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iezoelectric energy harvesting system

a  b  s  t  r  a  c  t

Two  MEMS-based  piezoelectric  energy  harvesting  (EH)  systems  with  wideband  operation  frequency
range  and  capability  of  converting  random  and  low-frequency  vibrations  to high-frequency  self-
oscillations  have  been  proposed.  In the  first  EH  system  (EH-I),  by  incorporating  a high-resonant-frequency
(HRF)  cantilever  as  a frequency-up-conversion  (FUC)  stopper,  the  vibration  amplitude  of  a low-resonant-
frequency  (LRF)  cantilever  with  a resonant  frequency  of  36  Hz  is  suppressed  and  the  operation  bandwidth
ZT cantilever
ideband

requency-up-conversion (FUC)

is increased  to  22  Hz  at  0.8 g. The  HRF  cantilever  is  then  triggered  to vibrate  at 618  Hz.  In  the second  EH
system  (EH-II),  by  employing  a  straight  cantilever  as  the  FUC  stopper,  the  operation  frequency  range  of
a  meandered  cantilever  which  responds  to lower  frequency  vibration  is  further  moved  downward  from
12 Hz  to  26  Hz,  and  the  voltage  and  power  generation  are  significantly  improved.  The  peak-power  den-
sities  of  the  EH-II  system  are  61.5  �W/cm3 and  159.4  �W/cm3 operating  at relatively  lower  operation
frequencies  of  20  Hz  and  25  Hz at 0.8  g, respectively.
. Introduction

Thin film piezoelectric lead zirconate titanate (PZT) materials
ffer a number of advantages in microelectromechanical systems
MEMS) as such devices provide large motions with low hysteresis
n applications such as actuating mirrors [1],  and raster scanning

irrors [2]. They also provide good signal-to-noise ratio in a wide
ynamic range [3–7]. The piezoelectric coefficient of PZT is more
uperior than other piezoelectric thin films, such as ZnO and AlN,
ue to the high energy density. Hence, PZT thin films are good
ransducer materials for MEMS  based energy harvesters [8–10].

Vibration-based MEMS  energy harvesters have received
ncreasing attention as a potential power source for micro-
lectronics and wireless sensor nodes [11,12].  To date most
nergy harvesters based on piezoelectric, electromagnetic and
lectrostatic transduction mechanisms, particularly MEMS-based
arvesters, operate at frequencies of more than 100 Hz [13–17].

ncreasing compliant spring and bulk movable mass are required
o achieve lower resonant frequency. It is a great challenge

o realize small size and low resonant frequency at the same
ime due to the limitation of microfabrication processes and
rittle properties of silicon material. The generated power

∗ Corresponding author. Tel.: +65 6516 5865; fax: +65 6779 1103.
E-mail address: elelc@nus.edu.sg (C. Lee).

924-4247/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2012.01.033
© 2012 Elsevier B.V. All rights reserved.

is theoretically proportional to the cube of the operation
frequency and drops dramatically at low frequencies [18]. Thus
energy harvesters with low resonant frequencies would result
in reduced power output. However, harvesting energy from low
frequency vibrations, such as human motions (<10 Hz), vehicle
(<20 Hz) and machine vibrations (<50 Hz) [19–21] is desirable in
applications such as implantable electronic devices and wireless
sensor nodes. Thus FUC approach has been touted as a break-
through to boost output power at low vibration frequencies [22].

Several researchers have developed FUC energy harvesters
by utilizing magnetic forces [23,24]. In this approach, a mag-
net attached to a low-frequency or bulked diaphragm resonantly
or non-resonantly catches and releases magnetic strips mounted
on high-frequency oscillators, resulting in self-oscillations of the
oscillators. These methods require additional magnets to gener-
ate current and are suitable for electromagnetic energy harvesters.
Jung et al. [25] demonstrated a shock-based FUC approach using
a buckled elastic beam integrated with high-frequency piezoelec-
tric cantilevers. A sudden acceleration change introduced by the
buckled beam would excite the self-oscillations of the piezoelec-
tric cantilevers. However, this method requires large accelerations
to drive the buckled beam. Renaud et al. [26] has reported a

