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A B S T R A C T

In this paper, a new comprehensive model is presented to optimize the design of vibration based electrostatic
energy harvester working in standard atmosphere. This model considers the non-linear air damping force in-
duced by the movement of proof mass as well as the “pull-in” effect from the electrostatic force. Important
parameters such as the height of stoppers on the bottom plate, the initial gap between the bottom plate and proof
mass and the surface potential of the electret layer have been investigated. With the microelectromechanical
system (MEMS) technology, a series of energy harvesters have been fabricated with various parameters. The
measurements of devices show excellent agreement with the simulations. For the first time, the “pull-in” phe-
nomenon has been observed during the harvesting test as our expectation. The model provides a promising
optimization route for the electrostatic energy harvester with broad bandwidth, decent power output while
avoiding the “pull-in” effect.

1. Introduction

With the fast development of micro wireless sensors and commu-
nication technology, wireless sensor networks (WSN) and internet of
things (IoT) have been emerging with wide applications, where tradi-
tional power supply of battery encounters the limitation of lifetime and
the challenge of replacement for large scale networks [1–3]. Energy
harvesting technology may provide supplementary power with sus-
tainable and renewable energy from vibration energy [4–7], thermal
energy [8,9] and flow energy [10,11], etc. For instance, vibration-based
energy harvesters have been developed in self-powered systems for
bridge health monitoring and wireless temperature sensing [12,13],
which have shown promising performance to replace the batteries.

Three principles such as electromagnetic [14–16], piezoelectric
[17–19] and electrostatic [20–27] methods have been usually used for
the energy conversion from ambient vibration sources to electricity.
Among these approaches, the electrostatic vibration-based energy
harvester (e-VEH) is more competitive in compact size, energy density
and compatibility to micro-electro-mechanical system (MEMS) tech-
nology. A linear mass-beam system is typically used with variable ca-
pacitor structures where a bias voltage or pre-charged electret layer is
applied. When the mass vibrates along with the vibration source, the
changing of the overlapping area or the distance between the two plates

will lead to a capacitance variation; and therefore, electric current can
be generated [4]. A prototype of MEMS e-VEH device was fabricated by
Y. Suzuki in 2010, which provided a total power output of 1.0 μW at an
in-plane acceleration of 2 g with 63 Hz [20]. And a fully packaged
MEMS e-VEH was developed with a four-wafer stack to harvest energy
from out-of-the-plane vibration source [21]. The overall size of the
device was only about 1.1 cm×1.3 cm, and a power output of 0.15 μW
was achieved at an acceleration amplitude of 1 g with a frequency of
96 Hz. A device with maximum output power as 20.7 μW at 110 Hz and
2 g with device size as 1 cm×4 cm was achieved by Lee [25]. In 2011,
a maximum output power of 50 μW was obtained from an energy
harvester with out-of-plane cantilever [26]. Besides, a non-linear e-VEH
with maximum output as 4.5 μW and active chip size as 1 cm×1.2 cm
which can harvest energy from 10 Hz to up to 162 Hz was put forward
by Y. Lu et al. [27].

For all the three types of harvesters with linear mass-beam system, it
is a common challenge to improve the bandwidth of the device for
harvesting the vibration energy with random frequency spectrum.
Therefore, nonlinearity has been introduced and studied widely for
them. For the electromagnetic and the piezoelectric harvesters, to in-
crease their operational bandwidth, multi-well potentials with bi-stable
or tri-stable resonant systems has been realized with buckling beam or
external magnets [28–33]. Recently, for e-VEHs, bi-stable spring and
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mechanical collision have also been utilized for wideband energy har-
vesting [34,35]. Besides, through amplitude limitation of package cap
and reducing air damping in vacuum chamber, both broad bandwidth
and high normalized power density were successfully achieved [36].
For all the devices above, unfortunately, the nonlinearity of the air
damping has been overlooked for a long time, simply because the air
damping force is comparably smaller than the transduction force in the
electromagnetic and piezoelectric harvesters. However, this air
damping could be significant in e-VEHs, especially for the device with
out-of-the-plane scheme, where the squeeze film damping force in-
creases dramatically when the air gap decreases during vibration [37].
Therefore, a detailed study on the nonlinearity of the air damping force
is necessary for the optimization of the harvester.

