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a  b  s  t  r  a  c  t

In  this  paper,  we  proposed  and  characterized  a high-efficiency  piezoelectric  energy  harvester  based
on  a non-contact  coupling  technique.  The  proposed  design  takes  advantage  of a  frequency  detuning
technique  and  multi-cantilevers  to  enhance  its power  generation  efficiency  at  ambient  excitation.  The
energy  harvester  consists  of  two  folded  piezoelectric  cantilevers  with  different  resonance  frequencies.
A  piezoelectric  cantilever  with  a  low  resonance  frequency  (L-part)  is  coupled  with  another  piezoelec-
tric  cantilever  with  a high  resonance  frequency  (H-part)  by a non-contact  magnetic  force.  The  output
characteristic  of  each  piezoelectric  cantilever  is  improved  using  the  magnetic  coupling  technique  and  a
on-contact magnetic coupling
requency detuning
ulti-cantilevers

road bandwidth

broad bandwidth  is  also  realized  under  environmental  vibrations.  A feasibility  of  the  fabricated  energy
harvester  is  experimentally  confirmed  to demonstrate  the  power  generation  capability  in practical  appli-
cations.  With  a load  resistance  of  50 k�, a  maximum  output  power  of  20 �W  and  an  average  power  of
7.1  �W are  achieved  with  the  energy  harvester,  thus  making  it a suitable  power  supply  for  sensor  nodes

rk  app
in  wireless  sensor  netwo

. Introduction

As the demand for real-time information communication
ncreases, wireless sensor network (WSN) technology plays a key
ole in various fields, owing to its advanced continuous detection
nd information monitoring capability [1–3]. However, because
atteries employed in commercial WSNs have a limited life, the fre-
uent replacement of batteries results in significant maintenance
osts and considerable inconvenience. To overcome this limitation,
arious energy harvesters that can scavenge unlimited ambient
nergy to power the sensor nodes in WSNs have been developed as
ubstitutes for batteries [4–6].

Vibration energy exists pervasively in our living environment
nd is therefore considered as the main power source for energy
arvesting. Although several mechanisms have been designed for
arvesting vibrational energy, piezoelectric energy harvesting has
ecome one of the most effective methods to scavenge energy from
nvironmental vibrations owing to its power efficiency and favor-
ble miniaturization ability [7–10]. However, ambient vibration
ften spans a broad low-frequency range, i.e., 0–40 Hz [11]. Because

f the frequency mismatch between the high resonant frequency
∼hundreds or thousands of Hertz) of many vibration energy
arvesters and the ambient low-frequency vibrations, power

∗ Corresponding author.
E-mail address: mems@jnu.ac.kr (D.-W. Lee).

ttp://dx.doi.org/10.1016/j.sna.2015.08.009
924-4247/© 2015 Elsevier B.V. All rights reserved.
lications.
© 2015  Elsevier  B.V.  All  rights  reserved.

is generated inefficiently [12]. To overcome the frequency gap
between the environmental vibration and energy harvesters, var-
ious designs based on the frequency up-conversion concept have
been developed to improve the power generation efficiency [13,14].
For example, Liu et al. [15] proposed a piezoelectric energy harvest-
ing device based on a frequency up-conversion cantilever stopper
to collect energy from low-frequency vibrations. A frequency up-
converted piezoelectric energy harvester using mechanical impact
is introduced by Halim et al. [16]. Tang and Li [17] presented a fre-
quency up-converted energy harvester with a two-stage vibratory
structure. Based on this concept, low-frequency vibration energy
can be scavenged by the above designs. Unfortunately, the perfor-
mance of this type of energy harvester is significantly dependent on
the driving element, which is designed for harvesting ambient low-
frequency vibrations. The narrow bandwidth of the driving part
largely confines the power generation efficiency under the broad
range of vibrations in the environment. Furthermore, the physical
impact method reduces the reliability and service life of the energy
harvester. Additionally, the large frequency gap between a driv-
ing part and a power generation part influences to the efficiency in
power generation. Aiming for a broad bandwidth to match the envi-
ronmental vibration, Shahruz [18] presented an energy harvester
that consists of 13 piezoelectric cantilevers with various resonant

frequencies to provide voltage response over a frequency range
of 50–62 Hz. Microelectromechanical system (MEMS)-based piezo-
electric cantilever array for vibration energy harvesting that covers
a bandwidth of 226–234 Hz was  developed by Liu et al. [19]. How-

dx.doi.org/10.1016/j.sna.2015.08.009
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2015.08.009&domain=pdf
mailto:mems@jnu.ac.kr
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ig. 1. The designed high-efficiency broadband energy harvester with magnetically
oupled folded cantilevers.