non-resonant impact-based energy harvester driven by a free ball
moving in a guided channel where top and bottom piezoelectric
benders are mounted in between. The method however does not
benefit from the power enhancement of a resonant operation. A

dx.doi.org/10.1016/j.sna.2012.01.033
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:elelc@nus.edu.sg
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esonant impact-based energy harvesting prototype which utilizes
 low-frequency resonator to directly impact two  high-frequency
ZT bimorphs in order to trigger their self-oscillations and generate
ower at high operation frequencies was also reported by Gu et al.
27]. The prototype suffered from large device size and has not been
ealized by MEMS  technology. In fact, none of the aforementioned
orks use micro-scale approaches [25–26].

For a given acceleration, the vibration amplitude of an oscillator
s inversely proportional to the square of the vibration frequency.

 lower resonant frequency requires an increased displacement
pace and mechanical stoppers to prevent damage of the oscillator,
hus reducing the generated power density of the device, though
he mechanical stopper does broaden the frequency bandwidth
28,29]. In this work, instead of increasing the extra space to accom-

odate the displacement of the LRF oscillator, we incorporate a
iezoelectric HRF cantilever which is excited into self-oscillation
y the impact of the LRF cantilever and at the same time acts as
n energy harvester. This will not only reduce the device space
nd protect the oscillator, but also realize a wide operation band
nd FUC behavior. As a result, additional significant power will be
enerated and power density of the system will be improved.

. Working principle

Fig. 1(a) and (b) shows the architecture and schematic model
f a vibration-based wideband EH system assembled with FUC
topper. The system contains an excitation oscillator with stiffness
0, damping coefficient c0, and proof mass m0. Another oscillator
hich acts as a FUC stopper is placed at a distance of x0 above

he excitation oscillator, with stiffness k1, damping coefficient c1
nd proof mass m1. The resonant frequency and the spring stiff-
ess of the FUC oscillator are larger while the proof mass is smaller
han that of the excitation oscillator. The operation mechanism
s outlined in Fig. 1(c). The differential equation of the motion of
he wideband EH system with cantilever stopper engaged can be
ritten as

(m0 + m1)z̈ + (c0 + c1)ż + (k0 + k1)z − k1x0 = −(m0 + m1)ÿ (z ≥ x0)

m0 z̈ + c0 ż + k0z = −m0ÿ (z < x0)
(1)

When the vibration amplitude of the excitation oscillator is less
han x0, the stiffness of the oscillator remains as k0. When the vibra-
ion amplitude exceeds x0, the excitation oscillator would engage
he FUC oscillator, resulting in a sudden change in the effective stiff-
ess (from k0 to k0 + k1) and the effective mass (from m0 to m0 + m1).
ince m1 ≤ m0 and k1 ≥ k0, the effective resonant frequency is
ncreased accordingly. Such increment enables the resonance of the
xcitation oscillator to broaden over a wider frequency range [30].
hen the excitation oscillator moves away from the FUC oscilla-

or, the FUC oscillator would vibrate at its own resonant frequency,
hich is much higher than the excitation frequency. Thus broad-

ning of the frequency wideband and FUC behavior are achieved
imultaneously.

The analytical model of a wideband energy harvester using stop-
er has been built and analyzed by Soliman et al. [31,32] and Liu
t al. [29], which is applicable to our proposed EH systems. Based on
he analytical model, it is found that the key parameters affected
n the frequency wideband behavior include input acceleration,
amping coefficient, effective stiffness and gap distance. The fre-
uency wideband behavior of the system is strengthened by an

ncrease in the effective stiffness and a decrease in the damping

oefficient. However, the practical situation is that higher stiffness
ill also induce higher damping coefficient of the structure. Nor-
ally it is impossible to increase the effective stiffness of the system

nd decrease the damping of the FUC stopper at the same time.
rs A 186 (2012) 242– 248 243

According to our experiments, if the resonant frequency of the exci-
tation oscillator is below 50 Hz, the resonant frequency of the FUC
stopper should be around 5–10 times higher. In addition, a high
acceleration is also preferred to realize a better performance (wider
operating bandwidth and higher power output). There is a trade-off
for the gap distance, since it affects the frequency bandwidth and
output voltage with opposite trend.