On the other hand, performances of electrostatic MEMS devices are
also strictly limited to the “pull-in” effect, when the electrostatic force is
larger than the spring force due to the small gap between the two
electrodes. This effect will lead to severe instability to electrostatic
MEMS devices. During the past decades, various models or methods
have been developed to study this nonlinear phenomenon for electro-
static MEMS/NEMS devices [38]. For MEMS e-VEH, the electrostatic
force could be large enough to induce the “pull-in” state, when the mass
approaches to the counter electrode during the vibration. This “pull-in”
phenomenon has never been observed in e-VEHs previously, while it
also should be taken into consideration for the device design. In this
paper, we have proposed the optimization of e-VEH device with the
non-linear air damping force in gap-closing scheme. A comprehensive
model has been built to study the influence of the initial gap, stopper
height and surface potential to the air damping, the “pull-in” effect and
the power output of the harvester. MEMS e-VEH devices were fabri-
cated with IC-compatible process according to our design, demon-
strating excellent agreement between the experiments and the simula-
tions. As expected, we have observed the “pull-in” phenomenon during
the energy harvesting process for the first time. The modeling in this
work shows promising optimization route for the design of an e-VEH
with broad bandwidth, decent power output while avoiding the risk of
“pull-in” effect.

2. Theoretical analysis and simulation

The 3D-scheme and the 2D cross-section view of the e-VEH with
out-of-plane gap-closing structure are shown in Fig. 1(a) and (b), re-
spectively [39]. A few stoppers are designed either on the proof mass or
on the bottom electrode to avoid the “pull-in” effect. As shown in Fig. 2,
the electro-mechanical characteristic of the device is generally de-
scribed by the equation below,

+ + + + + =m Y X F mg F F( ¨ ¨ ) 0spring air ele (1)

where X and Y are the displacement of the proof mass and the external
ambient vibration source. For our devices, the length of the four silicon

Nomenclature

Symbol Parameters
A area of the damping film
c coefficient of damping force
Cpar parasitic capacitor
C(t) capacitance between the top electrode and bottom elec-

trode
Cair capacitance of the air gap
Cele capacitance of the electret
dele electret thickness
E electrostatic energy
f frequency
Fair air damping force
Fele electrostatic force
Fspring spring force
Fbottom air damping caused by bottom surface
Fstopper air damping caused by stoppers’ surface
g gravitational acceleration
h instantaneous distance between two plates (the air film

thickness)
h0 initial distance between two plates
hs stopper height
H silicon wafer thickness

k equivalent stiffness of four silicon springs
l the typical dimension of the plate (half of the side length

for the square bottom plate of our device)
K linear stiffness coefficient
L silicon beams’ length
m proof mass
P pressure
P0 initial pressure
Q induced charge
R external load resistance
t silicon beams’ thickness
v velocity of the proof mass
VS surface potential of the electret material
w beam width
X vertical displacement of the proof mass
Y vertical displacement of the external ambient vibration

source
μ coefficient of viscosity (air)
ω angular frequency of the applied sinusoidal vibration
∊ Excursion calculated through (h0-h)/h0
ε the absolute dielectric permittivity.
σ squeeze number
γ the ratio of the plate length to the plate width
ρ density of the gas (air)

Fig. 1. (a) The 3D-scheme of the e-VEH; (b) The 2D-scheme of the bottom plate.
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springs is 8 mm while the maximum displacement of the proof mass
ranges from 200 μm to 300 μm, so these springs won’t exhibit non-
linearity during vibration and the spring force is linearly proportional
to the displacement of the proof mass:

= −F kXspring (2)

where k is the total equivalent stiffness of the four silicon springs.

