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Abstract

In order to realize the energy harvesting structure working for an external perturbation or ultralow-frequency excitation, a
continuous structure with adjustable nonlinearity is proposed and analyzed. The novel energy harvesting structure is consisted
of a piezoelectric elastic beam and two pairs of magnets. Different from normal assembly of magnets in the same direction
of the vibration motion, two pairs of magnets are assembled vertically to the vibration direction to induce adjustable nonlin-
ear restoring force similar as the pre-deformed elastic components in so-called quasi-zero-stiffness system. With the model
of magnets, the interaction energy and interaction force are obtained. Considering the the piezoelectric cantilever beam, it
can realize a multi-stable vibration structure. The zero equilibrium is stable and the interaction energy there is very high,
while there are two symmetry stable equilibriums with very low interaction energy. Thus, for small-amplitude and ultralow-
frequency excitations from natural phenomenon such as dropping raining, the structure can have large-amplitude vibration
with adjustable output frequency. At last, we realize the proposed vibration energy harvester by designing the structural
according to the theoretical analysis. The structure of this study has potentially remarkable applications in intelligent and
sustainable power generation.

Keywords Nonlinear energy harvesting - Ultralow-frequency structure - Piezoelectric beam - Magnetic interaction - Quasi-
Zero-Stiffness property

Abbreviations 1 Introduction

L Then length of cantilever beam

A Length of magnet on mass in x-direction In recent decades, due to the significant ability to generate
B Length of magnet on mass in y-direction electrical energy from wasted vibration to serve as power
C Thickness of magnet on mass sources, energy harvesting (EH) techniques have been
a Length of magnet on base in x-direction attracted. The power generated by vibration energy harvest-
b Length of magnet on base in y-direction ing (V-EH) techniques can be applied for low power elec-
¢ Thickness of magnet on base tronic devices, for instance, wireless sensor networks [1],
d Distances in one-pair of magnets self-powered sensors [2] and self-powered RFID tags [3],
J  Magnetizations etc. For converting vibration into electricity, there are mainly
u  Permeability of intervening medium five transduction mechanisms, which are, respectively, based
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on electrostatic [4], electromagnetic [5], piezoelectric [6],
magnetostrictive [7] and triboelectric [8] effects. Due to
the advantages of simple assembly and high performance
of energy transduction, piezoelectric materials, serving as
energy transducers, are usually applied intensively for trans-
forming the mechanical strain into electrical charge [9-15].
Potential vibration sources providing kinetic energy captured
by piezoelectric plate are classified as environmental, indus-
trial, structural, vehicle and human motions according to
the stiffness characteristics [16]. It is found that vibrations
in many practical applications are with small-energy and
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ultralow frequencies, for instance, human motion, sea waves
and dropping rain. The frequency band of human walking
is reported in the range of 2-3 Hz [17] and dropping rain
is with very small energy [18]. Thus, it needs to design and
fabricate energy harvester triggered by small-energy or
ultralow-frequency vibration resources. For external pertur-
bation from human motion, the development on piezoelec-
tric energy harvesting devices for low frequency (0-100 Hz)
mechanical vibrations is reviewed and methods to improve
the power outputs are proposed. In [19, 20], biomechanical
EHs with little extra metabolic energy for generating elec-
tricity are carried out. In addition, various V-EHs for other
vibration energy sources have also been exploited in many
industrial areas including vehicle [21, 22], architectural
structures [23—28] and even natural phenomena [29, 30].

Considering the energy sources we harvest are often
from human motions, sea waves and some natural phenom-
ena such as raindrop, the vibration sources are always with
small energy and changeable frequencies at low or ultralow
frequency band rather than a single frequency. The design
of V-EH for small-amplitude or ultralow-frequency external
excitations still remains a tough task. To harvest the energy
from small-energy perturbation or ultralow-frequency vibra-
tions, researchers have designed some novel structures with
nonlinearity. For instance, Leadenham et al. [31] realized
the cubic nonlinearity in a cantilever beam at reasonable
excitation levels by using M-shaped bent beam. The vibrat-
ing frequency of the beams containing energy transducers is
up-converted to a higher one which can be determined by the
physical parameters of the beams. Liu et al. [32] and Chen
et al. [33] utilized the concept of nonlinear structural design
in V-EH, which reveals that adjustable stiffness property has
advantages in the improvement of energy amplification by
resonance. The energy harvesting devices are more appli-
cable if the resonance frequency reduces and the resonance
band extends. The so-called quasi-zero-stiffness system is
utilized in EH, realized by pre-deformation elastic compo-
nents [34] or magnetic interaction [35-37]. It finds that the
single magnet can induce nonlinearity of stiffness, which can
enhance EH effect for random vibrations. Recently, Nguyen
[38] and Kim et al. [39] utilize bistable property to har-
vest the vibration energy realized by magnetic interaction
because of the drop between two equilibriums.

