Effect of the gap (d) 

The gap (d) between the Halbach array and the coil is also an 
important parameter. By setting a0 = 0.5gandh = 0.2mm, the effects of 
d on the vibration amplitude, the open-circuit voltage and the harvested 
power are simulated and plotted in Fig. 12, respectively. It can be seen 
that: 1) d has little effect on the resonance frequency and the bandwidth; 
2) As d increases, both the open-circuit voltage and the harvested power 
tends to decrease. The reason may be that the electromagnetic coupling 
factor is large for small spacing. Therefore, small d can be adopted to 
enhance the performance of the EVEH. 

4.3. Effect of the vibration amplitude (a0) 

Besides of the geometric parameters, it is also worthwhile to study 
the effects of the acceleration amplitude (a0) on the vibration amplitude, 
the open-circuit voltage and the harvested power. The simulation results 
are shown in Fig. 13 and we can see that: i) When a0 is relatively small, 
the EVEH tends to be linear. In this case, the vibration amplitude, the 
open-circuit voltage and the harvested power achieve the maximum 

Table 4 
Fitting coefficients of the average magnetic flux density.  

d λ10 λ11 λ12 λ13 λ20 λ21 λ22 λ23 

1.0 mm  -0.012 -72.20 2159 1.11 × 106  -0.012 72.16 2185 -1.10 × 106 

2.0 mm  -0.003 -49.94 1325 7.30 × 105  -0.003 49.94 1325 -7.30 × 105 

3.0 mm  0.002 -34.96 784.8 4.89 × 105  0.002 34.96 784.8 -4.89 × 105 

4.0 mm  0.004 -24.84 455.5 3.35 × 105  0.004 24.84 455.5 -3.35 × 105  

Fig. 11. Frequency responses of the (a) vibrationamplitude, (b) open-circuit voltage and (c) harvested power under different h.  
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value when the excitation frequency is equal to 21 Hz. That is to say, the 
EVEH resonates with the vibration excitation; ii) When a0 is relatively 
large, the frequency response curve bends to the right. Also the vibration 
amplitude, the open-circuit voltage and the harvested power increase 

obviously. At the same time, the resonance frequency band also in
creases; iii) When a0 = 0.5g, the peak harvested power is about14mW 
and the resonance bandwidth is about 3 Hz. In particular, the resonance 
frequency range changes with the excitation amplitude, which can 

Fig. 12. Frequency responses of the (a) vibration amplitude, (b) open-circuit voltage and (c) harvested power under different d.  

Fig. 13. Frequency responses of the (a) vibration amplitude, (b) open-circuit voltage and (c) harvested power under differenta0.  

Fig. 14. Dynamic responses of the vibration displacement, the open-circuit voltage and the harvested power.  
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improve the environmental adaptability of the nonlinear EVEH. 

4.4. Dynamic responses of the nonlinear EVEH 

By setting d= 2mmand h= 0.2 mm, dynamic responses of the 
nonlinear EVEH under different excitations are calculated and shown in  
Fig. 14, respectively. It can be seen that: i) When a0 = 0.1gandf0 =

21Hz, the EVEH tends to be linear, so that the responses of the vibration 
displacement, the open-circuit voltage and the harvested power are 
almost periodic in Fig. 14(a). While a0 = 1.5gandf0 = 25Hz, the EVEH is 
strongly nonlinear, so that the responses of the vibration displacement, 
open-circuit voltage and the harvested power are all quasi-periodic (see 
the ‘Nonlinear’ in Fig. 14(b)). The results show the nonlinear behaviors. 
Furthermore, the open-circuit voltage and the harvested power of the 
equivalent linear EVEH without considering the nonlinear term are also 
plotted in Fig. 14(b) (see the ‘Linear’). It can be seen that the proposed 
nonlinear EVEH is much superior to the linear one, which also shows 
that nonlinearity can indeed improve the performance of the EVEH. 

5. Experimental testing and discussions 

5.1. Experiment set-up 

In order to validate the theoretical results, an experimental set-up is 
built as Fig. 15, which is composed of a signal generator, a power 
amplifier, an electric shaker, vibrator, a laser vibrometer, a digital 
oscilloscope and a data acquisition system. The signal generator is used 
to generate low-frequency and sweep-frequency signals. After being 
amplified by the power amplifier, the electric shaker is driven to 
generate the vibration excitation that acts on the EVEH. The output 
voltage is observed and sampled by the digital oscilloscope and the 
excitation vibration is measured by the laser vibrometer. Referring to 
the theoretical optimization results, the nonlinear EVEH prototype is 
build and its detailed parameters are listed in Table 2 and Table 5. 