ver, for such multi-cantilever (or cantilever array)-based energy
arvesters, not only does the narrow response bandwidth of each
antilever restrict the total frequency range of the device, but the
umerous cantilevers also decrease space efficiency. Moreover, the

requency-selecting mechanism (only one cantilever can achieve
esonance for each excitation frequency) leads to low power gen-
ration efficiency when the excitations cover a broad frequency
ange. Frequency detuning is also one of useful techniques to cover
ide ambient frequency range in energy harvester applications.

his is realized by adjusting various parameters such as the applied
orce or the stiffness. Vijayan et al. [20] developed a non-linear
nergy harvesting method by carefully detuning the frequencies
f coupled impacting beams. Neumeyer et al. [21] discussed the
ossibility of applying the frequency detuning to energy harvesting
pplication.

In this study, a design of an energy harvester based on magneti-
ally coupled folded cantilevers is proposed, which can scavenge
nvironmental vibration energy with high efficiency in a broad
requency range. The proposed energy harvester takes an advan-
age of the frequency detuning technique and multi-cantilevers to
nhance its power generation efficiency for ambient low-frequency
xcitation.

. Design and modelling

A schematic of the design is shown in Fig. 1. It can be seen that
ne piezoelectric energy harvester with a low resonant frequency
L-part) is coupled with the other piezoelectric energy harvester
ith a high resonant frequency (H-part) through a non-contact
agnetic force. To provide the non-contact magnetic force, eight

dentical permanent NdFeB magnets are mounted on the ends of
he cantilevers with the same magnetic pole arrangements. A thin
olyvinylidene fluoride (PVDF) film is uniformly attached on the
antilevers to generate power when stress is accumulated on the
antilevers during vibrations. In order to allow both parts to possess
heir own high-efficiency range in the ordinary range of ambient
ibrations in normal conditions, the resonant frequencies of both
-part and H-part are designed within a range of 0–40 Hz (L-part:
8 Hz, H-part: 32 Hz, the detailed process of resonant frequency
ptimization can be found in Supplementary materials) by adjust-

ng the dimension parameters (i.e., the thickness and length of the
antilever). Moreover, owing to the effect of magnetic coupling,
he two parts can enhance each other’s output performance even
f the ambient excitations deviate from the original resonant zones
f the cantilevers. This mechanism is illustrated in detail as the
ollowing reasons: (a) When the energy harvester is vibrated in a

ow-frequency range, the L-part can sufficiently generate power
ecause the ambient excitation matches with its own resonant fre-
uency, meanwhile driving the H-part to produce power with a
igh efficiency through the non-contact magnetic force. (b) On the
Fig. 2. The dynamic model of the designed energy harvester.

other hand, when the ambient vibration frequency is close to the
high-efficiency zone of the H-part (near its natural frequency), the
H-part can also promote the deformation/stress of the L-part owing
to the non-contact magnetic force; this contributes to the output
of the L-part. (c) The variable magnetic forces during the vibration
control the resonant frequencies of the two  parts in a certain small
range due to the frequency detuning mechanism, which allows a
broader bandwidth of the energy harvester at ambient conditions.
It is noted that the gap between the two  resonant frequencies of L-
part and H-part will affect the coupling efficiency. If the frequency
gap is too large, the coupling efficiency would be weak. On the
other hand, the total bandwidth would be narrowed if the two res-
onant frequencies approaches too close with each other. Aiming
for a wide bandwidth and high power generation efficiency, 18 Hz
and 32 Hz are utilized as the resonant frequencies for L-part and
H-part, respectively. The resonant frequency optimization for the
two parts is discussed in the Supplementary materials. Consider-
ing that the separation between the L-part and H-part influences
the magnetic coupling effect, the separation should be maintained
with an optimized distance to achieve maximum output. In addi-
tion, folded cantilever structures are designed to further enhance
power generation and space efficiency.