3. Device configurations

3.1. EH-I system

As shown in Fig. 2(a), the proposed wideband EH-I system
contains a low-resonant-frequency energy harvesting cantilever
(denoted as LRF cantilever) and a high-resonant-frequency energy
harvesting cantilever (denoted as HRF cantilever). The LRF can-
tilever as shown in Fig. 2(b) comprises of a silicon supporting beam
(3 mm × 5 mm × 5 �m)  deposited with a PZT layer and silicon iner-
tial mass (5 mm × 5 mm  × 0.4 mm).  The PZT layer consists of 10
PZT stripes electrically isolated from one another. The HRF can-
tilever (Fig. 2(c)) has similar dimensions and configuration with
that of the LRF cantilever, but without an inertial mass. The resonant
frequencies of the LRF and HRF cantilevers are 36 Hz and 618 Hz,
respectively. Figs. 2(d) and (e) illustrate the vibration behavior of
the wideband EH-I system. The LRF and HRF cantilevers are assem-
bled with a pre-determined stop-spacing of 1 mm.  The vibration
amplitude of the LRF cantilever is larger than the stop-spacing and
it is able to respond to ambient vibrations nearby its resonant fre-
quency and further extend over a wider frequency bandwidth by
the HRF cantilever which acts as a FUC stopper. In the meantime, the
HRF cantilever is triggered by the inertial mass of the LRF cantilever
into a high frequency self-oscillation. Due to the piezoelectric effect,
the electric current is generated once the PZT layer on both LRF and
HRF cantilevers deform.

The advantages in employing the HRF cantilever as a FUC stop-
per are that it protects the excitation oscillator from damage
during vibration and broadens the operation range. The system also
converts ambient low frequency vibration to a high frequency self-
oscillation. Using MEMS  technology, the proposed system is applied
to a piezoelectric-based EH system by the use of cantilever beams
deposited with piezoelectric PZT material. To further improve the
effectiveness of the FUC stopper, as well as reduce the device size
and operation frequency, a wideband EH-II system is developed.

3.2. EH-II system

As illustrated in Fig. 3(a), the LRF cantilever used in wideband
EH-I system is replaced by a meandered cantilever with a smaller
chip size (5.2 mm × 4.2 mm)  in the proposed EH-II system. The HRF
cantilever is replaced by a straight cantilever of the same size. A
cross-sectional view of the EH-II system is shown in Fig. 3(b). The
meandered cantilever as shown in Fig. 3(c) consists of a double-S-
shaped silicon beam coated with PZT thin film layer and a silicon
mass (2 mm × 1.65 mm × 0.4 mm)  at its end. It is not only smaller
in size but also has a lower resonant frequency of 20 Hz as well. The
straight cantilever which has a relatively higher resonant frequency
of 127 Hz has a rectangular silicon beam and a mass at its end and a
PZT layer is also coated on the silicon beam. The PZT layer deposited
on the meandered cantilever is limited and the operation frequency
is low, hence the power generated by the meandered cantilever
would be extremely small. However, due to the low stiffness of the
beam, its vibration amplitude is relatively large. Hence, with the

large vibration amplitude, the meandered cantilever is able to con-
vert its low-frequency vibration into a high-frequency oscillation
of the straight cantilever after impact and increase the total output
power significantly.
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Fig. 1. (a) Architecture, (b) schematic model and (c) operation m

