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Abstract
Vibrational energy harvesters, which can convert mechanical energy distributed widely in
the surrounding environment to electrical energy in a convenient, eco‐friendly and sus-
tainable way, have attracted great attention in both academia and industry. In this study, a
resilient electret film‐based vibrational energy harvester with a V‐shaped counter elec-
trode is introduced, simulated and constructed. A negatively charged fluorinated poly-
ethylene propylene (FEP) electret film with a wavy shape was adopted in the devices,
achieving simultaneously a stable embedded biased voltage and a large tensile deforma-
tion during vibration. The influences of the factors on the performance of the device,
including the initial stretching state of the resilient electret film, seismic mass and depth of
the V‐shape counter electrode, were analyzed comprehensively with finite element
simulation and compared to experiments. Further, the structure of the device was opti-
mised for generating a high output power, and a good agreement between the simulation
and experimental data was achieved. Additionally, the resonant frequency of the device
can be easily tuned between 28 and 68 Hz by merely adjusting the initial stretching state of
the wavy FEP electret film, guaranteeing great superiority for broad bandwidth energy
harvesting applications. For an optimised energy harvester with a volume of only
15 � 5 � 1.7 mm3 and a tiny seismic mass of 25 mg, and a normalized output power
referring to 1 � g (g is the gravity of the Earth) up to 547 μW was obtained at its resonant
frequency of 28 Hz. These results demonstrate that such a miniaturised vibrational energy
harvester is a promising electrical energy supplier for low‐power‐consumption electronic
devices, in particular in wireless sensor networks.
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1 | INTRODUCTION

Vibrational energy is one of the ubiquitous and easily har-
vested mechanical energy sources in the environment [1–6].
Various electromagnetic, piezoelectric and electrostatic energy

harvesters have been designed [7–10] to provide sustain-
able energy for low‐power electronic devices [11–13] by
converting mechanical vibrational energy into electrical en-
ergy [14–16], enabling convenient self‐powered automation
functions.
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Generally, an electrostatic vibrational energy harvester
utilizes a variable capacitor as the transduction element which
is either charged by an external bias voltage or embedded with
electrets [17–20]. For the homocharge electret polymer films
which are often utilized in electrostatic energy harvesters, the
typical value of the effective surface charge density ranges from
0.1 to 1 mC/m2. The electrostatic energy harvesters embedded
with electrets have captured much attention given their features
such as self‐powered capability (no bias voltage required),
compatibility with MEMS processes, high conversion effi-
ciency, simple implementation and eco‐friendliness [21–28].

There exist two main factors that influence the perfor-
mance of the electret‐based electrostatic energy harvester. One
is the electret property of the functional polymers, and the
other is the mechanical structure of the device. In this study, a
vibrational energy harvester, consisting of a highly resilient
fluorinated polyethylene propylene (FEP) electret film with a
wavy shape, a V‐shaped counter and a small seismic mass was
designed, simulated and fabricated. A finite element (FE)
simulation model for the energy harvester was established and
validated by the experiments first and then it was used to
optimize the performance of the device. The influence of the
initial state of components and some variable structural pa-
rameters on the resonant frequency and output power of the
device has been investigated systematically.

2 | STRUCTURE AND WORKING
PRINCIPLE OF THE ENERGY
HARVESTER

The geometric and material parameters of the electrostatic
vibrational energy harvester based on the negatively charged
FEP electret film (Figure 1) are listed in Table 1. The FEP
electret film used here has a wave‐shaped structure which
makes it very resilient [29–31]. The surface charge density on
one side of the FEP film was around 0.42 mC/m2, and the
other side of the film was metalised with 100‐nm‐thick Al. The
negatively charged FEP films were chosen in this study since
the negative charges are significantly more stable than positive
charges in FEP [32]. In order to improve the performance of
the device, a V‐shaped counter electrode was designed
(Figure 1), considering the fact that such a structure can

enlarge the variation of the device capacitance during vibration.
The V‐shaped counter electrode serves as a support frame to
fix the two ends of the FEP electret film as well. A seismic
mass was cemented in the center of the FEP film to provide an
inertial force during vibration.