5.2. Measurement of the open-circuit voltage and the harvested power 

In the experiment, the up-frequency sweep testing with the step of 
1 Hz is carried out for givena0andf0. As for each excitation frequency, 
the corresponding peak values of the open-circuit voltage and the har

vested power are recorded and then plotted in Fig. 16. It can be seen 
that: i) The experimental results are close to the numerical results in 
Fig. 13(b)-(c), which verifies the accuracy of the theoretical model and 
the corresponding numerical calculation method. At the same time, the 
deviation of amplitude may be due to the reasons that hand-made coils 
are not ideal and some assumptions are made in the modeling process; ii) 
When a0 ≥ 0.5g, both the open-circuit voltage and the harvested power 
increase greatly. Meanwhile, the response curves bend to the right, 
leading to wider resonance frequency band; iii) Whena0 ≥ 1g, two 
additional local peaks appear at the frequencies of about 10 Hz and 
42 Hz, which are the same as those appeared in Fig. 13. The reason is 
that nonlinearity can lead to sub-harmonic and sup-harmonic responses. 
Furthermore, whena0 = 1.5g, the open-circuit voltages and the har
vested power underf0 = 21Hz, f0 = 25Hzandf0 = 42Hz are sampled and 
shown in Fig. 17. It can be interestingly seen that the response fre
quencies are equal to the excitation frequencies under bothf0 =

21Hzandf0 = 25Hz. But it is not the case underf0 = 42Hz, where the 
response frequency is equal to 21 Hz. It further proves the occurrence of 
the sub-harmonic response. In summary, the above results fully testify 
that the proposed EVEH is much fit for low-frequency and broadband 
vibration energy harvesting. 

5.3. Prototype of a self-powered wireless temperature sensor and testing 

As we all know that the output of the nonlinear EVEH is an AC 
voltage, so it needs to convert the AC voltage to a DC voltage. In order to 
validate the feasibility of using the proposed EVEH to power a wireless 
sensor, an energy conversion & management circuit should be designed. 
Here the classical bridge rectifier is adopted for energy conversion (e.g. 
AC-DC). The energy management module is designed based on the chip 
(BQ25570) and the schematic diagram is shown as Fig. 18(a), which has 
two key functions of energy storage and delivery. In particular, there is 
an electric switch in the energy management module, which is designed 
to control energy delivery to the electric load. The electric switch is 
placed between the energy management module and the self-powered 
wireless temperature sensor module. When the voltage across the stor
age capacitor is large than the work voltage of the wireless temperature 
sensor, the switch is on. Then the sensor wakes up and begins to work. 
Once the voltage across the storage capacitor is less than the work 
voltage of the sensor module, the switch is off. Then the sensor enters 
into the sleep mode. Thus the low-power wireless temperature sensor 
works in an intermittent mode. By integrating the proposed EVEH and 
the energy conversion & management circuit, the prototype of a self- 
powered wireless temperature sensor is made as Fig. 18(b), which is 
called as the self-powered temperature sensor. 

In the experiment, the vibration excitation is set as a0 = 0.5gandf0 =

22Hz. The output of the nonlinear EVEH is directly connected to the self- 
powered temperature sensor. Then the voltage (Us) across the storage 
capacitor and the output voltage (Uout) are recorded for analyzing the 
procedure of energy storage and delivery, which are shown in Fig. 19, 
respectively. It can be seen that: (i) The voltage Us changes periodically 
from 2.8 V to 4.26 V. The reason is that 2.8 V and 4.26 V are set as the 
lower and upper threshold of the electric switch, respectively. That is to 
say, the switch turns on and the EVEH provides electric power for the 
sensor whenUs > 4.26V. WhenUs < 2.8V, the switch turns off and the 
EVEH is disconnected from the sensor. (ii) Once the switch turns on, Us 
drops instantly from 4.2 V to 3.4 V and Uoutincreases instantly from Fig. 15. Experimental set-up.  

Table 5 
Detailed values of experimental parameters.  