. Results and discussion

.1. EH-I system

In this experimental configuration of EH-I system, 2 PZT stripes
f both the LRF and HRF cantilevers are selected and connected in
eries for the energy harvesting measurement. Fig. 4(a) shows the
utput voltage of the LRF cantilever against the sweeping frequen-
ies under different input accelerations. As the input acceleration
ncreases from 0.1 g to 0.4 g, the output voltage initially shows a
eak value of 50 mV  at 36 Hz and gradually increases to 52 mV  at
2 Hz and 77 mV  at 43 Hz which indicates a bandwidth broadening
ehavior. At 0.8 g, the operation bandwidth is widened to 22 Hz,

hile the voltage output steadily increases from 50 mV  at 30 Hz

o 102 mV  at 52 Hz. Beyond 52 Hz, the output voltage drops dra-
atically to a low level. This is due to the change of the system

o an unstable state. The peak-power spectra of the LRF cantilever

ig. 2. (a) Schematic drawing of EH-I system; (b) fabricated LRF cantilever; (c) fabricate
ystem.
ism of a vibration-based wideband EH system with FUC stopper.

against frequency at the corresponding accelerations of 0.1 g, 0.4 g
and 0.8 g are plotted in Fig. 4(b). At input acceleration of 0.8 g, the
peak-power output increases gradually from 0.003 �W at 30 Hz to
0.012 �W at 52 Hz.

For an input acceleration of 0.8 g, Fig. 5(a) and (b) shows instan-
taneous output voltages of the LRF and HRF cantilevers at 37 Hz
and 51 Hz, respectively. In Fig. 5(a), the output voltage of the LRF
cantilever (in blue) oscillates at 37 Hz; when it engages the FUC
stopper, i.e., the HRF cantilever, it (in red) starts to self-oscillate at
its first resonant frequency of 618 Hz, at an average peak-voltage
of 73 mV,  which is higher than the average peak-voltage of the LRF
cantilever of 65.5 mV.  At a frequency of 51 Hz (Fig. 5(b)), the average
peak-voltage for the LRF cantilever is 87.2 mV,  while the average

peak-voltage for the HRF cantilever is increased to 106.1 mV at a
self-oscillating frequency of 618 Hz.

The instantaneous output power spectra at the correspond-
ing frequencies of 37 Hz and 51 Hz at 0.8 g are approximately

d HRF cantilever; (d) arrangement and (e) vibration behavior illustration of EH-I
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Fig. 3. (a) Schematic and (b) cross section of EH-II system; (c)

.006 �W and 0.012 �W,  respectively. The corresponding average
eak-power of the LRF cantilever with 10 PZT stripes would expect
o be around 0.03 �W and 0.06 �W,  respectively. As for the HRF
antilever, the average peak-power at 37 Hz and 51 Hz are around
.018 �W and 0.026 �W.  Hence, the average peak-power of the HRF
antilever with 10 PZT strips would expect to be around 0.09 �W
nd 0.13 �W.  The above results show that by incorporating the FUC
topper, the total peak-power of the system at input acceleration
f 0.8 g is increased to 0.12 �W and 0.19 �W at 37 Hz and 51 Hz,
espectively.

.2. EH-II system
From the instantaneous output voltage spectra of EH-II system,
t is found that FUC occurs during a wide operation frequency which
anges from 12 Hz to 26 Hz for an input acceleration of 0.8 g. Fig. 6

able 1
omparison of EH-I and EH-II systems.

EH-I system 

LRF cantilever HRF cantil

Peak-power (�W)
37 Hz 0.03 0.09 

51  Hz 0.06 0.13 

Cantilever size (mm3) 8 × 5 × 0.4 3 × 5 × 0.0

Peak-power density
(�W/cm3)

37 Hz 7.4 

51 Hz 11.8 

Resonant frequency (Hz) 36 

Operation bandwidth (Hz) 22 (30–52) 
ated meandered cantilever; (d) fabricated straight cantilever.

shows the instantaneous output voltages of the meandered and
straight cantilevers at vibration frequencies of 20 Hz and 25 Hz.
In Fig. 6(a), the meandered cantilever (indicated in green) which
oscillates at 20 Hz impacts and releases the straight cantilever (FUC
stopper) at every vibration cycle and results in a self-oscillation of
the straight cantilever at 127 Hz (indicated in purple). The aver-
age peak-voltage of the straight cantilever of 153 mV  is about 5
times higher than that of the meandered cantilever. Likewise, in
Fig. 6(b), the average peak-voltage of the meandered cantilever
oscillating at 25 Hz is 209 mV,  while that of the straight cantilever
which oscillates at 127 Hz has an average peak-voltage of 49 mV.