2.1. Squeeze-film air damping force

2.1.1. Calculation
For our devices working at room temperature and atmosphere, the

Knudsen number, which reveals the gas rarefaction calculated through
the ratio of the mean molecular free path and the characteristic length
scale is smaller than 0.001. In this regime, the gas can be classified as
continuum flow with no slip at walls. Furthermore, we assume that the
air film is isothermal, and the Reynolds’ equation derived from Navier-
Stokes equation in the situation can be written as [37]:

⎜ ⎟ ⎜ ⎟
∂

∂
⎛
⎝

∂
∂

⎞
⎠

+ ∂
∂

⎛
⎝

∂
∂

⎞
⎠

=
∂

∂x
P h

μ
P
x y

P h
μ

P
y

hρ
y

12
( )3 3

(3)

where x and y are the axes along the sides of the bottom plate and h
is the distance between the two plates, or the thickness of the gas film.
Meanwhile, the initial distance at the equilibrium position, h0, can be
calculated through mechanical equilibrium equation in stationary si-
tuation:

+ + =F h mg F h( ) ( ) 0spring ele0 0 (4)

For devices with no stoppers, h can be assumed as uniform both in
the x- and y- directions; therefore, the Reynolds’ equation (Eq. (3))
could be simplified as [37]:
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Now another important factor, the squeeze number, σ, required to
be considered. For the square air damping film, it is defined as:

=σ
μl ω

P h
12 2

0 0
2 (6)

For this e-VEH device, the value of squeeze number versus h is
shown in Fig. 3. It can be noticed that, when the distance between two
plates is larger than 60 μm, the squeeze number is far smaller than 1
and the air flow can be considered as incompressible. Whereas, when
the distance becomes smaller than 60 μm, the air compressibility cannot
be further neglected.

At small squeeze number ( ≪σ 1), the air damping force is only
caused by the viscous damping and the fluid can be considered as in-
compressible. At finite squeeze number, the air flow will be limited and
the movement of the proof mass will approach the circumstance like
pressing a piston inside a closed container [40], in which situation the
squeezed air film behaves more like a spring and the air damping force
is the sum of the damping caused by the air compressibility and the
damping caused by the viscosity. Through Fig. 3, we found that the
squeeze number could be considered far smaller than one when the
distance between two plates is larger than 60 μm. Thus, when applying
a small external excitation, the minimum distance between two plates is
larger than 60 μm; therefore, the simplified Reynolds’ equation could be
solved by directly applying popular following boundary conditions to
get the pressure distribution P(x,y):
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And Fair can be calculated through the integration of the pressure
with the area [37]:
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It could be noticed that, this force doesn’t depend on the pressure (μ
is considered as a constant for ideal gas at different pressures) for the
reason we introduced at the beginning of this section, that we only
considered the device working at room temperature and standard at-
mosphere in which Knudsen number is lower than 0.001 and the model
was also built based on that. For devices working at low or high va-
cuum, the gas will show different characteristics and new models re-
quired to be built, like the slip length, the transitional flow and the free
molecular flow.

Whereas, for our devices with out-of-plane motion, the above
boundary conditions are not accurate when the film thickness is too
large to be considered as significantly smaller than the device dimen-
sion. A modified boundary condition is required; therefore, the coeffi-
cient and the value of the damping force should be modified as [41],
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= −F c v·air (11)

Fig. 2. The electro-mechanical model of the e-VEH.

Fig. 3. The value of the squeeze number versus distance between the two
plates.
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where Λ is the slip length, which has the same order as the mole-
cular mean free path, and χ, η and ζ are three coefficients depending on
the ratio of the slip length to the film thickness. These coefficients va-
lues could be calculated as shown in [41]. For our device at room
temperature and standard atmosphere, χ=1, η=0.634 and
ζ=0.445 are applied for the following analysis.