In order to realize the requirements of effective energy
harvesting for small perturbation and in ultralow-frequency
excitation, this paper develops a novel V-EH with different
numbers of equilibriums in potential energy by adjustable
nonlinearity. The magnets are assembled similarly as the
QZS system to result multiple equilibriums by adjustable
nonlinearity property. Referring the interaction force of
magnets with relative motion [40, 41], based on theoretical
and experimental analysis, it shows that the mono-stable,
tri-stable and multi-stable configurations can be obtained
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by matching the structural parameters of the piezoelectric
beam and magnets. The V-EH proposed has multi-stable
configurations, which not only keeps the stable zero equi-
librium but also reserves potential energy for vibration. The
experimental results show that the effect of V-EH is bet-
ter for multi-stable configuration than the case for mono-
stable or tri-stable configurations. The voltage obtained by
the appropriate structural parameters is raised by 50% than
other cases for potential energy. In addition, because of the
adjustable nonlinearity, for time-lasting vibration excitation,
the frequency bandwidth of effective energy harvesting can
be further extended to ultralow-frequency band. Also, the
proposed energy harvesting device can generate large output
voltages which illustrates that it is a feasible design for col-
lecting energy from ultralow frequency excitation.

According to the theoretical and experimental analysis in
this manuscript, it concludes that the concept of the utiliza-
tion of multi-stable equilibrium property by QZS assembled
magnets to realize the energy harvesting is highly economi-
cal. Firstly, the energy resources considered are from natu-
ral phenomena such as dropping rain, human walking or
falling ball; Secondly, the proposed V-EH can magnify the
external energy or excitation by mechanical structure with-
out any extra/assistant electric power; Thirdly, the present
system has ultralow resonance frequency, which is suitable
for energy harvesting for changing excitation. Therefore, this
study not only proposes a novel V-EH with multi-stable
equilibrium configuration for potential energy reserva-
tion, but also realizes adjustable nonlinearity property for
ultralow-frequency vibration sources.

2 The Proposed Energy Harvesting
Structure

2.1 Introduction of the Structure

In the previous studies of novel energy harvesters [35-39],
it discovers that introducing the adjustable nonlinearity
into energy harvesting system by applying magnetic force
exhibits significant improvement of performances. Figure 1
shows the proposed energy harvesting system consisted of
a cantilever beam with symmetric piezoelectric layers and
two pairs of magnets. Different from the assembly and con-
figuration of magnets in normal nonlinear energy harvest-
ing system, two pairs of magnets are assembled similarly
to the so-called quasi-zero-stiffness (QZS) system. For the
relative motion J, the magnets induce adjustable nonlinear
interaction force as shown in Fig. 1. Then, Mono-stable,
tri-stable and multi-stable configurations can be obtained
by matching the structural parameters of the piezoelectric
beam and magnets.
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Fig.1 a Diagram of the proposed piezoelectric energy harvest-
ing structure with designed magnetic field for small-amplitude and
ultralow-frequency excitation; b force field applied on mass by mag-
netic interaction under vibration
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Fig.2 The configuration, location and relative motion of the right-
side pair magnets

In this study, we prospect to design the structure and
magnetic field to realize an energy harvesting system for
small-amplitude or ultralow-frequency excitations such as
dropping rain and falling ball. It has known that the impact
of a raindrop can be described by using impact parameters
[40]. Thus, the structure should be designed with stable
static zero equilibrium but large potential energy drop for
another equilibrium, which can be activated by a very small
external impact.

2.2 The Interaction Energy of Magnets

From Fig. 1, the two magnets constructed as a pair to induce
nonlinear interaction force parallel to the vibration motion.
We analyse one pair of magnets to obtain the interaction
energy for motion J. The configuration and motions of the
right-side magnets are shown in Fig. 2.

