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ABSTRACT: Applying flexible materials for energy scavenging from ambient
mechanical vibrations is a clean energy solution that can help alleviate electrical
power demands in portable devices and wearable electronics. This work presents
fundamental studies on a flexible ferroelectret polymer with a strong piezoelectric
effect and its interface with self-powered and energy storage systems. A single-layered
device with a thickness of 80 μm was used for characterizing the device’s output
voltage, current, transferred charge, and energy conversion efficiency. The potential
capability of harvesting mechanical energy and delivering to system load is
demonstrated by integrating the device into a fully integrated power management
system. The theory for determining the harvested energy that is ultimately delivered
to external electronic loads (or stored in a battery) is discussed. The maximum power
delivery is found to be for a 600 MΩ load, which results in a device power density of
14.0 W/m3 for input mechanical forces with a frequency around 2 Hz.

KEYWORDS: ferroelectret, piezoelectric, nanogenerator, flexible, energy harvesting, energy conversion, power management,
self-powering

1. INTRODUCTION

With the incredible growth of the internet over the past few
decades, the world’s economic structure has been rapidly
shifted to rely heavily on information technology. Not long
ago, it was enough for a mobile phone to be able to make calls
and send texts. Nowadays, mobile phones are essentially
terminals of all kinds of information and utilities. Internet of
Things and big data enable data exchange among health
monitor apps, wireless sensor system, and smart automation to
create a more robust and direct way to integrate real-world
decision-making processes into artificial intelligence networks.
Hence, multifunctionalities have been imposed to personal
electronic devices such as smart phones and even bracelets.
However, the future progress of all these technological
advances is tied to the energy budget that comes with all
these tools. Self-powering technologies1−4 that convert
ambient energy sources from multiple forms (e.g., solar,5,6

thermal7,8 and mechanical9−11) to electricity have become
potential energy solutions for the smart, multifunctional
phones and wearable electronics.
However, the path for a solution to the increasing energy

demands needs to be comprehensive and inclusive. Ap-
proaches should consider scavenging, storing, and using as
many different forms and magnitudes of energy. Unlike solar

energy, energy produced by random mechanical vibrations can
be obtained nearly at any time from multiple sources. Energy
harvesting devices such as piezoelectric (PENG),12,13 tribo-
electric (TENG),14−17 and ferroelectric (FENG)18−20 nano-
generators that are capable of converting kinetic energy to
electrical energy are considered to be the most promising
devices for integrated self-powered systems.21 Even though
those nanogenerators exhibit a piezoelectric effect, the origins
of the piezoelectricity are quite different. PENG usually use
inorganic nanopiezoelectric materials such as ZnO nano-
particles and nanowires and their flexibility can be achieved by
their integration with soft substrates such as polyimide (PI),
polyurethane acrylate, etc. TENG make use of the triboelectric
effect and are often considered at the device level for high-
efficiency energy harvesting. Their power densities can be as
high as 313 W/m2.22 Alternatively, FENG is fully based on
flexible electroactive thin film polymer which utilizes the
ferroelectricity of polypropylene ferroelectret (PPFE) films23,24

by introducing trapped surface charges into neutral PP
films.25−29 Inside the PPFE film, engineered macroscale
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voids with opposite polarity charges trapped on top and
bottom surfaces are continuously distributed, forming giant
permanent dipoles. The piezoelectric coefficient (d33) value
can be as high as 300 pC/N.30 An external mechanical load
would induce a relative movement of the charged surfaces with
opposite polarities. The changing of dipole moment alters the
electric field distribution inside the film and therefore induces
free charges at the electrodes, which can be used for powering
electronic devices, programming resonator frequencies,31 or
sensing stress level.32 Although there is a significant amount of
energy dissipated due to random mechanical vibrations in the
environment, there are a number of challenges before reaching
the ultimate goal of completely harvesting the mechanical
energy from these sources. But any step toward this goal
should include comprehensive studies that involve the
complete energy harvesting system, from the mechanical
energy input to the delivered/stored electrical energy.
The majority of the work done in nanogenerators has been