In order to assess the performance of the fabricated energy
harvester, its bottom is fixed on a shaker, which exerts a ver-
tical cosine acceleration excitation to the device. During the
vibration process, the resilient wave‐shaped FEP electret film is
stretched, leading to the change of air gap thickness between
the electret film and the bottom electrode, and, thus, a reor-
ganization of the induced charge on both electrodes in short
circuits or a variation of voltage between the two electrodes in
open circuits will be detected. When a load resistor is con-
nected between the two electrodes, the current flows through
it, and, thus, the vibrational energy is converted into electrical
energy.

The working principle of the electret‐based electrostatic
energy harvester is schematically illustrated in Figures 2a–c
where a variable capacitor model was used and simplified as a
parallel plate capacitor. Assuming the electret film has a uni-
form surface charge density, the distributions of induced
charge on the two electrodes are also uniform. According to
Gauss' theorem and Kirchhoff's second law in short circuits,

F I GURE 1 Schematic diagram of the resilient wavy electret film‐based
vibrational energy harvester with a V‐shaped counter electrode.

TABLE 1 Geometric and material parameters of the vibrational
energy harvester

Component (Material) Parameters Values

FEP electret film Initial effective length L 15 mm

Width W 5 mm

Thickness d 12.5 μm

Height of ripple tmax 160 μm

Length of ripple l1 1 mm

Length between ripples l2 0.5 mm

Density ρ 2.15 � 103 kg/m3

Young's modulus E 460 MPa

Poisson's ratio ν 0.3

Surface charge density σ 0.42 mC/m2

Relative permittivity εr 2.1

Seismic mass (Cu) Width 5 mm

Density 8.8 � 103 kg/m3

Weight ms 0.025–0.1 g

Top electrode (Al) Thickness 100 nm

V‐shaped counter
electrode (Cu)

Horizontal length 15 mm

Maximum depth H 2 mm

Width 5 mm

Young's modulus 108 GPa

Poisson's ratio 0.35
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the relationship between the electric field of the air gap and the
electret layer can be expressed as follows [33].

−εrEP þ εairEA ¼
σe

ε0
ð1Þ

d ⋅ EP þ dA ⋅ EA ¼ 0 ð2Þ

where εr and EP represent the relative permittivity and the
electric field of the FEP electret layer, respectively, εair and EA
denote relative permittivity and electric field intensity of the air
layer, respectively, σe is the surface charge density of the elec-
tret film, ε0 is the permittivity of vacuum and d and dA are the
thicknesses of the electret layer and air layer, respectively.

Thus, the electric field in the air gap is given by

EA ¼
σed

ε0ðεrdA þ dÞ
ð3Þ

and the induced charge density σB on the bottom (or counter)
electrode is given by

σB ¼ −ε0EA ¼ −
σed

εrdA þ d
ð4Þ

Since the device can be equivalent to an electret capacitor
and an air capacitor in series, its capacitance is given by

C ¼
ε0εrS

εrdA þ d
ð5Þ

where S is the effective area of the bottom electrode

As shown in Figure 2c, during the vibration, the reduction of
air gap thickness drives the current flow through the load resistor
and leads to more induced positive charges accumulating on the
bottom electrode. Conversely, as the air gap becomes larger, the
current direction will be reversed. Therefore, the resilient FEP
electret film functions effectively as an electron pump that drives
electrons back and forth between the two electrodes.

3 | FINITE ELEMENT SIMULATION

3.1 | Finite element model

As analyzed above, the variation of the thickness of the air gap
is one of the key factors influencing the energy conversion for
the energy harvester. Therefore, the finite element (FE) soft-
ware ABAQUS, which is suitable for structural dynamic
response analysis was adopted in this study to simulate the
fluctuation of the thickness of the air gap in the structure. The
model for FE analysis (Figure 3) was established based on the
structure of the energy harvester (Figure 1). Due to the lower
stiffness of the wave‐shaped FEP electret film, large defor-
mation occurs during the vibration process of the energy
harvester. In order to ensure the calculation accuracy, the film
was divided into a 5‐layer mesh in the thickness direction, and
the aspect ratio of each element is 1:1 (Figure 3). The element
(four‐node bilinear plane strain quadrilateral element and
reduced integral) in ABAQUS software was selected as the
element in the FE model, and the total number of the elements
is 49744 in the presently studied device. In the FE model, the
FEP electret film, V‐shape frame and seismic mass are
isotropic materials, and their respective material properties,
including density, Young's modulus and Poisson's ratio are
listed in Table 1. According to the structural characteristics of
the energy harvester, the wave‐shaped FEP electret film, the V‐
shaped frame and the seismic mass were bonded together at
the contact parts in the FE model. The acceleration, which
satisfies the function ay = acosωt was applied to the bottom of
the V‐shaped frame to imitate the vibration of the device.