Referring the Refs. [40, 41], as shown in Fig. 2, for the
motion y at the free-end of the piezoelectric beam in y direc-
tion and the magnetizations J and J' are considered rigid and
uniform, the interaction energy V| is expressed as

a b A

2 3 2 /
Vlz/zdx/zdy/zdx’/ ay' I 1)

A R

where r = \/ =) +G+y - y)? + d2. After integration,
the expression of V| is written as:

t 1111
T 33035 YR
= A, i=0 =0 k=0 =0 p=0 4=0 2

y(u,v,w,r) = (VZ—W)ln(r—u)+%
v(u? —w )ln(r—v)-l- (12 +v? —2u? )+uvwarctan(%),

SIS

where
with

wy= (175 = 1L,

vy =3+ DS - 12,
3)
C
Wpg = d+(=1)= = (=12,

— /2 2 2
r= MU+Vkl+qu.

From Egs. (1-3), the value of the interaction energy V,
can be easily calculated by substituting the locations and
structural parameters. The variations of interaction energy
V, are demonstrated in Fig. 3 for different structural param-
eters of magnet.

From Fig. 3, it reveals the effects of structural parameters
on the interaction energy of the magnets. First, the two struc-
tural parameters d and b of the magnets change the interac-
tion energy and stability of equilibriums; second, the zero
equilibrium is unstable for smaller d since reducing induces
stronger repulsive magnetic force, while the zero equilib-
rium is an indifferent equilibrium and this region is wider
for stronger magnetic field for larger b; Third, for stronger
magnetic field with smaller d or larger b, there occur two
stable equilibriums for large motion, which has obvious drop
from the zero equilibrium.

2.3 Multiple Steady Points
In the expression of the interaction energy of one pair

of magnets as Eq. (2), with the positive elastic potential
energy of the piezoelectric beam, there can result multiple
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Fig.3 The interaction energy for a and b different relative distances
d between magnets; ¢ and d different widths b of the magnet fixed on
base

stabilities. The elastic potential energy of the piezoelectric
beam is written as:

JJ
47,
1 4

V=V1+V2=%Keqy2+2

where K., is the equivalent stiffness coefficient for piezo-
electric beam, defined as K, = EIfOL d)j(x)%dx. The
modal function is chosen as same as the cantilever beam
due to the displacement boundary condition of the proposed
structure. The Fixing K., =0.1, Fig. 4 shows the classifica-
tion on the plane of the two adjustable structural parameters
d and b for different number and stability of equilibrium.
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Fig.4 a The classification of different numbers and stability of equi-
librium on structural parametrical plane (d, b); b the potential energy
of the system when fixing the parameters in different regions and the
critical curves

@ Springer KE;E

In Fig. 4, there are three regions I, II and III in the plane
of adjustable structural parameters d and b, which reflect
the three cases for mono-stable, tri-stable and multi-stable
equilibriums, respectively; the three regions are divided by
three critical curves C;, C, and C;. The potential energy
curves in the three regions and on the critical curves are
shown in Fig. 4b. On the critical boundary curves C, and C,,
the system has zero-stiffness property at zero equilibrium,
and on the curve C;, the zero-stiffness property occurs at the
non-zero equilibrium, since the value of two derivatives of
potential energy there equals to zero. In conclusion, in order
to realize the requirements that a static stable zero equilib-
rium and very large vibration energy for a small external
disturbance, the potential energy in region III in Fig. 4a can
satisfy the proposed requirements.

2.4 Design Criterion

When the appropriate structural parameters d and b are
chosen in Region III, the potential energy between the zero
equilibrium and non-zero equilibriums has height difference,
which can be utilized in vibration energy harvesting for a
small perturbation. Figure 5 shows the variation of potential
energy and the interval for zero-stiffness property under dif-
ferent structural parameters for »=30 mm in Figs. 5a, b and
d=10 mm in Figs. 5c, d.

Figure 5 verifies the classification of potential energy by
different number of equilibriums. As shown in Fig. 5, there
are Mono-stable, tri-stable and multi-stable forms of the
potential energy for different structural parameters d and b.
As shown in Figs. 5a, b, when the values of d are fixed as
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Fig.5 The potential energy of the system for a and b different rela-
tive distances d between magnets when fixing »=30 mm; ¢ and d dif-
ferent widths b of the magnet fixed on base when fixing d=10 mm
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d=9.5 mm and d= 18 mm for =30 mm, the indifferent sta-
ble zero equilibrium is realized with a large range for zero-
stiffness property; and as shown in Figs. 5c, d, for b=33 mm
and d= 10 mm, the zero-stiffness property can be realized.