focused on improving individual device performance,33−36

which involves research on material synthesis and device
characterization in terms of open circuit voltage (Voc) and
short circuit current (Isc). However, these two parameters are
ideal values that do not provide relevant information for real
applications. Furthermore, outputs of piezoelectric energy
harvesters are also pulses with variable frequencies and
irregular amplitudes, which means that their output cannot
be connected directly to an energy storage unit (i.e., direct
charging), since it will damage the battery or at least reduce its
lifetime significantly. Thus, before nanogenerators can be
connected to batteries, their output needs to be modulated to a
constant voltage, constant current source, with a very small
ripple tolerance. Accomplishing the integration requirements
requires a deep understanding of the mechanisms that

influence amplitude and frequency in the electrical output of
a nanogenerator, the energy losses in the energy harvesting
process, and the required electronic configurations. Further-
more, nanogenerators typically suffer from very low currents
(although their voltage outputs are very large) and a large
impedance mismatch with the load (or energy storage unit).
Therefore, the power modulation circuit between the nano-
generator and the energy storage unit needs to step down the
voltage, provide a matching impedance that maximizes
efficiency, and be characterized for amplitude and frequency
variations in the mechanical input. This research presents a
study that addresses all these factors.
In this work, we design, demonstrate, and validate a

complete system, from nanogenerator device to rechargeable
battery, for harvesting ambient kinetic energy. In the process,
we fully describe the corresponding, applicable theory for
characterizing the generated and stored power as well as the
system’s energy efficiency. The device physics is briefly
explained, followed by a study where the effects of the force
amplitude and frequency variations in the mechanical input on
the generated output are described. Characterization experi-
ments are carried out in terms of open circuit voltage (Voc),
short circuit current (Isc), and output charges (Qsc) on a 20
mm × 40 mm single-layer device. The maximum power is
measured under different loads with various input mechanical
forces, and the maximum surface energy density is determined.
This study allows for an understanding of the optimal
conditions for which the energy transfer is more efficient,
and a power modulation circuit is designed accordingly.
Energy efficiency was defined as the ratio of the average
electrical output energy to the average mechanical energy. The
designed power management circuit is found to be especially
useful for energy harvesting devices with ultrahigh impedance;

Figure 1. (a) Working principle of a ferroelectric nanogenerator. (b) Photography of a 20 mm × 40 mm PPFE film. (c) Photography of the final
device with PI protective layer (20 mm × 40 mm). (d) Cross-sectional view SEM image of PPFE film with cellular structure. (e) Top-view SEM
image (back-scattered electrons) of PPFE film, where darker regions are observed where voids are present. (f) Photography of the experimental
setup for characterizing the electric output under various mechanical loads. (g) A close-up view of (f).
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which is a major current bottleneck in nanogenerator
technologies. With either periodic or random mechanical
force input, the circuit can deliver a regulated direct current
(DC) power. Finally, the complete system is characterized and
integrated in multiple real applications; which include charging
a lithium battery and powering an liquid-crystal display (LCD)
screen, thermometer, and humidity sensor.

2. RESULTS AND DISCUSSION
2.1. Characterization of Electric Output. The device

used in this work is a thin film flexible multilayer structural
device with a 80 μm PPFE film sandwiched in between two
500 nm thin film metal electrodes (Figure S3, Supporting
Information). The device is then encapsulated in between two
20 μm thick PI protective layers. The PPFE film is the active
material of the device that contributes to the conversion of
mechanical energy to electrical energy, and it consists of
continuously distributed ellipsoid air voids, each with two
oppositely charged surfaces (see Figure 1a). Each giant
engineered void forms a permanent macroscale dipole moment
and constitutes a polarization field across the PPFE film
thickness. When an external mechanical load is applied that
generates compression of the film along the thickness
direction, the size of the dipoles changes, generating a change
in the polarization field and a time-varying electric field. This
time-varying electric field (and the generated displacement
current) can be applied to an external load by the metal

electrodes on each surface of the film. Further details on the
fabrication of the device can be found in the Supporting
Information. Given the capacitive nature of the material, the
accumulated free charges generate an open circuit voltage
(Voc) across the film and can be expressed as