3.2 | Resonant frequency, initial
deformation and dynamic response

The seismic mass was placed at the center of the wave‐shaped
FEP electret film in the device which introduces an initial

F I GURE 2 Working mechanism of the vibrational energy harvester.
(a) The simplified model of electric field and charge distribution. (b) The
simplified model of the device capacitance. (c) A schematic diagram of the
working principle of the resilient electret film‐based vibrational energy
harvester. For a short circuit condition, sinusoidal variations of the air gap
thickness cause the illustrated changes of the induced charge on the top and
bottom electrodes and final output current. Note: For finite values of Rl,
there will be an additional phase shift between these quantities (not shown
in Figure 2c).

F I GURE 3 The finite element (FE) simulation model and mesh
configuration for the vibrational energy harvester. The thickness between
the two center points (the bottom of the seismic mass and the bottom of
the V‐shaped counter electrode) is the largest.
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deformation of the film. Therefore, the structural deformation
under the action of gravity was calculated by quasi‐static
analysis in ABAQUS software first. Taking into account of
the deformation of the FEP film under the gravity of the
seismic mass, the bending stiffness of the FEP film in the
device can be obtained, which will be used to determine
the resonant frequency of the harvester [34, 35], as will be
discussed in the next section. In this quasi‐static calculation,
the displacement of the bottom of the V‐shaped frame is
directly fixed, that is, uy = 0.

For the energy harvesters with the mounted wave‐shaped
FEP films showing a pre‐stretched state, the simulation of
the stretching of the film was carried out first and then the
deformation of the film under the action of gravity was
calculated.

The resonant frequency analysis of the energy harvester
was directly carried out in the ‘Frequency’ analysis mode in
the ABAQUS software where the resonant frequencies and
corresponding modes were obtained from the ‘Eigenvalue
output’.

In order to simulate the dynamic response of the wave‐
shaped FEP electret film during the vibration, a cosine accel-
eration load (Figure 3) was exerted on the V‐shaped electrode
in the vertical direction (y‐axis) to drive the motion of the
shaker, and the ‘Steady‐state dynamics’ analysis mode in the
ABAQUS was adopted to simulate the dynamic response of
the energy harvester. Here, large deformation analysis was
utilized. The dynamic response of each node was extracted
from the result files and visualized.

3.3 | Output power

In order to collect the data of the air gap thickness, 33 nodes
on the bottom edge of the electret film and seven nodes on
the V‐shaped counter electrode were selected as feature
nodes to characterise the structural deformation in the
simulation (Figure 4). Since the maximum frequency of vi-
bration was 100 Hz in the study, the coordinate information
of the feature nodes was extracted every 1 ms from the
ABAQUS result files. By connecting adjacent feature points
with line segments and fitting a linear function, the segment
function of 32 segments is sufficient to characterize the shape
and position of the electret film. Similarly, the position and
shape of the V‐shaped electrode can also be characterised by
the coordinate data of the characteristic node at each time
step.

Since the conductor surface is equipotential and the electric
field lines are perpendicular to the surface, the air gap thickness
at any time corresponding to any position of the structure is
easily calculated as shown by dA(x,t) in Figure 4. Substituting it
into Equation (5) and performing the integration operation,
the total capacitance of the energy harvester at time t can be
obtained as

CðtÞ ¼ 2�
Z L=2

0

ε0εrW
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

p

εrdAðx; tÞ þ d
dx ð6Þ

Similarly, substituting dA (x,t) into Equation (4) and inte-
grating, the amount of induced charge on the bottom electrode
at time t is given by

QBðtÞ ¼ 2�
Z L=2

0
−

σeW d
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

p

εrdAðx; tÞ þ d
dx ð7Þ

where L and W are the length and width of the electret film,
respectively, and ε0 is the permittivity of vacuum, εr is the
relative permittivity of the FEP electret film, d is the thickness of
the electret layer, k is the slope of the V‐shaped counter elec-
trode and σe is the surface charge density of the electret film.