As we discussed previously, when the vibration amplitude is small
and the minimum film thickness is larger than 60 µm, the squeeze-film
air damping force is proportional to the velocity of the proof mass. For a
large external excitation, however, the distance between two plates
could be smaller than 60 µm, and the squeeze number might be close to
one or even larger than one. If the motion of the proof mass is a sinu-
soidal vibration with excursion ∊, which is given by the ratio of vi-
bration amplitude to the initial gap (initial film thickness), i.e., ∊ is
equal to (h0 − h)/h0. According to the derivation in [42], the air
damping force should be calculated as:

= − − −F c v K h h· ·( )air 0 (12)

where K is the linear stiffness coefficient calculated through:
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and b1 is a coefficient relative to γ, the ratio of the plate length to the
plate width:
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Besides, in this condition, the coefficient of the damping force also
needs to be further modified due to the increasing damping,
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In sum, the squeeze-film air damping force for this e-VEH device
with no stoppers on the bottom plate could be calculated as:
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Whereas, the effect of the stoppers on the bottom plate to the air
damping force also need to be considered. Thus, we have used finite
element modeling method (COMSOL) to study the influence. In this
COMSOL model, the meshes for the silicon beams and proof mass were
set individually according to the critical dimensions. The meshing for
the proof mass are set as “fine” calibrated with general physics, while
the four silicon beams are meshed as “normal” calibrated with general
physics, both with free tetrahedral elements. During the work, we have
tried to tune the meshing condition with finer elements but no sig-
nificant change has been observed for the simulation results, which
indicates the accurate meshing condition. The results for the pressure
caused by air damping force are shown in Fig. 4. Fig. 4(a) shows a
device with gap of 220 μm and stopper height of 40 μm, and Fig. 4(b)
shows a device with gap of 220 μm but no stoppers. They were simu-
lated at the same displacement and velocity during vibration. It can be
noticed that, the stoppers not only influence the distribution of the air
damping force, but also increase the overall damping remarkably. To
study this influence in detail, we have divided the area of the bottom
plate into two parts, which are the bottom surface and the stopper
surface. The air damping forces are calculated for each part individually
and then summed up:

= +F F Fair bottom stopper (17)

Besides, we believe that the stoppers also increase the squeeze
number, for the air flow above the stoppers may show compressibility
earlier than the bottom surface. This means for devices with stoppers,
the influence of finite squeeze number should be considered at gap
larger than 60 μm according to the height of the stoppers.

2.2. Electrostatic force

As shown in Fig. 2, the induced charge, Q, on the top electrode (the
bottom surface of the proof mass) can be calculated based on Kirchh-
off’s law and be simplified to:

Fig. 4. The pressure of air damping for bottom plates with (a) 220 μm gap and 40 μm stoppers; (b) 220 μm gap and no stoppers.
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This total capacitance C(t), corresponds to the serial linked

capacitance formed by the capacitance of the air gap, Cair(t), and the
capacitance of the electret, Cele. And the C(t) is calculated as,

Fig. 5. (a) The Simulink model of the e-VEH; (b) the comparison between the measurements and simulation results for a device with 220 μm gap and without
stoppers and surface potential.
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Thus, the electrostatic energy stored in this capacitance is:
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And the electrostatic force can be calculated as:
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A. Simulink model

Based on the equations discussed above, Simulink Model has been
made as shown in Fig. 5(a). Fig. 5(b) shows the comparison between the
measurements and the simulation results for a device with gap of
220 μm while without stoppers or surface potential. The minus sign
stands for the results obtained through the initial air damping equation
without modifications, which is the Eq. (8). The plus sign stands for the
simulation results after modifications discussed above. The error of the
maximum and minimum displacement of the simulation compared to
the experiments is 4% for the modified air damping model while it is
17% for the original air damping model. It can be noticed that the
modified equation is more accurate and can reveal the displacement of
the proof mass.