In order to realize stable zero equilibrium but large vibra-
tion for an external perturbation with small energy, it needs
a stable zero equilibrium with great height difference from
another stable equilibrium. It has known that the appropriate
potential energy curve is obtained by the structural param-
eters in Region Il as d=7 mm in Fig. 5b and »=33 mm in
Fig. 5d. The height of potential energy at zero equilibrium
is defined as H,, the height at the unstable equilibrium is
defined as H, and the height at the stable non-zero equi-
librium is H;. The design criterion is as small difference
between H, and H, with as large falling from H, to Hj,
which is proposed as:

I={d.b)|H, - H, > V,&max(H, — H;) }. 5)

= Te
where V, reflects the energy from external perturbation or
excitation at the initial moment. Based on the design crite-
rion as Eq. (5), high potential energy is reserved for the high-
est drop from H, to H; as the external perturbation beyond
the difference from H, to H,.

3 Equivalent Vibration System

3.1 Equivalent Restoring Force Under Appropriate
Design

For the expression of the potential energy V as Eq. (4), the
interaction force - is obtained by F = =VV = (F,, F,, F,).
Here, as shown in Fig. 1, only F) participate in the restoring
force for vibration since the vibration motion is in y-direc-
tion and the magnetic interaction forces in x-(z-) direction
are in static equilibrium. The expression of the equivalent
restoring force F is

(6)

where y,(u,v,w,r) = %(u2 —wH) In(r—v) +uvin(r — u)
uy rv

+uw arctan - + > the symbols Uip, Vigs Wpg and r are same

as Eq. (3). The variation of the restoring force is shown in
Fig. 6 for different structural parameters.

From the restoring force F’ ) shown in Fig. 6, the results
verify the conclusion in the analysis of potential energy.
With stronger magnetic field by reducing d, the nonlinear
effect is more obvious as Figs. 6a, b; while for stronger mag-
netic field by increasing the width of magnetic field b, the
zero equilibrium changes from unstable to stable.
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Fig.6 The restoring force F), for a and b different relative distances d
between magnets when fixing 5=30 mm; ¢ and d different widths b
of the magnet fixed on base when fixing d=10 mm

For appropriate structural parameters, for instant, the
case for d=7 mm and b =30 mm in Fig. 6b or the case
for d=10 mm and »=33 mm, the zero equilibrium is sta-
ble with positive restoring force and there are two non-zero
equilibriums symmetrically with large drop from zero equi-
librium. Since the restoring force is always positive for large
motion, on one hand, when the small external perturbation
excites the vibration at the non-zero equilibrium, the vibra-
tion is with large amplitude due to the energy drop around
the non-zero equilibrium; on the other hand, for time-lasting
external excitation with large energy, the vibration occurs in
a large range. Also, the slope of restoring force over the non-
zero equilibrium is much higher than the value around the
zero equilibrium, so the quasi-zero-stiffness can be realized
and it needs little energy to vibration at ultralow frequency.
Thus, the continuous piezoelectric structure with appropri-
ate designed structural parameters of magnetic field, the
required nonlinear restoring force can be realized without
mechanical contact.

3.2 Equivalent Mechanical Model

According to the restoring force as Eq. (6), the equivalent
model is shown in Fig. 7, which can be simplified as a vibra-
tion system with designed nonlinearity and energy harvest-
ing device. Since magnets induce uncontacted interaction
effect, the damping is from the piezoelectric cantilever
beam, which is considered as linear function of motion.

In Fig. 7, the function K(9) is the equivalent stiffness
of the system including the equivalent stiffness of the
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Fig.8 The vibration responses for small perturbation with different
potential energy curves under different structural parameters

piezoelectric beam and interaction of magnets; c is the
damping coefficient; the coefficient a is the electrome-
chanical coupling coefficient, C, is the equivalent capaci-
tance and R; is the resistance load. The dynamical equa-
tion of the equivalent model can be written as:

M3+ KB + cy + aVy(t) = Mz(t)
a3(t) = C,V(1) + Vo(t) /Ry @

In Eq. (7), M is the equivalent mass, considering the
mass in the end of piezoelectric since its mass is much
larger than the beam; z(¢) is the external excitation from
base. For M=0.01 kg, the structural parameters are fixed
in the three regions in Fig. 4a. The vibration responses
with magnetic interaction for small perturbation, small-
amplitude and large-amplitude excitations are shown in
Figs. 8, 9.