The output current of the energy harvester can be obtained
by differentiating the amount of induced charge on the bottom
electrode with respect to time as

IðtÞ ¼
dQBðtÞ

dt
ð8Þ

The matching load resistance is given by [31].

Ropt ¼
1

ω0C
ð9Þ

where ω0 and C are the angular resonant frequency and the
initial capacitance of the device, respectively.

Then the output power of the energy harvester with a
matching resistance is calculated by

Pout ¼

R t2

t1
I2ðtÞRoptdt
t2 − t1

ð10Þ

And finally, the normalized output power of the energy
harvester is given by

Pn ¼ Pout

�g
a

�2
ð11Þ

where t1, t2 are the start and end time of vibration, respectively,
g is the gravitational acceleration and a is the actual accelera-
tion of the vibration.

4 | EXPERIMENTAL WORK

The preparation of the highly elastic FEP electret film includes
a template‐based hot‐pressing process to form a wavy struc-
ture and a polarisation process to deposit negative charges on it

F I GURE 4 Schematic diagram of feature nodes and air gap thickness
of the harvester. The arrow in green shows the thickness of the air gap
between a node on the FEP film and the counter electrode.
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[19, 20, 31, 36]. Figure 5a presents the optical image of a
prepared resilient FEP electret film. Before polarization, an
aluminium electrode with a thickness of 100 nm was first
deposited on the upper surface of the wave‐shaped FEP film
by vacuum evaporation. Afterwards, the other side of the film
was exposed to a grid‐controlled corona charging setup. The
grid voltage, corona needle voltage and charging time are
−1 kV, −10 kV and 5 min, respectively. After polarization
treatment, the negative charge density of the bottom surface of
the FEP electret film was finally stabilized at about 0.42 mC/
m2. Both ends of the negatively charged wave‐shaped FEP
electret film were pasted on the copper V‐shaped counter
electrode, and a seismic mass was attached to the center of the
upper surface of the film [Figure 5b] to assemble the energy
harvester. The current harvester configuration can avoid
discharge during vibration, owing to the fact that the surface
charge density of the wave‐shaped FEP film is well controlled
by the Paschen law which guarantees that no Paschen break-
down happens in the air gap during vibration. In addition, a
very small portion of the whole area of the FEP film can touch
the bottom V‐shaped counter electrode even in case of an
accident because of its wavy‐shaped structure. Thus, even in
such a case most of the charges will remain in the FEP
films [31].

For the output power measurement, the bottom of the
energy harvester is fixed on the electrodynamic shaker (B&K
4809). The signal generated by an audio analyzer (Digital Audio
Analyzer dScope series III) was first amplified with a power
amplifier (B&K 2713) and then connected with the shaker to
excite its vibration. At the same time, the charge generated by
the energy harvester was amplified with a charge amplifier
(B&K 2635) and then recorded by the audio analyzer. The
acceleration was measured by an accelerometer (B&K 4393), as
shown in Figure 5d.

Ignoring the mass of the FEP electret film, the angular
resonant frequency ω0 of the harvester is theoretically deter-
mined by [19]

ω0 ¼

ffiffiffiffiffiffi

km

ms

s

ð12Þ

where km is the elastic modulus of the electret film, and ms is
the seismic mass. The output power at a matching load resis-
tance is given by the following equation [31], that is,

Pout ¼
1
2
Roptω2Q2

rms ð13Þ

where ω is the angular frequency of the vibration and Qrms is
the RMS value of the generated charge in short circuit and Ropt
is the matching resistance. The output power reported in this
study is calculated with Equation (13), where the charge Q is
measured in short circuit, and the optimal resistance Ropt is
obtained with Equation (9) using the measured resonant fre-
quency and capacitance of the device.

Finally, the output power of the energy harvester obtained
experimentally was also normalized by Equation (11).

5 | RESULTS AND DISCUSSION

5.1 | Resonant frequency

The resonant frequency is one of the crucial factors that in-
fluences the efficiency of an energy harvester because normally
the maximum power output is obtained at it. Therefore, the
influence of the initial stretching state of the wave‐shaped FEP
electret film and the seismic mass on the resonant frequency of
the device were investigated with the FE simulation method
first.