Some parameters in the Simulink model are set with the value
shown in Table 1. From our previous work, when the vibration am-
plitude of the proof mass is larger than the initial gap, an additional
collision force should be added to the model [35] or the velocity of the
proof mass should be tuned [32] after collision. In this model, we
considered the impact as perfect elastic collision which would tune the
velocity of the mass when collision happens. An estimated capacitor of
50 pF has been included in the model to reflect the parasitic effect from
the practical circuit.

2.3. Simulation

2.3.1. Surface potential
Simulation was performed by this Simulink model to explore the

influence of surface potential, gap and stopper height to the device
performance. Firstly, we have calculated the root mean square (RMS)
output power of a harvester with various surface potentials at the same
acceleration of 7m/s2, as shown in Fig. 6(a). For all the surface po-
tentials, same gap of 260 μm, and stopper height of 80 μm were defined

Table 1
Parameters of the simulation.

Symbol Value

h 200, 220, 260, 300 μm
hs 20, 40, 60, 80 μm
Vs −350, −450, −600 V
m 0.1 g
dele 10 μm
f0 135 Hz
Cpar 50pf

Fig. 6. Simulation results for a device under various surface potentials (a) with no collision; (b) with collision.

Fig. 7. Simulation results for devices with (a) various gaps and (b) various
stopper heights.
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in the model. A decrease of the resonant frequency and an increase of
the output power have been noticed with the increased surface poten-
tial. This is due to the fact that the large surface potential induces more
charges, which would lead to a large electrostatic force. A higher ac-
celeration of 10m/s2 has also been applied to study the mechanical
collision between the proof mass and the bottom plate. As shown in
Fig. 6(b), a similar shift of resonant frequency and a broad bandwidth of
the device can be observed. It can also be noticed that the bandwidth of
Fig. 6(b) is wider than that of Fig. 6(a). With large acceleration, colli-
sion occurs between the proof mass and the stopper; therefore, the
maximum displacement of the proof mass will be strictly limited and
thus also the output voltage. Under this circumstance, the energy that
can be harvested for each vibration circle is constant and the output
power is linearly proportional to the vibration frequency.

2.3.2. Gap & stopper height
Both the air gap and the stopper height would affect the mechanical

performance of the harvester. Fig. 7(a) shows the simulation for the
harvester with air gap of 200, 220, and 260 μm, respectively. With a

large gap, the maximum variation range of the capacitance is large;
therefore, the maximum power output could be improved. Further-
more, the resonant frequency would increase with the increased gap
due to the decreased electrostatic force. Fig. 7(b) shows the effect of
stopper height on the output power for devices with the same surface
potential (−350 V) and the same gap (260 μm). Since the stopper
height defines the maximum capacitance between the proof mass and
the bottom electrode, larger RMS output power could be harvested
when the stopper height decreases from 80 μm to 40 μm.

2.3.3. Pull-in effect
Although a decrease of the stopper height or an increase of the

surface potential can significantly increase the maximum output power,
they might also lead to the “pull-in” effect. Generally, the “pull-in”
voltage for a static device is defined as:

=V kh
Aεε

8
27p

0 (22)

We have studied the “pull-in” effect with COMSOL simulation

Fig. 8. (a) The COMSOL model; (b) Simulation results of the “pull-in” voltage for devices with various stopper heights and gaps; (c) Simulation results of the RMS
output power versus frequency for a device with increasing acceleration; (d) Simulation results of the displacement of the device at 8 m/s2 and 98 Hz.
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through the electromechanical coupling. Thanks to the symmetry of the
geometry, the simulation was performed with a quarter of the device.
When 220 μm gap and no stoppers under the −550 V surface potential
was applied, and the simulated displacement was shown in Fig. 8(a). In
this stationary COMSOL model, when the plate position is lower than
one-third of the gap between the two electrodes, “pull-in” effect would
occur and the critical “pull-in” voltage could be obtained for different
devices. Whereas, during the vibration of the energy harvester, the
generated current will reduce the surface potential and the electrostatic
force; therefore, the “pull-in” voltage is more complicated than sta-
tionary case, which will vary with the vibration amplitude and fre-
quency. The Simulink model was applied for a parametric study of the
dynamic “pull-in” voltages with various gaps and stopper heights, as