From Figs. 8, 9, it shows that the V-EH system with
different potential energy displays different responses.
For small perturbation and time-lasting excitations, the
vibration amplitude for the potential energy curve with
multi-stable equilibriums is larger than the other two
cases.
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4 Experimental Results
4.1 Experimental Diagram

For small external perturbation, the proposed V-EH
can obviously multiply the small external energy. The
experimental diagram of structure is shown in Fig. 10. In
Fig. 10a, the experimental structure is consisted of the
piezoelectric cantilever beam and magnets. The width of
magnets fixed on the base is as »=40 mm and the dis-
tance in one pair of magnets d can be adjusted. The vibra-
tion response of the piezoelectric beam and the external
excitation are measured by laser. The voltage induced
by the PZT is measured by the oscilloscope. The experi-
mental procedure is as follow (shown in Fig. 10b): first,
the equivalent stiffness K., and damping coefficient ¢ of
the piezoelectric are identified by the decay transients of
response; second, the vibration responses for two values
of d in the Region I and Region III are measured for com-
parison for the two kinds of potential energy curves for
different external perturbations; third, the highest output
voltages obtained the PZT for different values of d are
measured and compared.
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4.2 The Parameters of Piezoelectric Beam
by Identification

The equivalent stiffness K., and damping coefficient ¢ are
obtained by experiment and identification. Providing an
external excitation, the piezoelectric vibrates with decay.
The vibration response and the relation between vibration
resonance frequency and amplitude are shown in Fig. 11.

From Fig. 11a, the envelope curve describes the velocity
of vibration decay, and from Fig. 11b, the backbone curve
shows the value of resonance frequency. Thus, from the
vibration decay signal as shown in Fig. 11, the equivalent
stiffness K, and coefficient damping c is obtained by:

K., = o*M

eq

: 8

Lo (2, /uk, ®
2”'4 .X4 4

According to Fig. 11, it can be obtained that the reso-
nance frequency w=26.6 rad/s, x,=4 mm and x,=1 mm.
The equivalent stiffness and coefficient damping are
K, ~TN m~!and ¢=0.0146 N s m~". Then, in the follow-
ing experiments, the distances in one pair of magnets are set
as d=30 mm and d= 10 mm, corresponding to the potential
energy curves for region I and III, respectively.

C =

4.3 Responses and Voltages as d=30 mm
andd=10 mm

4.3.1 For Small-energy Impact Perturbation

The distance in one pair of magnets are fixed as d=30 mm
and d= 10 mm. For a small external excitation, the responses
of the piezoelectric beam and the output voltages for the two
structural parameters are shown and compared in Fig. 12.
From Fig. 12, the piezoelectric beam vibrates for differ-
ent magnetic field. For the two cases, the zero equilibrium
is static stable and after applying a very small external per-
turbation, the system vibrates. For d=10 mm, the vibration
occurs around non-zero equilibrium with larger amplitude
than the case for d=30 mm since the system reserves the
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Fig. 11 a Vibration decay of the piezoelectric beam and the envelope;
b the relation between resonance frequency and amplitude
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Fig. 12 Vibration responses under a small external perturbation for a
d=30 mm and b d=10 mm; the output voltage for ¢ d=30 mm and
dd=10 mm

potential energy as d =10 mm. Therefore, the amplitude of
the voltage obtained for the case d=10 mm is much larger
than the case d=30 mm, which is brought by the designed
potential energy as the curve in Region III in Fig. 4a.

4.3.2 For Ultralow-frequency Periodic Excitation

From the experiment of response of the piezoelectric beam
without the magnetic interaction as Fig. 10, the resonance
frequency is about 26.6 rad/s (about 4.235 Hz). From the
results in Fig. 11, for d=30 mm, the resonance frequency is
23.248 rad/s (about 3.701 Hz); and for d= 10 mm, the reso-
nance frequency is reduced to 15.96 rad/s (about 2.541 Hz).
Then, we measure the vibration response of the piezoelectric
beam and output voltage for the two cases for time-lasting
external excitation with different frequencies, as shown in
Fig. 13.
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Fig. 13 Vibration responses under time-lasting external excitation
for a d=30 mm; b the output voltage for excitation with 3.7 Hz fre-
quency; vibration responses for ¢ d=10 mm and d the output voltage
for 2.5 Hz excitation frequency
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From the Fig. 13, it can be seen that the proposed V-EH
can harvest the ultralow-frequency external excitation. For
reducing the structural parameter d from d=30 mm to
d =10 mm, the resonance frequency is reduced from 3.7 Hz
to 2.5 Hz, which approaches to the applications of the pro-
posed device for EH from nature. Also, for d=30 mm as
shown in Fig. 13a, the input excitation is amplified from
3 Hz to 4.5 Hz and after 4.6 Hz, the excitation is restrained;
while for d=10 mm in Fig. 13b, from 2 to 4.8 Hz, the exci-
tation is amplified several times. Therefore, in the vibra-
tion resonance band, the appropriate design of structure has
wider frequency band for V-EH.

