Non-resonant electrostatic energy harvester for wideband applications
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Presented is a novel non-resonant electrostatic energy harvester targeted at the wideband frequency response for micro-system powering. To
boost non-resonance power output under low frequency, the vertical gap changing method is adopted to induce variable charges, which
generates approximately 17 times of charge change compared with the conventional method of laterally changing overlap area (at 1 mm
gap). Further, to boost the low frequency and non-resonant power generating capability, the differential structure is adopted to achieve
doubled output voltages. Testing results reveal that optimal output power occurs when the inner plate is of large effective movement range
and large relative displacement with surrounding electrets. Maximally, 3.9-7.0 V voltage and 0.2-0.7 uW power are achieved over the

5-120 Hz frequency range.

1. Introduction: The burgeoning applications such as wireless
sensor networks and implantable medical equipment [1], have
presented grave powering challenges. Plenty of terminals are to
be powered, and most of these terminals are not only remotely
distributed but also hard to access. Conventional powering
methods such as wiring and batteries can hardly meet the
requirements because of infrastructure limits and finite lifespan, etc.

Vibration energy harvesting, on the other hand, presents an
alternative solution to the above powering issue. As at present,
various vibration energy harvesters have been reported, including
piezoelectric, electromagnetic and electrostatic [2-4]. Most of
these reported energy harvesters are based on resonant structures
such as cantilevers [5] or spring-mass-damper systems [6], with res-
onant frequencies typically around the order of ~1kHz [5-7].
However, in a real environment, vibrations are usually of varying
and low frequencies (typically below 100 Hz) [8, 9]. Specifically,
the frequency of human-induced motions can be as low as
1-10 Hz [9]. Thus, the power generation performances of resonant
energy harvesters are limited when utilised in low frequency and
wideband applications, regardless of transduction mechanisms.

In this Letter, we present a novel non-resonant electrostatic
energy harvester for low frequency and wideband applications.
Unlike previous literature [2-11], we eliminate the resonant struc-
tures such as springs and introduce a freestanding movable elec-
trode, and thus the energy harvester is inherently non-resonant.
The vertical gap changing method and differential structure are
adopted to boost power out at low frequency and at non-resonance.
The details are explained in following Sections.

2. Device design: The design of the proposed device is shown in
Fig. 1. The non-resonant energy harvester consists of three metal
plates which form two capacitors, Cy, and Cpgrom. The inner
plate is freestanding, and is movable due to external vibrations
[12]. Both the upper and bottom electrodes are attached with
electrets. When the inner plate moves upward, the amount of
induced charges on the upper electrode decreases, and
correspondingly the generated current flows through resistance R,
into ground. At the same time, the amount of induced charges on
the bottom plate increases, which results in current flowing from
ground through resistance R,, and vice versa. In vibration,
vertical gaps of C,, and Cyoyom Vvary alternatively, and the
corresponding change of induced charges produces a differential
AC current on external load resistors.

Compared with the conventional lateral capacitive structure, the
proposed non-resonant energy harvester adopts the vertical gap
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changing method to generate current. The principle of the vertical
gap changing method is based on electrostatic equilibrium. For
the parallel capacitor, the electric field between capacitor electrodes
is determined at a specific gap value, and accordingly the amount of
induced charges on the electrodes is determined. Therefore, the gap
between capacitor electrodes are of critical importance in generating
induced charges and voltage on external load resistances. Equation
(1) shows the relation between generated voltage and capacitor gap
value:

R R O
dr dg dr

(1
where Q is the amount of induced charges, R is load resistance and
g is the gap between two electrodes. For sinusoidal vibration, (dg/
d)imax = Aviv®viv, Where Ay;, and oy, are the amplitude and angular
frequency of external vibration, respectively. Assuming that
maximal voltage Vyax occurs when (dg/dt) reaches maximal,
then Vyax is proportional to the derivative of induced charges
with respect to the gap value, that is (dQ/dg).

Fig. 2 exhibits the normalised output voltage with respect to the
vertical gap of the capacitor (electrode area: 10 % 10 mm). The
experimental details for Fig. 2 are as follows: one electrode with
electrets is fixed, while the other electrode is vibrated by the electro-
magnetic shaker. The gap between the vibrating electrode and the
fixed electrode is adjusted in the range of 0—5 mm by the X-Y
stage, and the voltage generated by the fixed electrode at different
gap values is recorded and normalised to maximum. The normalisa-
tion here is adopted to exclude testing-related parameters including
load resistance R, vibration amplitude A4, and angular frequency
oyib- As the capacitor gap increases, voltage decreases significantly
in the 1 mm range. Fitting predicts that

Vvax < g @ )

where Vyax stands for normalised maximal voltage, g for capacitor
gap and « >~ 3.

Integrating for induced charge Q from (1), when g— 0 the
amount of induced charges is approximately 18 times of that
when g=1mm. This indicates that, at the initial gap value of
1 mm, charge change AQ of the vertical method is about 17 times
that of the lateral method, as is shown in the inset of Fig. 2.
Thus, varying the gap vertically is a sensitive power generation
method, especially in the 0—1 mm range.
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Figure 1 Concept of non-resonant electrostatic energy harvester

plate area: 10mm = 10mm
initial gap value: 1mm
@«
go Qy — ~0
3 I )
g
§
: IXITITXITIIX
g lateral: AQ=Qy
g [ B [eseeeemcececcececncicacanaan..
2l t_ Q
k]
2 ~18Q,
= 0, (IIXYITIYIYIY)
e vertical: AQ=17Q;
L L i i
] 1 2 3 4 5
gap, mm