In order to investigate the characteristics of the designed energy
harvester, a simplified dynamic model is established. As shown in
Fig. 2, each part of the designed energy harvester can be modeled
as a damped two  degree-of-freedom (DOF) mass-spring system.
Supported by damped springs with spring constant ki and damp-
ing coefficient ci (i = 1–4), the equation of motion for the complete
model can be expressed as:⎡
⎢⎢⎢⎢⎣
m1 0 0 0

0 Ic1 0 0

0 0 m2 0

0 0 0 Ic2

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
ẍ1

�̈1

ẍ2

�̈2

⎤
⎥⎥⎥⎥⎦ +

⎡
⎢⎢⎢⎢⎣
c1 0 0 0

0 c2 0 0

0 0 c3 0

0 0 0 c4

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
ẋ1

�̇1

ẋ2

�̇2

⎤
⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

k1 + k2 −(k1a − k2b) 0 0

−(k1a − k2b) k1a2 + k2b2 0 0

0 0 k3 + k4 −(k4d − k3c)

0 0 −(k4d − k3c) k4d2 + k3c2

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
x1

�1

x2

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣
FG1 + Fmag

−Fmagb

FG2 − Fmag

⎤
⎥⎥⎥⎥⎦ (1)
�2 Fmagc

where mj and Icj (j = 1 and 2) are the mass and moment of iner-
tia around the centroid of each cantilever, respectively. FGj is the
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Fig. 3. FEM stress distribution comparison between the (a) folde

nertial forces acting on the mass mj . The spring constant ki can be
chieved from following relationship:

|4�2f 2
1

(
m1 0

0 Ic1

)
−

(
k1 + k2 −(k1a − k2b)

−(k1a − k2b) k1a2 + k2b2

)
| = 0

|4�2f 2
2

(
m2 0

0 Ic2

)
−

(
k3 + k4 −(k4d − k3c)

−(k4d − k3c) k4d2 + k3c2

)
| = 0

(2)

here f1 and f2 are the resonant frequencies of L-part and H-part,
espectively [22]. Considering that the magnetic force contributes
o the coupling effect, the magnetic force between the L-part and
-part in x-direction can be derived. Based on magnetic charge
ethod [23], the interaction energy W between two  identical cylin-

er magnets can be achieved by:

 =
∫
S1

ds1

∫
S2

ds2
�2

4��0r
(3)

here S1 and S2 are the basal area of the cylinder magnet. � repre-
ents the density of magnetic charges, and �0 is the permeability in
ir. r is the distance between two arbitrary points on the two mag-

et bases. From the interaction energy, the magnetic force along
ne direction can be conveniently obtained by:

�
 = −g�rad W (4)
tilever and (b) conventional straight cantilever (before folding).

Thus, the magnetic force between two magnets in x-direction is:

Fmag 2 = − d

dx
(

∫
S1

ds1

∫
S2

ds2
�2

4��0r
) (5)

Here, 8 identical cylinder magnets are utilized in this design. The
magnetic force calculation for more than two magnets was investi-
gated by Vokoun et al. [24]. The magnetic force between the L-part
and H-part in x-direction can be derived based on the reference:

Fmag 8 = − d

dx

⎛
⎝ 4∑

i=1

8∑
j=5

∫
S1

ds1

∫
S2

ds2
�2

4��0ri,j

⎞
⎠ (6)

where the indices i and j denote the cylindrical magnet bases
respectively. ri,j represents the distance between two arbitrary
points on the magnet bases. It noted that higher stress and out-
put power could be achieved by using the magnetic force applied
to the piezoelectric cantilevers.

To verify the advantages of utilizing the designed folded can-
tilevers in the energy harvester, finite element method (FEM)
simulations are carried out using the COMSOL Multiphysics soft-
ware. For convenient comparison, models of both the folded
cantilever and the conventional straight cantilever are established
in the simulation with identical input conditions. Furthermore, the

length of the conventional straight cantilever equals to that of the
folded cantilever before folding. In the simulation models, the mag-
nets are simplified as a proof-mass but with the same physical
properties. The material and parameters of the folded cantilever
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Fig. 4. Optimization of the distance between the L-part and H-part.

odels built in this simulation remain the same for the L-part and
-part, respectively. As can be seen from Fig. 3(a) and (b), higher

tress can be achieved by using this folded cantilever than by using
 straight cantilever. Because a high stress on the piezoelectric
aterial enhances charge accumulation and output, the simula-

ion results prove that the folded cantilever can enhance the power
eneration capability and vibration energy harvesting efficiency
25–27].