shown in Fig. 8(b).
For a device with stopper gap of 260 μm, height of 40 μm and sur-

face potential of −600 V, its output power keeps increasing with in-
creased acceleration as shown in Fig. 8(c). When the acceleration
reaches to 8m/s2, however, the proof mass was pulled to the bottom
electrode by the extremely large electrostatic force. As shown in
Fig. 8(d), the device stopped vibrating due to the “pull-in” effect and no
energy could be harvested afterwards.

2.3.4. Air damping
As shown in Fig. 4, the stopper structure could not only limit the

maximum displacement of the mass to avoid the “pull-in” effect, but
also changes the air damping when the proof mass is vibrating close to
the bottom electrode. Fig. 9(a) shows the output power of the har-
vesters with the same gap but various stopper heights when a low ac-
celeration of 8m/s2 was applied. Although none of the harvesters en-
counter collision, we have still noticed a slight difference of the output
power. This is mainly due to the fact that air damping is more sig-
nificant for the device with higher stoppers which are closer to the
proof mass under the same vibration source. This is confirmed by the
simulated displacement of these devices as shown in Fig. 9(b). It should
also be noticed that the softening effect of electrostatic force is more
significant than the effect of air damping force during this simulation;
therefore, the resonant frequency of the harvester decreases with the
decreased stopper height.

3. Device fabrication

We have designed and fabricated the e-VEHs with the parameters
listed in Table 2. Silicon wafers were used as the main material for our
devices. A 10 μm CYTOP layer was used as the electret material on the
bottom plate and a metal layer of 15 nm Cr and 100 nm Au was used as
electrode. Fig. 10(a) shows the fabrication processes for the bottom
electrode in cavity, which is described as below:

Step 1. Silicon wafer with 500 μm thickness and 2 μm oxide layers
on both sides was obtained by thermally oxidized.
Step 2–4. Lithography was applied on the top side of the wafer. Then
the top side was etched with buffer oxide etchant (BOE) with an-
other side protected by pre-coated photoresist. After these two steps,
the wafer was etched in 40% KOH at 50℃ to get stoppers with
specific height.
Step 5–6. ICP-RIE was applied to etch SiO2 on stoppers. Then the
KOH solution was applied again to form the cavity with the depth
we designed, which is used for controlling the initial gap. And BOE
was applied to etch all the SiO2 remained.
Step 7–8. A metal layer of Cr (15 nm)-Al (100 nm) as electrode was
deposited by sputtering on the bottom side of the wafer. And 10 μm
CYTOP layer as electret was spray coated on the top of the plate.

The process flow for the mass suspended by four silicon beams is
shown in Fig. 10(b):

Step 1. Silicon wafer with 500 μm thickness and 2 μm oxide layers
on both sides was obtained by thermally oxidized.
Step 2–4. Lithography was applied on the top side of the wafer. Then
the top side was etched with BOE with another side protected by
pre-coated photoresist. After these two steps, the wafer was etched
in 40% KOH at 50℃ to get a cavity with 280 μm depth.
Step 5–6. Lithography was further applied to the bottom surface
then the patterned SiO2 was dry etched with ICP-RIE process. And
after these two steps, the remained photoresist was removed.
Step 7. The KOH solution was applied again to release the silicon
beams. And BOE was applied to etch all the SiO2 remained.
Step 8. A metal layer of Cr (15 nm)-Al (100 nm) as electrode was
deposited by sputtering on the bottom side of the wafer.

Fig. 9. Simulation results for devices with various stopper heights. (a) Output
power versus frequency; (b) displacement at maximum output power.