The dimensions of the FE model in this study are
15 � 5 � 2 mm3, where the length and width of the wave‐
shaped FEP film are 15 and 5 mm, respectively, and the
height of the device is 2 mm. The thickness of the FEP and the
seismic mass are 12.5 μm and 25 mg, respectively.

The resonant frequencies of the device under various
conditions were obtained by harmonic response analysis in a
software package ABAQUS. These data are also the basis for
the subsequent dynamic simulation and calculation of the
power output. Since the stiffness of the wave‐shaped FEP film
in the device is not only affected by its material properties and
geometry but also by the tension which is caused by the initial
stretching state of the FEP film fixed on the V‐shaped frame.
Simulation results of the pre‐stretching state of the wave‐
shaped FEP electret film on resonant frequency of the de-
vice are shown in Figure 6a. Also shown are the corresponding
initial thickness values dA(0,0) of the air gap at the axis of
symmetry because they are associated with the capacitance of
the variable capacitor, and, thus, affect the output power of the
device. As indicated in Figure 6a, a larger stretching length
results in a larger initial air gap thickness, which is caused by
the enhancement of stiffness of the wave‐shaped FEP film in
the stretched state. The resonant frequency is about 29.4 Hz,
and the initial air gap thickness is 1.11 mm, when there is no
initial tension on the electret film. Increasing the stretching

F I GURE 5 (a) An optical image of the wave‐shaped resilient FEP
electret film sample (length L = 15 mm, width W = 5 mm and thickness
d = 0.0125 mm), (b) An optical image of the vibrational energy harvester
mounted on a shaker, (c) The experimental setup for measuring output
power of the harvester and (d) the measured acceleration of the shaker as a
function of excitation frequency from 10 to 100 Hz.
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length of the wave‐shaped FEP film by 0.06 mm with an initial
length of 15 mm, corresponding to a strain of 0.4%, the
resonant frequency slightly decreases to 27.3 Hz. However,
when the stretching length exceeds 0.06 mm, the resonant
frequency significantly increases up to 70 Hz at a stretching
length of 0.24 mm, corresponding to a strain of 1.6%. How-
ever, the thickness of the air gap always increases with the
stretching length as expected. Thus, the resonant frequency can
be tuned in a relatively broad range from 29.4 to 70 Hz, which
makes the device more flexible for adapting to various vibra-
tional frequencies in the environment.

Seismic mass is another factor influencing the resonant
frequency as expected from Equation (12). Simulation results
on the influence of seismic mass on the resonant frequency
[Figure 6b] indicate that resonant frequency increases with
increasing seismic mass as expected, that is, ranging from 67.6
to 38.8 Hz as the seismic mass increases from 25 mg to 0.1 g
when keeping a constant stretching length of 0.24 mm. In
addition, the initial air gap thickness at the axis of symmetry
decreases from 1.94 to 1.76 mm, accordingly.

5.2 | Dynamic response

Figure 7 presents the simulation results on the dynamic re-
sponses of the energy harvester to an external vibration with a
frequency of 24 Hz and an acceleration of 0.172 g, including the
thickness of the air gap, capacitance, the induced charge on
bottom electrode and the current in short circuit. The initial
stretching length of the wave‐shaped FEP electret film is
0.08 mm. Since the acceleration excitation is directly applied to
the bottom of the V‐shaped frame which has a much larger
stiffness comparing with the wave‐shaped FEP film, the dy-
namic response displacement of the V‐shaped frame and that of
the wave‐shaped FEP film fixed with a seismic mass is not
synchronous. Therefore, the thickness of the air gap between
the FEP film and the frame is a superposition of their relative
displacement, where a similar beat phenomenon appears.
Figure 7a depicts that the thickness of the air layer varies in the
range from 1.06 to 2.14 mm at the axis of symmetry during the
vibration. Comparing Figure 7b,c and a, it reveals that both
the capacitance of the device and the induced charge on the
bottom electrode increase with reducing the air gap thickness,
and, thus, the current flows from the top electrode to the
bottom electrode. Conversely, the direction of the current flows

in an opposite direction as the air gap thickness becomes larger.
As expected, the current is proportional to the variation rate of
the induced charge on the electrode [Figure 7d]. The energy of
capacitors is a function of state in the thermodynamic sense,
and, thus, it depends only on the electrical and mechanical state
of the capacitor and not on the history of the device.