Figure 2 Experimental normalised maximal output voltage against capa-
citor gap

3. Experiments: The fabrication process of the non-resonant
energy harvester is as follows: 1. thermally grow 3000 A SiO, on
Si wafer; 2. sputter 2000 A Al on SiO, layer; 3. attach
polydimethylsiloxone (PDMS) layer (cavities are predefined on
the PDMS layer using moulds) to the Al layer; 4. attach
polytetrapluoroethylene (PTFE) thin film (6 x 6 mm) into the
PDMS cavities. After fabrication, the PTFE electrets are corona
charged to approximately —400V surface potential. In the
assembly process, two identical PDMS cavities with charged
PTFE electrets are adopted. A steel plate (5% 5 mm) is inserted
into one of the open cavities, and is then encapsulated using the
other one. Fig. 3a shows the entire process flow of
the fabrication, corona charging and assembly. Fig. 35 shows the
photo of the fabricated PDMS open cavities with attached PTFE
electrets on the wafer, and Fig. 3¢ shows the photo of the
assembly process, with the inset showing the fabricated device
and lateral dimensions.

The testing setup is shown in Fig. 4. Samples are vibrated over
the 5-120 Hz frequency range using an electromagnetic shaker.
The maximum acceleration imposed on the device is 2.5 g.
Differential testing circuitry is adopted and the electrical signals
are recorded using an Agilent 35 670 A dynamic signal analyser.
The thickness of both total gap gy and inner plate thickness d
(as is shown in Fig. 1) can be adjusted to form different samples.
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Figure 3 Fabrication, corona charging and assembly processes of energy
harvester (Fig. 3a); photo of PDMS cavities on wafer (Fig. 3b); assembly
process, with inset of fabricated energy harvester (14 x 10 mm laterally)
(Fig. 3c)
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Figure 4 Testing setup of the non-resonant energy harvester

In this work, three sets of device parameters are adopted: 1. go=
Imm, d=05mm; 2. gy=2mm, d=1mm; 3. go=2mm,
d=0.5 mm. The corresponding effective movement range of the
inner plate is 0.5, 1 and 1.5 mm, respectively.

4. Results and discussion: The PTFE electrets used in this work
are characterised by a scanning electron microscope (SEM) as
well as the surface potential contour, as is shown in Figs. 5a and
b, respectively. In the SEM image, the PTFE electrets are
generally composed of sub-micron grains with tiny cracks in
between. These cracks introduce additional defect energy levels
and are conducive to enhance the charge trapping ability of the
PTFE electrets. In Fig. 5b, the contour plot of the surface
potential of the 6 x 6 mm PTFE electrets after corona charging
(needle voltage: —6 kV, grid voltage: —400 V) is quite uniform.
The average surface potential is —391V and the standard
deviation is —9.8 V.

Fig. 6 shows the voltage-time traces of both terminals and differ-
ential output at 5 and at 120 Hz. The terminal voltages are periodic
and in opposite phases, while the differential voltage doubles the
output voltage of a single terminal, thus proving the differential

a

Figure 5 SEM image of PTFE electrets, and contour plot of surface potential
a SEM image
b Contour plot
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Figure 6 Voltage-time traces of terminal and differential output
a At 5 Hz
b At 120 Hz
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Figure 8 Frequency responses of different samples in terms of voltage and
power

output characteristics of the energy harvester. Maximal generated
voltage reaches 4.9 V at 5 Hz and 7.3 V at 120 Hz, respectively.
Imperfections in periodicity of the voltage—time traces are due to
the uncertain collisions between the inner plate and device casing.

Fig. 7 compares the power-resistance traces for samples with
three different sets of parameters. The red curve (go=2 mm,
d =1 mm) represents the optimal device, in that the 1 mm effective
movement range of the inner plate is in accordance with the most
sensitive gap range shown in Fig. 2. A highest output power of
0.66 uW 1is achieved on a load resistance of 36.5 MQ for this
device. Compared with the red curve, the black one (go=1 mm, d=
0.5 mm) presents less power output, mainly because the effective
movement range of the inner plate is smaller than the optimal
device, and this results in less induced charge amount changes.
For this device, maximum power reaches 0.41 uW on a load resist-
ance of 51.5 MQ. The lowest power is observed for the device with
parameters gop=2 mm, d=0.5 mm, and the maximal power only
reaches 0.02 uW on 21.5 MQ. Despite larger effective movement
range (1.5 mm), for this device the thinner inner plate within the
larger gap results in ineffective relative displacement between
the inner plate and the other two electrodes. Thus, optimising the
power output should be traded off between enlarging effective
movement range and inducing large relative displacement for the
inner plate.

Fig. 8 shows the frequency response of samples with different
parameters, in terms of generated voltage and output power. As is
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shown in Fig. 8, for all three types of devices over the range of
5-120 Hz, output voltage and power increase as the vibration fre-
quency increases, proving the non-resonant characteristic of all
devices. For the optimal device with parameters gop=2 and
d=1mm, a highest voltage range of 3.9-7.0 V and a highest
power range of 0.2—0.7 uW are generated over the 5-120 Hz, dem-
onstrating the potential of the proposed energy harvester for wide-
band applications.

5. Conclusions: This Letter presents the design, fabrication and
testing of a novel non-resonant electrostatic energy harvester for
low frequency and wideband applications. To boost
non-resonance power output under low frequencies, we adopt the
vertical gap changing method to induce charges, which generates
about 17 times of charge change compared with the conventional
method of laterally changing overlap area (at 1 mm gap). Further,
we adopt the differential structure to achieve doubled output
voltage. Testing results reveal that the device with parameters
go=2 and d=1 mm presents optimal power output capability due
to large effective movement range and effective relative
displacement of the inner plate. Maximally, 3.9-7.0 V voltage
and 0.2-0.7 pW power are achieved over the 5-120 Hz frequency
range.
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