5 Conclusions

In this manuscript, we propose a novel V-EH with adjust-
able nonlinearity to realize multiple equilibriums for small-
amplitude and ultralow-frequency external excitations.
According to the theoretical and experimental studies, it
discovers only two pairs of magnets can form a magnetic
field for mono-stable, tri-stable and multi-stable configura-
tions. The parallel assembly of two pairs of the magnets like
so-called QZS system not only realizes multi-stable equi-
librium potential energy, but also reserves the energy. From
the theoretical analysis of potential energy of the system,
for appropriate structural parameters of the magnetic field,
the multi-stable configurations can reserve large potential
energy due to the huge drop from zero equilibrium to non-
zero equilibrium. In addition, since in one pair of magnets,
there is more than one adjustable structural parameter, the
nonlinearity could be optimized for highest energy storage
to result largest output power by the PZT. Also, the experi-
mental results verify the effects and advantages brought by
adjustable nonlinearity.

Based on the theoretical analysis and structural design,
the proposed V-EH has adjustable nonlinearity properties
to realize the vibration energy harvesting for small-ampli-
tude and ultralow-frequency external excitations, and thus
it can be widely applied for the natural phenomena such as
dropping rain, falling balls and wind power. On the other
hand, the remarkable EH effects from external excitation
is induced by passive design and nonlinearity, which can
amplify the vibration excitation effectively without any extra
energy sources including fossil fuels and electric power. In
addition, for time-lasting ultralow-frequency excitation,
since sustainable and steady output voltage can be guaran-
teed, the output power can be utilized directly in applica-
tions such as people walk through. Therefore, the proposed
V-EH in this study helps the sustainable development in
green architecture, public facilities by taking full advantage
of nonlinearity by piezoelectric structure and magnetic field.

@ Springer KE;E

Acknowledgements The authors would like to gratefully acknowledge
the support from the National Natural Science Foundation of China
under Grant no. 11772229 and no. 11602141, Shanghai Sailing Pro-
gram no. 16YF1408000, Natural Science Foundation of Shanghai No.
16ZR1423600.

References

1. Babayo, A. A., Anisi, M. H., & Ali, I. (2017). A Review on
energy management schemes in energy harvesting wireless sen-
sor networks. Renewable and Sustainable Energy Reviews, 76,
1176-1184.

2. 7Zi, Y., Lin, L., Wang, J., Wang, S., Chen, J., Fan, X., et al. (2015).
Triboelectric—pyroelectric—piezoelectric hybrid cell for high-
efficiency energy-harvesting and self-powered sensing. Advanced
Materials, 27(14), 2340-2347.

3. Allane, D., Vera, G. A., Duroc, Y., Touhami, R., & Tedjini, S.
(2016). Harmonic power harvesting system for passive RFID sensor
tags. IEEE Transactions on Microwave Theory, 64(7), 2347-2356.

4. Le,C.P,Halvorsen, E., Sgrasen, O., & Yeatman, E. M. (2012). Micro-
scale electrostatic energy harvester using internal impacts. Journal
of Intelligent Material Systems and Structures, 23(13), 1409-1421.

5. Khaligh, A., Zeng, P., & Zheng, C. (2010). Kinetic energy harvesting
using piezoelectric and electromagnetic technologies—state of the
art. IEEE Transactions on Industrial Electronics, 57(3), 850-860.

6. Kim, H. S., Kim, J. H., & Kim, J. (2011). A review of piezoelec-
tric energy harvesting based on vibration. International Journal
of Precision Engineering and Manufacturing, 12(6), 1129-1141.

7. Mori, K., Horibe, T., Ishikawa, S., Shindo, Y., & Narita, F. (2015).
Characteristics of vibration energy harvesting using giant magne-
tostrictive cantilevers with resonant tuning. Smart Materials and
Structures, 24, 12.

8. Fan, F. R., Tang, W., & Wang, Z. L. (2016). Flexible Nanogen-
erators for Energy Harvesting and Self-Powered Electronics.
Advanced Materials, 28(22), 4283—-4305.

