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$EVWUDFW Electret energy harvesters are one of the most promising energy scavenging devices since it is
self-sustained and can easily be integrated with IC or MEMS processes. Several out-of-plane electret energy
harvesters have been previously demonstrated. The major disadvantages of the previous designs are their large
area and thus low area power density. This paper presents an out-of-plane electret energy harvesting system
composed of multiple stacked harvesters to reduce the footprint while increasing the output power. Flexible
printed circuit boards (FPCB) were used for both electrical wiring and mechanical structures such as springs and
supports. An energy harvesting IC was utilized to regulate the output power and more than 2 PW power bursts
were obtained at 4-g vibration.
.H\ZRUGV electret, energy harvesting, vibration, flexible printed circuit, power management
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harvesting system by integrating the electret
generators with a power management IC, all
fabricated and incorporated in one custom designed
flexible printed circuit board (FPCB). The output
characteristics were measured and compared to circuit
simulation.

Energy harvesting has gained much attention in
recent years due to its applicability on wireless sensor
networks, structural health monitoring and portable
power supplies. Due to the continuous advance of the
integrated circuit and microsystem technology, it is
becoming possible to replace batteries as the power
source of low power electronics by scavenging
ambient energy such as heat, light and vibration [1].
Research on the vibration-based energy harvesting has
been steadily increasing in the past years [2-5].
Electrostatic energy harvesting has the advantage of
MEMS/IC process compatibility, giving it the edge
over other solutions. A bias source is needed to charge
the variable capacitors in the electrostatic energy
harvesters to enable the energy conversion cycles.
Common biasing sources of electrostatic energy
harvesters include batteries, initially charged
capacitors, work function difference between two
metals, and electrets. Electret has the advantage of
self-sustainability, good charge stability, and large
power density. Therefore, electret-based harvesters
have been the focus of many recent research works [46].
In our previous study, a low-cost out-of-plane
electret energy harvester was developed by using
copper plates as springs and masses [6]. The measured
power output was 20.7 ȝW at 110 Hz for a 2-g
vibration input at an effective area of 4 cm2. The
major disadvantage of the previous design was the
large area and thus low areal power density. In this
study, we present a novel folded design to minimize
the footprint of the energy harvesters by stacking 3
out-of-plane unit harvesters and develop an energy
978-0-9743611-9-2/PMEMS2012/$20©2012TRF
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As shown in Fig. 1, out-of-plane electret
harvesters are made by placing electret materials and
proof masses on the folded FPCB. One unit harvester
is composed of two electrodes; one holds the electret
and the other, a counter electrode, is placed in parallel
with the electret electrode. Together they form a
variable capacitor. Current flows though the external
load resistor whenever the capacitance changes due to
the vibration-driven electrode displacement.
The FPCB is shown in Fig. 2. The charged
SiO2/SiN electrets on Si substrates are placed and
bonded on the electret electrodes (Fig. 2(b)). When
the FPCB is folded, electret and counter electrodes
will face each other to form the two electrodes of the
harvester. For the FPCB shown in Fig. 2, three unit
harvesters can be stacked. The FPCB is configured in
such a way that it would electrically connect the unit
harvesters in parallel.
In Fig. 1, the harvesters are designed such that a
set of layers would resonate at low frequency and the
other set of layers at higher frequency. This is done by
following the equation of the spring constant of a
fixed-guided beam,

N
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wherein ( Z W and A are the effective Young’s
modulus, width, thickness and length of the beam,
respectively. By the adjusting the width in Eq. (1) and
the mass of the proof mass, the resonant frequency of
the electrodes can be changed through the
equation ZQ
N / P . Thus, layers 2, 4 and 6 in Fig. 1
are set to a low resonance by connecting them to 4
thin FPCB’s as shown on Fig 2(b). Layers 1, 3 and 5
are connected to 2 wide FPCB’s and have much
higher resonance frequency, as shown in Fig. 2(c).
When the device is excited by a vibration at the low
resonance frequency, the low-frequency electrodes
have large displacement while the high-frequency
electrodes remain relatively still. The large relative
displacement causes a significant change in
capacitance and induces charge variation on the
electrodes and an AC current through the external
resistor. Connecting multiple unit harvesters can
increase output current and power. The unit harvester
pair formed by layers 3 and 4 is purposefully inverted
so that all unit harvesters have the same current
polarity.
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The electrets were SiO2/SiN double layers
fabricated by depositing 1-ȝm-thick SiO2 and 50-nmthick SiN via PECVD on a 525-ȝm thick silicon
wafer. The wafer was sliced into 1-cm2 dices and
corona charged to obtain a 350-V surface potential [6].
The assembly of the device (Fig. 3) started by
attaching poles on a rigid PCB that served as the
holder of the FPCB (Fig. 3(a)). Proof masses and
charged electrets were attached on the FPCB by using
silver paint. The FPCB was then folded and inserted
into the poles on the holder to form the energy
harvesting stack (Fig. 3(b)). Plastic strips with
dimension of 1mmu10cmu730Pm were used as
spacers to maintain a gap of 200 Pm between the
surfaces of the electrets and the counter electrodes.
After all the layers were in place, another rigid PCB
along with the power management circuits was placed
on top to hold the FPCB firmly (Fig. 3(c)). Fig. 4
shows the 2cmu2cmu1.5cm prototype of the
assembled electret energy harvesting system.