The comparison of the current of the energy harvester at the
vibration frequencies of 24, 28 and 32 Hz [Figure 8a] indicates
that the frequency of the current generated is always the same as
that of the driving vibrational frequency, and the current
generated at the resonant frequency of 28 Hz is significantly
larger than those in the other two cases. This is reasonable
because the maximum variation of the air gap thickness always
happens at the resonant frequency [Figure 8b], which results in
the maximum current and output power. Therefore, for the
presently studied energy harvester, the most efficient energy
harvesting is at its resonant frequency of about 28 Hz, which is
also consistent with the results of the harmonic response
analysis.

F I GURE 6 Simulated resonance frequency and initial air gap thickness
of the harvester (a) at different stretching lengths of the resilient FEP film
and (b) loaded with different seismic masses.

F I GURE 7 Simulation of dynamic response of the vibrational
harvester with parameters of H = 2 mm, l = 0.08 mm, f = 24 Hz and
ms = 25 mg. (a) Air layer thickness at the axis of symmetry versus time.
(b) Device capacitance versus time. (c) Transferred induced charge of the
bottom electrode versus time. (d) Output current versus time.

F I GURE 8 Comparison of dynamic response under different
excitation frequencies with harvester parameters of H = 2 mm,
l = 0.08 mm and ms = 25 mg, (a) Comparison of output current in one
second with an excitation frequency of 24 Hz, 28 and 32 Hz. (b) Initial,
maximum and minimum air gap thickness versus excitation frequency.
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5.3 | Power output

The frequency dependence of the power output of the energy
harvesters constructed according to the above described devices
was investigated by FE simulation and verified by experiments.
These energy harvesters have a size of 15 � 5 � 2 mm3 and a
seismic mass of 25 mg. The relationships between the normal-
ised output power and the vibrational frequency, obtained by FE
simulation, are illustrated in Figure 9a with the pre‐stretching
length as a parameter. The results show that the maximum
power output is always obtained at the resonant frequency of the
device for all initial stretching states. The resonant frequency
shifts from 28 to 68 Hz as the initial stretching length varies
from 0.08 to 0.24 mm, corresponding to a strain of 0.5%–1.6%.
For the samples with an initial stretching length of 0.08 mm, the
simulation results show that the normalized output power rea-
ches 233 μW at its resonant frequency of 28 Hz. However, with
the increasing initial stretching length, the normalized output
power at the resonant frequency decreases. For the sample with
an initial stretching length of 0.24 mm, the maximum output
power is only 9 μW at its resonant frequency of 68 Hz. Figure 9b
shows the experimentally obtained output power versus exci-
tation frequency at various stretching lengths of the wave‐
shaped FEP electret film. The corresponding acceleration
used in the experiments is presented in Figure 5d. The
normalized values of the output power obtained experimentally
are illustrated in Figure 9c. In order to make the comparison
easier, both the simulation results and experimental data are
depicted in Figure 9c, showing good agreement. In order to
compare the simulation results and the experimental data
directly, the dependence of maximum output power and reso-
nant frequency on the stretching length is plotted in Figure 9d ,

where the experimental data are averaged over five samples.
Obviously, the experimental data agrees well with the simulation
results. In addition, the results are also consistent with the
theoretical results obtained by harmonic response analysis. As a
result, the resonant frequency of the energy harvester can be
tuned effectively in a broad frequency range by merely adjusting
the initial stretching state of the wave‐shaped FEP electret film,
allowing for a better adaptability to complex environmental vi-
bration sources. However, the corresponding output power at
the resonant frequency decreases with increasing resonant fre-
quency for an otherwise constant seismic mass. The increase of
the resonant frequency is due to the increasing stiffness of the
wave‐shaped FEP electret film with an increasing initial
stretching length, which reduces its deformability during
vibration.

Seismic mass is another important factor that influences
both the resonant frequency as expressed in Equation (12) and
the output power as discussed in the following. Regarding the
presently studied electret‐based energy harvester as a 'black
box", its output power can be adapted from the piezoelectret
energy harvester as follows [37]:

Pout ¼
ms

2d2
ef f a2Rlω2

�
ðω2=ω0

2 − 1Þ2 þ 4ζm
2ðω=ω0Þ

2��1þ ðRl=RcÞ
2�

ð14Þ

where ms is the seismic mass, def f is the effective piezoelectric
coefficient, a is the amplitude of acceleration excitation, Rl is
the load resistance, ω is the angular frequency of acceleration,
ω0 is the angular resonant frequency, ζm is the mechanical
damping ratio and Rc is the capacitive resistance of the
harvester.