. Experiment results

In order to evaluate the performance of the design, a prototype
f this energy harvester is manufactured using a ProJet HD 3500
lus Professional 3D printer (3D Systems Corp., USA), which can
onveniently realize the integrated total structure at low cost [28].
he geometric dimensions and material details of the fabricated
nergy harvester are listed in Table 1. In the performance test, the
nergy harvester is mounted on a TIRA Vib BAA 120 shaker (TIRA
mbh, Inc., Germany). Using an Agilent 33120A function generator

Agilent Technologies, Inc., USA), the shaker can produce sinusoidal
xcitation with various frequencies, thereby vibrating the energy
arvester in the vertical direction. The output voltage and power
eneration frequency is measured using a Tektronix TDS 2014B
scilloscope (Tektronix, Inc., USA).

Considering that the distance between the L-part and H-part
ffects the magnetic coupling strength, the separation of the two
arts is optimized to obtain the most effective coupling effect.
hen the distance is smaller than 6 mm,  the two magnet groups
ill be attracted together during vibration owing to the strong mag-

etic force, which results in inefficient working performance under
mbient excitations. On the other hand, a distance of more than
5 mm is beyond the coupling ability of the two  magnet groups.
herefore, the separation distance is adjusted to be in the range of
–15 mm for optimization. Fig. 4 shows the relationship between
he output and separation distance. It can be seen that when the
wo parts are magnetically coupled with a small distance, thereby
eing subjected to the strong constraints of the magnetic repulsive
orce, the output of the two parts is even lower than that for the
ondition without coupling. In this condition, the L-part and H-part
annot completely vibrate under excitations. On the contrary, when
he distance is increased to 14 mm or larger, the magnetic force is

oo weak to maintain the coupling mechanism, thereby resulting in
n output performance similar to that obtained for the case with-
ut coupling. With various gap distances between the two parts,
aximum output can be achieved with an 11-mm distance, even
uators A 234 (2015) 17–22

under different vibration frequencies (10, 20, 30, and 40 Hz). There-
fore, because the aim is to achieve efficient output capability under
the same conditions, the optimized distance of 11 mm is utilized in
further experiments.

With the optimized distance, the output performance of the
energy harvester is characterized at an acceleration of 0.1 g and
a vibration frequency range of 0–40 Hz. As shown in Fig. 5(a), when
the excitation frequency is close to the resonant frequency of the
L-part (17 Hz), the L-part dominates the power generation with a
large cantilever deflection, thereby driving the H-part to vibrate
at its own resonant frequency through the non-contact magnetic
force. It can be seen that maximum output voltage of 1.5 V and 0.7 V
can be achieved by the L-part and the H-part, respectively. When
the input vibration frequency reaches the resonant frequency of the
H-part (30 Hz), the H-part dominates the output with large deflec-
tions owing to the resonance. Because the stiffness of the L-part is
lower, the magnetic coupling has greater apparent influence on the
L-part, which leads to the L-part having large deformation in this
frequency. In this case, compared with the low-efficiency vibration
for only the L-part without coupling, the output performance of
the L-part can be improved through the non-contact coupling tech-
nique. As shown in Fig. 5(b), maximum voltage of 1.5 V and 1.2 V
is achieved by the H-part and the L-part, respectively. It should be
noted that the original resonant frequencies of the two parts are
slightly reduced after coupling with each other, which is attributed
to the influence of the magnetic force. Fig. 5(c) shows the output
frequency changes of the L-part and H-part under various excita-
tion frequencies in the range of 0–40 Hz. It can be seen that the
L-part and the H-part successively dominate the power genera-
tion. In this case, the bandwidth and the output performance of the
energy harvester are improved by employing the frequency detun-
ing mechanism. On the contrary, when the magnets are replaced
by steel masses with equivalent weight to eliminate the influence
of magnetic coupling, the frequency detuning mechanism and the
increasing output effect is not observed in the experiment.