Table 2
Parameters of the Device.

Symbol Value

l 8mm
w 200 μm
t 60 μm
m 0.1 g
H 500 μm
h0 220, 260, 300 μm
hs 0, 20, 40, 60, 80 μm
d 10 μm
Vs −350, −400, −450, −600 V
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Fig. 10(c) shows the fabricated proof mass (left) and the bottom
electrode (right), respectively. The two components have an overall size
of 1.1 cm×1.3 cm, which are manually assembled for the following
tests.

4. Characterization

As shown in Fig. 11, the final e-VEH device was mounted on a
shaker with a reference accelerometer to monitor and control the

vibration amplitude during the test. A laser detector was used to
measure the displacement of the proof mass during vibration.

4.1. Surface potential

Fig. 12 shows the measurements of harvested RMS power versus
frequency under different conditions. It could be noticed that these
figures show similar results to the simulation results as discussed above.
With higher surface potential, both an increase of the output power and

Fig. 10. The fabrication process for (a) the bottom plate; (b) the proof mass; (c) the top and bottom plates before assembling.
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a decrease of the resonant frequency have been noticed as shown in
Fig. 12(a). The harvesters have achieved the maximum output power
when the proof mass collided with the bottom plate. It should be noted

that, when collision happens, the downward displacement of proof
mass is mainly dependent on the gap and stopper height, which satu-
rates to a certain level according to the device geometry. Further in-
creasing the acceleration only leads to a broader bandwidth without
improving the output power significantly [43]. On the other hand, high
acceleration might induce unstable vibration, which might cause a
decrease of the RMS output power or damage of the device [44]. During
this test, therefore, we controlled the acceleration in a range that the
proof mass is just colliding with the bottom plate.

4.2. Gap & stopper height

Fig. 13 shows the measurements for devices with various stopper
heights and gaps at the same surface potential when mechanical colli-
sion occurs. According to the theoretical analysis and Simulink mod-
eling above, the output power is dependent on the capacitance change
of the device during vibration. With a fixed stopper height of 40 μm, as
shown in Fig. 13(a), larger gap distance gives higher output power since
the minimum capacitance is decreased. On the other hand, higher
power could be harvested from lower stoppers thanks to the larger
maximum capacitance when the proof mass collides with the bottom
electrode, as shown in Fig. 13(b). These experiments agree well with
the simulation results in Fig. 7. It should be noted that the bandwidth of
260-15 curve seems not wider than that of 220-14 curve even a higher
acceleration amplitude is applied, as shown in Fig. 13a. This is mainly
due to the instability and turbulence of the vibration (for both two

Fig. 11. The device is fixed on a stage and tested on a shaker with an accel-
erometer and a laser was used to monitor the displacement of the proof mass
during vibration.

Fig. 12. The measured RMS output power versus frequency for a device with
various surface potentials.

Fig. 13. The measured RMS output power versus frequency for devices with
various (a) gaps and (b) stopper heights.
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cases) when mechanical collision occurs during the experiment.

4.3. “Pull-in” effect

To study the “pull-in” effect of our electrostatic harvester, we have
gradually increased the acceleration of vibration source for the devices
with surface potential from −400 V to −600 V. Fig. 14(a) shows the
measurements of the output power for a device with gap of 220 μm and
stopper height of 20 μm. The output of the device usually increases
when the acceleration gradually increases up to 11m/s2. However, the
device with surface potential of −600 V induced the “pull-in” effect
during the test, when an acceleration of 7m/s2 was applied. Fig. 14(b)
shows the frequency spectrum measurements of the output power at
various accelerations. It could be noticed that the “pull-in” effect hap-
pened at 7m/s2 and 91 Hz. Fig. 14(c) shows the displacement of the
device at this condition. The proof mass has been pulled to the bottom
plate; therefore, the whole device was unable to harvest vibrational
energy anymore. To our best knowledge, this is for the first time to
observe the “pull-in” effect of an energy harvester during vibration,
which provides interesting information on the optimal design of the
device.