9. Wei, C., & Jing, X. (2017). A comprehensive review on vibra-
tion energy harvesting: modelling and realization. Renewable and
Sustainable Energy Reviews, 74, 1-18.

10. Noh, S., Lee, H., & Choi, B. (2013). A study on the acoustic
energy harvesting with Helmholtz resonator and piezoelectric
cantilevers. International Journal of Precision Engineering and
Manufacturing, 14, 1629-1635.

11. Kim, H. S., Kim, J. H., & Kim, J. (2011). A review of piezoelec-
tric energy harvesting based on vibration. International Journal
of Precision Engineering and Manufacturing, 12, 1129-1141.

12. Kim, C., & Shin, J. W. (2013). Topology optimization of pie-
zoelectric materials and application to the cantilever beams for
vibration energy harvesting. International Journal of Precision
Engineering and Manufacturing, 14, 1925-1931.

13. Abas, Z., Kim, H. S., Zhai, L., & Kim, J. (2015). Experimental
study of vibrational energy harvesting using Electro-Active paper.
International Journal of Precision Engineering and Manufactur-
ing, 16, 1187-1193.

14. Pillai, M. A., & Deenadayalan, E. (2014). A review of acoustic
energy harvesting. International Journal of Precision Engineering
and Manufacturing, 15, 949965.

15. Truitt, A., & Mahmoodi, S. N. (2013). A review on active wind
energy harvesting designs. International Journal of Precision
Engineering and Manufacturing, 14, 1667-1675.

16. Priya, S., & Inman, D. J. (2009). Energy harvesting technologies.
New York: Springer.

17. Li, H., Tian, C., & Deng, Z. D. (2014). Energy harvesting from
low frequency applications using piezoelectric materials”. Applied
Physics Reviews, 1, 4.



International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:671-679 679

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Alamiana, R., Shafaghata, R., Hosseinia, S. S., & Zainalib, A.
(2017). Wave energy potential along the southern coast of the Cas-
pian Sea. International Journal of Marine Energy, 19, 221-234.
Xin, Y., Li, X., Tian, H., Guo, C., Qian, C., Wang, S., et al. (2016).
Shoes-equipped piezoelectric transducer for energy harvesting: a
brief review. Ferroelectrics, 493(1), 12-24.

Donelan, J. M., Li, Q., Naing, V., Hoffer, J. A., Webe, D. J., & Kuo,
A. D. (2008). Biomechanical energy harvesting: generating electric-
ity during walking with minimal user effort. Science, 319, 807.
Xie, X. D., & Wang, Q. (2015). Energy harvesting from a vehicle
suspension system. Energy, 86, 385-392.

Tianchen, Y., Jian, Y., Ruigang, S., & Xiaowei, L. (2014). Vibra-
tion energy harvesting system for railroad safety based on running
vehicles. Smart Materials and Structures, 23, 12.

Sazonov, E., Li, H., Curry, D., & Pillay, P. (2009). Self-powered
sensors for monitoring of highway bridges. IEEE Sensors Journal,
9(11), 1422-1429.

Xie, X. D., Wang, Q., & Wang, S. J. (2015). Energy harvesting from
high-rise buildings by a piezoelectric harvester device. Energy, 93,
1345-1352.

Jeon, J., Hong, J., Lee, S. J., & Chung, S. K. (2019). Acoustically
excited oscillating bubble on a flexible structure and its energy-har-
vesting capability. International Journal of Precision Engineering
and Manufacturing, 5, 1-7.

Park, J. H., Lim, T. W., Kim, S. D., & Park, S. H. (2016). Design and
experimental verification of flexible plate-type piezoelectric vibrator
for energy harvesting system. International Journal of Precision
Engineering and Manufacturing, 3, 253-259.

Kim, J. E., Kim, H., Yoon, H., et al. (2015). An Energy conversion
model for cantilevered piezoelectric vibration energy harvesters
using only measurable parameters”. International Journal of Pre-
cision Engineering and Manufacturing, 2, 51-57.

Usharani, R., & Uma, G. Umapathy. (2016). Design of high output
broadband piezoelectric energy harvester with double tapered cavity
beam. International Journal of Precision Engineering and Manu-
facturing, 3, 343-351.

Ahmed, A., Hassan, 1., Hedaya, M., El-Yazid, T. A., Zu, J., & Wang,
Z. L. (2017). Farms of triboelectric nanogenerators for harvesting
wind energy: a potential approach towards green energy. Nano
Energy, 36, 21-29.