It is seen in Fig. 7 that at frequencies of 20 Hz and 25 Hz

and assuming that the load resistance matches with internal
impedances, optimal power spectra can be calculated from the cor-
responding output voltages shown in Fig. 6. For the meandered
cantilever, the average peak-power obtained is in the range of

EH-II system

ever Meandered cantilever Straight cantilever

20 Hz 0.003 0.34
25 Hz 0.01 0.87

1 3.45 × 2 × 0.4 3.45 × 2 × 0.4

20 Hz 61.5
25 Hz 159.4

20
14 (12–26)
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Fig. 4. (a) Output peak-voltage and (b) peak-power of the LRF cantilever with dif-
ferent input accelerations.
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Fig. 6. Instantaneous output voltages of meandered and straight cantilevers at fre-
quencies of (a) 20 Hz and (b) 25 Hz.

0.003 �W to 0.01 �W.  While that of the straight cantilever ranges
from 0.34 �W to 0.87 �W.  As can be seen, the average peak-power

of the straight cantilever is up to 100 times higher than that of the
meandered cantilever. With regards to the rms output power, the
straight cantilever is able to deliver up to 200 times that of the

Fig. 7. Instantaneous output power spectra of meandered and straight cantilevers
at frequencies of (a) 20 Hz and (b) 25 Hz.
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ig. 8. (a) Average peak-voltage and (b) peak-power of meandered and straight
antilevers against frequencies from 10 Hz to 30 Hz at 0.8 g.

eandered cantilever. The significant boost of the output power is
ue to the FUC mechanism, which converts a low frequency vibra-
ion of the meandered cantilever into a high frequency vibration of
he straight cantilever. In addition, the piezoelectric impedance of
he straight cantilever of 96 K� is significantly lower than that of
he meandered cantilever of 1.5 M�.  Hence the straight cantilever
ould have lower internal power consumption and higher effective
ower output.

The average peak-voltage and peak-power of the meandered
nd straight cantilevers at frequencies ranging from 10 Hz to 30 Hz
nd an acceleration of 0.8 g are shown in Fig. 8. As can be seen, sig-
ificant output improvement in the straight cantilever is observed
nly after the meandered cantilever engages the straight cantilever
t frequency range of 12 Hz to 26 Hz. At excitation frequencies of
elow 12 Hz and above 26 Hz, the insignificant voltage and power
utputs of both cantilevers are due to the low vibration ampli-
ude of the meandered cantilever which is insufficient to trigger
he oscillation of the straight cantilever.

Table 1 shows a summary of the performance of the proposed
H-I and EH-II systems in terms of peak-power density (peak-
ower divided by the volume of the cantilever) and operation

andwidth. It is seen that when compared with EH-I system, the
roposed EH-II system is able to achieve a much higher peak-power
ensity of up to 159.4 �W/cm3 at a relatively low frequency of
5 Hz. In addition, the EH-II system has extended the operation

[

rs A 186 (2012) 242– 248 247

bandwidth by 14 Hz (from 12 Hz to 26 Hz) and operating frequency
range is near the vibration frequency of human motion (10 Hz).
This is an obvious advantage as currently there are still no reports
of MEMS-based piezoelectric energy harvesters which operate at
such low frequency.

5. Conclusions

We have proposed two  wideband MEMS-EH systems with a FUC
cantilever stopper for converting random and low-frequency exter-
nal vibrations to self-oscillation of a FUC stopper at high resonant
frequency. The main advantage of the proposed device is that it
broadens the operation frequency range and increases the out-
put voltage and power. The proposed EH-II system improves the
power generation efficiency and operation frequency bandwidth
limitation. The results obtained offer a possible solution for practi-
cal applications in low frequency situation such as that of human
motion.
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