To determine the coupling influence on the bandwidth of the
energy harvester, bandwidth characterization before and after
magnetic coupling is carried out in a frequency range of 0–40 Hz, as
shown in Fig. 6(a). Assuming 700 mV  as the high-efficiency thresh-
old, we can see that a broad high-efficiency zone is achieved after
non-contact magnetic coupling; this zone is much broader than
that before coupling. In addition, it is noted that the peak out-
put voltage of each part is enhanced compared with that before
coupling. This is because the magnetic force allows higher stress
to be applied to each piezoelectric cantilever, which proves the
aforementioned theoretical analysis. Therefore, owing to the non-
contact magnetic coupling technique, not only can a significant
improvement in the working bandwidth be realized for the energy
harvester, but the output performance can also be enhanced. More-
over, a durable lifespan is obtained because of this non-impact
driving method. In this manner, the energy harvester proposed in
this work can effectively scavenge ambient vibration energy with
a broad bandwidth. It should be noted that the lifetime of the
energy harvester can also be conveniently improved by replacing
PMMA  with a stronger material such as steel. The bandwidth of the
energy harvester under various acceleration values (0.15 g, 0.1 g,
and 0.05 g) has been systematically characterized to study an accel-
eration force dependency in the coupling effect. The experiment
results are listed in the Supplementary materials. These experi-
ment results indicate that the total bandwidth can still be efficiently
improved even with a small acceleration force.

According to Jacobi’s law, maximum power transmission takes

place when the load impedance is equivalent to the output
impedance value of the system [29]. In order to transfer the max-
imum output power, it is necessary to consider the impedance
matching of the energy harvester. As shown in Fig. 6(b), different
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Table  1
Parameters of the fabricated energy harvester.

Parameters L-part H-part

Dimension 39 mm × 28 mm × 15 mm 30 mm × 28 mm × 15 mm
Natural frequency Before coupling: 18 Hz Before coupling: 32 Hz

After coupling: 17 Hz After coupling: 30 Hz
Material Polymethylmethacrylate (PMMA)
End-magnets Diameter 5 mm,  thickness 2.5 mm,  NdFeB, 0.14 T

Fig. 5. Output waveform of the energy harvester under an excitation of (a) 17 Hz and (b) 30 Hz; (c) the output frequency of the L-part and H-part versus various excitation
frequencies.
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ig. 6. (a) Bandwidth and output voltage performance of the energy harvester (befo
.1  g).

oad resistors are connected to the energy harvester with a con-
tant input vibration frequency of 30 Hz. When the load resistance
s 50 k�, peak output power of 11.25 �W and 7.2 �W are achieved
y the H-part and the L-part, respectively (18.45 �W in total).

In order to verify the power generation capability in a practical
ituation, a feasibility experiment is carried out. In this experiment,
he energy harvester is mounted on an air maker, as shown in
ig. 7(a). The energy harvester is excited by vertical vibration during
he operation of the air maker (∼0.15 g acceleration). It can be seen
hat maximum output voltages of 0.8 V and 0.6 V are obtained by
he H-part and L-part, respectively. With the optimized load resis-
ance (50 k� for each), a maximum output power of 20 �W and an
verage power of 7.1 �W are achieved by the energy harvester. This
chieved output power can fully satisfy the minimum power con-
umption of a sensor node in the WSN  applications (<10 �W)  [30].
ig. 7(b) shows a LCD screen lightened by the fabricated energy har-
ester in such a low-frequency vibration environment. This enables

he energy harvester can be employed as a potential power supply
or the self-powered electronic devices or an autonomous-powered
cceleration meter in the industrial applications.
 after coupling) and (b) peak output power and load resistance optimization (30 Hz,

4. Conclusions

In this study, a high-efficiency piezoelectric energy harvester
based on a non-contact magnetic coupling technique was designed
and experimentally characterized. The L-part and H-part can
improve each other’s output performance through this coupling
mechanism in an ordinary vibration environment. Folded can-
tilevers were designed for this energy harvester to enhance space
and power efficiency. In performance tests, a broad bandwidth
for environmental low-frequency vibration was  achieved. More-
over, a LCD screen is lightened by the energy harvester in a
vibration ambient provided by an air maker. With an optimized
load resistance of 50 k�,  a peak output power of 20 �W and an
average power of 7.1 �W were achieved by the energy harvester
in the feasibility experiment, which satisfies the power require-
ment of WSN  applications. In our future work, we  will optimize

the material for this energy harvester to satisfy more complex
working environment, which can be expected to expand its appli-
cations.
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