Ilyas, M. A., & Swingler, J. (2015). Piezoelectric energy harvesting
from raindrop impacts. Energy, 90, 796-806.

Leadenham, S., & Erturk, A. (2014). M-shaped asymmetric nonlin-
ear oscillator for broadband vibration energy harvesting: harmonic
balance analysis and experimental validation. Journal of Sound and
Vibration, 333(23), 6209-6223.

Fan, K., Tan, Q., Zhang, Y., et al. (2018). A monostable piezoelectric
energy harvester for broadband low-level excitations. Applied Phys-
ics Letters, 112(12), 123901.

Chen, L., Jiang, W., Panyam, M., & Daqaq, M. (2016). A broadband
internally resonant vibratory energy harvester. Journal of Vibration
and Acoustics, 138, 6.

Wang, F., Sun, X., & Xu, J. (2018). A novel energy harvesting device
for ultralow frequency excitation. Energy, 151, 250-260.

Xueping, X., Chunlong, Z., Qinkai, H., & Fulei, C. (2018). Hybrid
energy harvesting from mechanical vibrations and magnetic field.
Applied Physics Letters, 113, 1.

Zhou, S., Cao, J., Inman, D. J., Lin, J., Liu, S., & Wang, Z. (2014).
Broadband tristable energy harvester: modeling and experiment
verification. Applied Energy, 133, 33-39.

Zheng, W., Yan, B., Ma, H., Wang, R, Jia, J., & Zhang, L. (2019).
Tuning of natural frequency with electromagnetic shunt mass. Smart
Materials and Structures, 28, 025026.

Nguyen, M. S., Yoon, Y.J., Kwon, O., & Kim, P. (2017). Lowering
the potential barrier of a bistable energy harvester with mechanically

rectified motion of an auxiliary magnet oscillator. Applied Physics
Letters, 111, 25.

39. Kim, P, Nguyen, M. S., Kwon, O., Kim, Y. J., & Yoon, Y.J. (2016).
Phase-dependent dynamic potential of magnetically coupled two-
degree-of-freedom bistable energy harvester. Scientific Reports, 6,
34411.

40. Akoun, G., & Yonnet, J. P. (1984). 3D analytical calculation of the
forces exerted between two cuboidal magnets. IEEE Transactions
on Magnetics, 20, 1962—1964.

41. Allag, H., & Yonnet, J. P. (2011). 3-D Analytical calculation of
the torque and force exerted between two cuboidal magnets. [EEE
Transactions on Magnetics, 109, 199-216.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Xiuting Sun was born in Shang-
hai, China in August in 1987.
She received the Ph.D degree in
mechanics from the Tongji Uni-
versity and Hong Kong Poly-
technic University as a dual
degree student. Now she is an
associate professor in Tongji
University. Her research interest
is on nonlinear isolator with
time-delayed control and struc-
tural optimization.

Feng Wang was born in Anhui,
China in November, 1993. He
received the Bachelor’s Degree in
mechanics from Tongji Univer-
sity in 2015. Now, he is a PhD
candidate in Tongji University.
He is currently a member of Prof.
Xu’s research group. His research
interest is on the design of low
frequency vibration absorber with
time-delayed control.

JianXu received the Ph.D. degree
in dynamics and control from
Tianjin University, Tianjin,
China, in 1994. Since 2018, he
has been a Professor in Fudan
University, Shanghai, China. He
is the winner of National Science
Foundation for Distinguished
Young Scholars and chairman of
the Professional committee of
dynamics and control of Chinese
Society of Theoretical and
Applied Mechanics. His current
research interests include nonlin-
ear dynamics and control.

@ Springer KE ;]E



	Nonlinear Piezoelectric Structure for Ultralow-frequency Band Vibration Energy Harvesting with Magnetic Interaction
	Abstract
	1 Introduction
	2 The Proposed Energy Harvesting Structure
	2.1 Introduction of the Structure
	2.2 The Interaction Energy of Magnets
	2.3 Multiple Steady Points
	2.4 Design Criterion

	3 Equivalent Vibration System
	3.1 Equivalent Restoring Force Under Appropriate Design
	3.2 Equivalent Mechanical Model

	4 Experimental Results
	4.1 Experimental Diagram
	4.2 The Parameters of Piezoelectric Beam by Identification
	4.3 Responses and Voltages as d = 30 mm and d = 10 mm
	4.3.1 For Small-energy Impact Perturbation
	4.3.2 For Ultralow-frequency Periodic Excitation


	5 Conclusions
	Acknowledgements 
	References