4.4. Air damping

Fig. 15(a) shows the effect of the stopper height and the vibration
amplitude on the output of the devices with the same gap of 220 μm and
surface potential of −400 V. It should be noted that the device could
harvest more power with lower stopper height (or no stopper), though
no collision occurs under a low acceleration of vibration source. This
phenomenon reflects the effect of air damping difference among the
three devices. Fig. 15(b) shows their displacement at 6m/s2 at their

resonant frequency, which is 120 Hz, 118 Hz, and 119 Hz, for devices
with stopper height of 0 μm, 20 μm, and 40 μm, respectively. It could be
noticed that devices with lower stopper height exhibit a larger vibration
amplitude, which agrees well with the simulation above. This is mainly
due to the fact that higher stopper induces larger air damping force
which limits the vibration of the proof mass.

5. Discussion

Based on the simulation and the measurements of the e-VEH de-
vices, we noticed that some important factors must be considered and
balanced to optimize the power output of the harvester with out-of-
plane gap-closing scheme.

5.1. Surface potential

It is commonly known that higher surface potential leads to higher
output power both in small and large accelerations. This could be ex-
plained by two aspects: 1. Higher surface potential means more charges
could be induced. 2. Higher surface potential leads to a lower balance
location for large downward electrostatic force, at which the same vi-
bration amplitude would cause larger capacitance variation. Besides,
higher surface potential will also lead to a lower resonant frequency.
With high surface potential (−600 V in our work), however, both the
simulation and the experiments have demonstrated a high risk of the
“pull-in” effect.

5.2. Gap, and stopper height

When the external excitation is large enough to make the proof mass
collide with the bottom plate, the stopper will limit the maximum

Fig. 14. (a) The maximum output power versus acceleration for a device with various surface potentials; (b) measurements for the device with surface potential of
−600 V at various accelerations; (c) the measured displacement of the device at 7m/s2 and 91 Hz when “pull-in” happened.
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vibration amplitude of the proof mass. On one hand, this limitation
could protect the device from the “pull-in” effect of high surface po-
tential. Furthermore, the mechanical collision would increase the
bandwidth of the harvester, which means the device could harvest
energy from a broad frequency range of vibration sources. On the other
hand, the minimum and maximum capacitance of the harvester depend
on the gap distance and the stopper height; therefore, small gap or high
stopper would also limit the maximum power output of the device.

5.3. “Pull-in” effect

“Pull-in” effect must be considered and avoided to optimize the
design of device since it may lead to the failure of e-VEHs. Generally,
there are three aspects to avoid this effect for our device. Firstly, we can
increase the stopper height to limit the minimum gap distance between
the proof mass and the bottom electrode, which determines the max-
imum electrostatic force. Secondly, we could increase the initial gap
which increases the maximum spring force from the beam structure.
Thirdly, the electrostatic force could also be decreased if we limit the
surface potential of the electret layer. As discussed above, however, all
these methods will cause the decrease of the output power. Therefore,
all these parameters should be well balanced to optimize the device
output performance. Our theoretical analysis and simulation provide a
promising route for the optimization of the vibration energy harvester.

6. Conclusion

In this paper, a comprehensive model including the nonlinear air
damping force and the “pull-in” effect of electrostatic force is presented
for the optimization of e-VEHs. The simulation results are in excellent
agreement with the measurements. From this model, we can easily
explore the influence of the stopper height and gap on the device per-
formance. As expected, the “pull-in” phenomenon has been observed
during the energy harvesting process for the first time. A few regula-
tions concluded in this study regarding to the height of stopper, the
surface potential and the initial air gap can provide useful information
for the optimal design of the e-VEH device. We shall balance the gap
and stopper height to achieve low air damping force and high output
power while avoiding the “pull-in” effect.
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