[(W)

5/

FRXQWHU
HOHFWURGH
HOHFWUHW
HOHFWURGH

)LJXUH)ROGHGDQGVWDFNHGRXWRISODQHHOHFWUHW
HQHUJ\KDUYHVWHUV
XQLWKDUYHVWHU



D





F
E

)LJXUH D )3&%IRUGHYLFHDVVHPEO\ E HOHFWUHW


Fig. 5 shows the setup of the power generation
experiments by using an electromagnetic shaker. The
harvester was initially tested without the power
management circuitry (Fig. 1). The output voltage was
measured from a small resistor of 1Mȍ in series with

HOHFWURGHZLWKORZUHVRQDQFHIUHTXHQF\ F FRXQWHU
HOHFWURGHZLWKKLJKUHVRQDQFHIUHTXHQF\
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the load resistor. Fig. 6 shows the output power for
various vibration frequency. Multiple peaks in the
frequency response indicate mismatched unit
harvesters. Maximum output power was found to be at
the frequency of 156 Hz. Fig. 7 is the output voltage
waveform and Fig. 8 is the output power for various
test conditions. Without the power management
circuit, the maximum output power at 4-g acceleration
was 33.1 PW on a 20-Mȍ load at 156 Hz.



The prototype of an energy harvesting system was
developed by connecting the stacked harvesters to a
LTC3588-1 power management IC from Linear
Technology [7]. Fig. 9 shows the circuit model.
The behavior of the harvesting system was
simulated by using LTSpice. A simple circuit model
of the electret energy harvesters is composed of a
voltage source 9+ at 156 Hz and a series capacitance
&L representing the initial capacitance between the
electrodes and the charge layer in the electret. Another
capacitance &S was used as the total parasitic
capacitance at the output node of the harvesters. The
energy harvesting system works by storing the energy
produced by the harvesters in the storage capacitor
&VWRUH until it reaches the minimum level required to
output a regulated voltage of 1.8 V. With proper
choice of 9+ and &S as the fitting parameters, the
simulation shows that the system could deliver a
regulated voltage burst 9RXW of 1.8 V within 91 seconds
of startup on a 1.5-kȍ load for 19-ms duration (Figs.
10 and 11). An interval of 32-s is maintained for every
succeeding voltage burst.
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 This paper presents an approach on decreasing the

2

footprint of electret energy harvesters by stacking
several unit harvesters on a custom designed FPCB.
Without power management circuitry, the maximum
output power at 4-g acceleration was 33.1 PW on a
20-Mȍ load at 156 Hz. Upon connecting the
LTC3588-1 power management IC from Linear
Technology, the system could deliver a regulated
voltage burst of 1.8 V within 255 seconds of startup
on a 1.5-kȍ load for 15-ms duration. Moreover, the
system maintained 32-s intervals for every succeeding
voltage burst.
This project was supported in part by the National
Science Council, Taiwan, R.O.C., under contract no.
NSC 100-2221-E-009-064 and NSC 101-2221-E-009171. The authors were grateful to the use of facilities
at the National Center for High-performance
Computing and the National Nano Device Laboratory,
Taiwan, R.O.C..
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Figs. 12 and 13 show the measured time traces of
the voltage 9VWRUH on the storage capacitor &VWRUH and the
voltage 9RXW across the loading resistor 5/The system
started by storing the energy in &VWRUH until it reaches
3.7 V. It took 255 seconds before starting delivering a
regulated voltage of 1.8 V for 15 ms on the 1.5-kȍ
resistor. The system maintained 32-s intervals for
every succeeding voltage burst. Whereas the
simulated and measured voltages show good
qualitative agreement, the modeling of the voltage
source 9+ and the parasitic capacitance &S are in
process in order to further verify the behavior of the
harvesters.
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