The maximum output power delivered to the load resistor
with a matching resistance Rl ¼ Rc ¼ 1=ðω0CÞ at the resonant
frequency is given by the following equation [36]

Pm ¼
ms

2d2
ef f a2ω0

8ζm
2C

ð15Þ

Therefore, considering the relation between the resonant
frequency and the seismic mass in Equation (12), we can
conclude that the maximum output power at the resonant
frequency is proportional to m

3 =2
s . Keeping the initial stretching

length of the wave‐shaped FEP electret film at 0.24 mm, the
simulation results shown in Figure 10a indicate that the reso-
nant frequency of the device shifts from 68 to 38 Hz with
increasing seismic mass from 25 mg to 0.1 g. The maximum
output power at the resonant frequency thereby significantly
increases from 9 to 40 μW. The experimental data shown in
Figure 10b are in good agreement with the simulation results in
Figure 10a. From Figure 10a and Figure 10b one can also
observe the abrupt drop of the output power above the
resonant frequency. This is assumed to be due to the non‐
linearity of the deformation of the wave‐shaped FEP film
caused by its geometric non‐linearity. An intuitive and full

F I GURE 9 Influence of pre‐stretching of the resilient electret on
resonance frequency and output power of the harvester with parameters of
H = 2 mm and ms = 25 mg, (a) Simulated normalised output power versus
excitation frequency with different stretching lengths of the resilient FEP
electret film. (b) Experimentally obtained actual output power versus
excitation frequency for different stretching lengths of the resilient FEP
electret film. (c) Experimentally obtained normalised output power based
on the results is shown in Figure 9b. (d) Comparison of simulated and
experimental results of the effect of the resilient electret pre‐stretched state
on maximum output power and resonance frequency.
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comparison of the theoretical predictions, the simulation re-
sults extracted from Figure 10a and the experimental data
which is an average of five samples are illustrated in Figure 10c.
This figure indicates that the theoretical predictions, the
simulation results and the experimental results are consistent
and in fair agreement.

Since the energy stored in the variable capacitor of the
energy harvester is determined by the structure of the device
and the electret film providing the embedded biased voltage,
the V‐shape of the counter electrode is a crucial parameter for
optimizing the efficiency of the energy harvester since it in-
fluences the capacitance of the device significantly during vi-
bration. For an energy harvester with given parameters for the
size of the wave‐shaped FEP electret film, the initial stretching
length (or strain) and seismic mass, the variation of the
capacitance is determined by the maximum capacitance that
the device can achieve during vibration. The counter electrode
with a V shape as designed in this study allows the device to
achieve a large capacitance when the electret film is very close
to the counter electrode during vibration. Therefore, the effect
of the depth H of the V‐shaped electrode was studied and the
results are shown in Figure 11.

First of all, the change of depth of the V‐shaped elec-
trode has no influence on the resonant frequency of the
device because it hardly deforms during the vibration process
and can be regarded as a rigid body. When the depth of the
V‐shaped electrode is gradually reduced, the output power of
the energy harvester increases significantly as shown in
Figure 11a. This figure depicts that for a device sample with
an initial stretching length of 0.24 mm and a seismic mass of
25 mg, the normalized output power at the resonant fre-
quency is only 9 μW for the device with a V‐shaped elec-
trode depth of 2 mm. Nevertheless, the output power
increases to 25 μW when the depth decreases to 1.5 mm and

dramatically enhances to 140 μW when the depth further
reduces to 1 mm. It is worth noting that the contact between
the electret film and the V‐shaped electrode throughout the
whole vibration process should be avoided for preventing the
detrapping of surface charge stored in the resilient FEP
electret film. Therefore, it is important to obtain the adjust-
able range of the depth of the V‐shaped electrode so that the
energy harvesting efficiency can be effectively improved on
the basis of the normal operation of the device. The pink line
in Figure 11b shows the improved depth of the V‐shaped
bottom electrode corresponding to different initial stretch-
ing states of the electret film with a seismic mass of 25 mg.
With the increase of the initial stretching length of the
electret film from 0.08 to 0.24 mm, the improved depth of
the V‐shaped electrode decreases almost linearly from 1.66 to
1.01 mm. Two main reasons can account for this phenom-
enon. First, the electret film with a larger pretension is more
difficult to deform under the same seismic mass and accel-
eration. Second, the enhancement in the tensile stiffness and
bending stiffness of the electret film is due to pre‐stretching
limits and its large deformation during vibration. And the
initial capacitance of the device will be greatly improved if