Parameter value Parameter value 

RI 323 Ω M 42 mg 
RL 320 Ω d 2 mm 
h 0.2 mm rcoil 0.1 mm 
w 2.5 mm d1 1 mm  
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0.5 V to 3.0 V. There is a voltage drop (0.4 V) between UsandUout , which 
is generated by the electric switch and the sensor; iii) After the switch 
turns on, both UsandUout rise in a short time and then drops oscillatingly. 
This is because the sensor is waked up from the sleep mode during the 
short time and the power consumption is very small. In this case, the 
internal resistance-capacitor loop of the energy conversion and man
agement circuit will continue to charge the storage capacitor. Once the 
sensor begins to work, the power consumption will increase, so both 
UsandUoutdrop; (iii) Under the given vibration excitation, the EVEH 
cannot power the sensor continuously, which demonstrates that the 

instantaneous power of the EVEH is less than the power consumption of 
the sensor. Therefore it is necessary to accumulate electric energy; (iv) 
The working cycle of the sensor is about 53 s and the duty cycle is about 
0.3. The stored energy in one cycle is enough to ensure that temperature 
signals can be collected and transmitted for eleven times. Furthermore, 
if the number of signal transmission is reduced, the working cycle will be 
shortened. In summary, the above testing results fully testify that the 
wireless temperature sensor can be self-powered by the proposed EVEH 
under low-frequency and small-amplitude vibrations. 

Fig. 16. Measured frequency responses of the open-circuit voltage and the harvested power under differenta0.  

Fig. 17. Measured waveforms of (a) open-circuit and (b) output voltages under differentf0.  

Fig. 18. Picture of the self-power temperature sensor with the nonlinear EVEH.  
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5.4. Reliability analysis of experimental results 

During the experimental process, there are mainly two classes of 
errors: measurement errors and structural errors. As for measurement 
errors, the whole testing process is relatively simple. The excitation 
including the frequency sweep is automatically generated by the signal 
generator. The vibration signals are collected from the accelerator sen
sors. The voltage signals are monitored and sampled by the digital 
oscilloscope. In the experiment, the accelerator sensors have also been 
calibrated well. At the same time, each testing has been repeated for 
several times during experiments. Therefore, the measurement errors 
should be relative small enough to have little effect on the system’s 
responses, which can be testified by that Eq. (13) is much similar to 
Fig. 16. 

As for structural errors, there are indeed several influencing factors. 
The first one is the geometrical parameter, including the size of each 
element, the gap between the coil and the Halbach arrays. Due to 
manufacturing errors, the errors of geometrical parameters are un
avoidable. The second one is the magnet’s residual magnetism. The real 
Br is not exactly equal to 1.41 T due to manufacturing errors. The third 
one is the coil winding which is made by hand. In this case, the structure 
of the coil is not ideal. During the experiments, the EVEH prototype are 
designed and assembled carefully in order to reduce the structural errors 
as possible. Actually, some small errors can be found between the 
simulation parameters and the experimental parameters in this paper. 
Also Fig. 13 is not exactly the same as Fig. 16. All these indicate the 
difference between theoretical and experimental results. At the same 
time, however, it must be pointed out that the difference between 
theoretical and experimental results is relatively small, such as Fig. 13 
and Fig. 16. In summary, the above experimental results are credible. 

6. Conclusions 

Although nonlinear EVEHs have been widely investigated for low- 
frequency and broadband vibrations, it is much necessary to realize 
the nonlinearity with small amplitudes, high reliability and few com
plexities in real-world applications. To meet this challenge, a EVEH 
comprising dual helical-plane springs and multiple Halbach arrays is 
investigated in this paper. Finally, numerical simulations and experi
ments were done to validate the proposed structure. Main highlights of 
this paper may include: i) It is evident that the dual helical-plane springs 
exhibit nonlinear stiffness under small-amplitude vibrations, which is 
directly related to the cantilever’s thickness and width; ii) The magnetic 
field distribution of each Halbach array is autonomous, so that 
employing multiple Halbach arrays can considerably amplify the mag
netic field; iii) Effect of key parameters on the performance of the 

proposed nonlinear EVEH is revealed, which will provide guidelines for 
designing in real-world applications; iv) Compared with existing 
cantilever-like or levitation-like nonlinear structures using magnetic 
springs, the dual helical-plane springs can generate nonlinearity within 
small volumes. Therefore the proposed harvester in this paper is more 
compact than them. The results of this study indicate that the proposed 
structure can be utilized to realize self-powered wireless sensors in real- 
world applications. In future, other types of planar springs can also be 
explored to enhance the nonlinearity. Also other possible magnet ar
rangements of the Halbach arrays can be further studied, such as circular 
Halbach arrays. In addition, the effect of the interface circuit of energy 
conversion and storage on the proposed EVEH deserves deep studies. 
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