F I GURE 1 0 Effect of seismic mass on resonance frequency and
output power with harvester parameters of H = 2 mm and l = 0.24 mm.
(a) Simulated normalized output power versus frequency for different
seismic masses. (b) Experimentally obtained normalized output power
versus frequency with different seismic masses. (c) Comparison of
simulation, experimental and theoretical analysis results of the effect of the
seismic mass on maximum output power and resonance frequency.

F I GURE 1 1 Effect of the depth of the V‐shaped counter electrode
on the energy harvesting performance. (a) Simulated normalized output
power of harvesters with depths of 1, 1.5 and 2 mm, respectively.
(b) Improved depth of the V‐shaped counter electrode and initial
capacitance of the optimized harvester device versus the stretching length
of the resilient electret film. (c) Comparison between the original device and
optimized device in terms of the maximum output power with various
stretching lengths of the resilient electret film. (d) Effect of the depth of the
V‐shaped electrode on the output power of the energy harvester.
(e) Experimentally normalized output power versus frequency for
harvesters with various depths of the V‐shaped counter electrode.
(f) Dependence of optimized depth of the counter electrode on initial
stretching length of the resilient FEP film.
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the corresponding optimal V‐shaped electrode depth is
adopted, especially for the ones with large pre‐stretching
length, as shown by the blue curve in Figure 11b.

Figure 11c illustrates the comparison between the
maximum output power of the device before and after the
optimization of the depth of the V‐shaped counter electrode.
This figure indicates that the output power is significantly
improved after optimization of the structure of the device. As
depicted in Figure 11d, the normalized output power at the
resonance frequency is 233 μW at an initial stretching length of
0.08 mm. However, when reducing the depth of the V‐shaped
counter electrode to the optimized value of 1.7 mm, the
maximum output power increases to 683 μW, almost three times
the initial output power. For a device with a depth of 1.7 mm for
the V‐shaped counter electrode, the maximum voltage output in
an open circuit can reach up to 531 V. These simulation results
were also verified by the experimental data. As shown in
Figure 11e, the output power of the energy harvester is
enhanced from 206 to 547 μW due to the optimization of the
depth of the V‐shaped counter electrode. Figure 11f depicts the
relation between the optimal depth of the V‐shaped counter
electrode and the initial stretching length. It can be noted that
the optimal depth of the V‐shaped counter electrode decreases
from 1.7 to 0.8 mm as the initial stretching length increases
from 0.08 to 0.24 mm.

Table 2 compares our work with other reported electret‐
based energy harvesters in terms of device size, seismic
mass, resonant frequency, acceleration and output power [19,
25, 27, 28, 31, 36]. It appears that the introduced vibrational
energy harvester in this work adds to the list of attributes
including miniature device and high output power, which
enable new possibilities in this field.

6 | CONCLUSION

In this study, a vibrational energy harvester, consisting of a
negatively charged high resilient FEP electret film, a seismic
mass and a V‐shaped counter electrode, was designed and
optimized with the FE simulation. The reliability of the FE
model and the correctness of the simulation results were verified
by experiments. The resonant frequency of the energy harvester
can be tuned by simple adjustment of the initial stretching state
of the wave‐shaped FEP film and the seismic mass in a broad

frequency range. The output power of the device can be opti-
mized by controlling the depth of the V‐shaped counter elec-
trode. For an optimized vibrational energy harvester sample
with a volume of 15� 5� 1.7 mm3 and a seismic mass of 25 mg,
the maximum normalized output power obtained experimen-
tally is 547 μWat its resonant frequency of 28 Hz, corresponding
to a volume power density of 4.3 μW/mm3, which is efficient to
power some low‐power‐assumption electronics.
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