=
ϵ

V t
Q t g t

A
( )

( ) ( )
oc (1)

where Q is the accumulated charge at electrodes, g is the
thickness of the PPFE film, ϵ is the dielectric constant of PPFE,
and A is the contact area of the device. This Voc(t) is the
generated electric field to compensate for the change in the
polarization field during mechanical pressing. The direct
proportionality between Voc(t) and Q(t) indicates that both
quantities follow the same dynamic behavior and are in phase,
since g(t) and Q(t) are both synchronized with the applied
force. Generated charges (i.e., Q(t)) can be collected and sent
to external circuits or loads. When the external load is a short
circuit, the short circuit current (Isc) is given by

=I t
Q t
g

U( )
d ( )
dsc in

(2)

where Uin is the compression velocity due to a mechanical
input. It is shown in eqs 1 and 2 that although the fundamental
operation mechanism is different from piezoelectric materials
(piezoelectricity is at the atomic scale, whereas PPFE films are

Figure 2. Electrical output for single-layer device. (a) Experimental measurement of an open circuit voltage (Voc). (b) Transferred charge output
(Qsc). (c) Experimental measurement of the short circuit current (Isc). (d) Isc for multiple-layered devices.
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based on macroscale dipoles), it still exhibits a piezoelectric
electromechanical response, i.e., it generates a voltage signal of
increasing magnitude upon compressive mechanical load until
maximum compression is achieved; followed by a voltage
signal of decreasing magnitude when released. Further details
in the piezoelectric effect and its relation to the device are
found in the Supporting Information. Figure 1b,c shows
photographs of a 20 mm × 40 mm PPFE film and a single-
layer device of the same size with protective polyimide (PI)
coatings and connection wires, respectively. Figure 1d,e

provides scanning electron microscopy (SEM) images of
PPFE films. Since the inorganic silica stress concentrators
(particles in Figure 1d) are randomly distributed, ellipsoid
shape voids with very different sizes are created upon the
bidirectional stretching process (see detailed fabrication
process in the Supporting Information). The top SEM image
shown in Figure 1e shows darker regions where ellipsoids are
present.
The following describes the experiments that were

completed to characterize the electrical signals and maximum

Figure 3. Electrical response of a single-layer device for different mechanical inputs. (a) Forces with different amplitudes and velocities used for the
electromechanical characterization. (b) Voltage and current output with various resistive loads under F1. (c) The maximum instantaneous power
with various loads under different force inputs described in (a). (d) Average power delivery from a single press and release cycle with various loads.
(e) Output voltage and current under F1 with a 600 MΩ load. (f) Output power under F1 with a 600 MΩ load.
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power output generated by a single-layer device due to a
mechanical input. As shown in Figure 1f, a stepper motor is
used as a linear actuator, which pushes a rubber piston toward
a single-layer device (surface area of 20 mm × 40 mm)
mounted on the back scaffold. A trailer is used to transfer the
rotation of the motor to a linear displacement of the piston,
and the linear mechanical load is realized by using four
mechanical springs connected in parallel. The applied force
amplitude and its velocity is computer-controlled by
programming the duty cycle and number of pulses applied to
the stepper motor. A force sensor (A502, Tekscan, Inc) is
placed behind the device to monitor the real time force applied
to the device (Figure 1g shows a close-up view for clarity).
For the single-layer device used in this experiment, a linear

external mechanical load is applied periodically to the device,
where each cycle contains a pressing stage, followed by a
releasing stage with a symmetric profile. The electrical outputs
in terms of Voc, Isc, and transferred charges Qsc, which in the
ideal case would be equal to the accumulated charge at the
electrodes,37 are measured and presented in Figure 2. Figure 2a
shows Voc for a periodic force with the profile shown in Figure
3a corresponding to F1. For this cyclic load with a peak force of
78 N and frequency of 2 Hz (period of 0.5 s), a single-layer
device outputs a maximum Voc of around 56 V, given that the
root mean square voltage VRMS can be expressed as

∫=V V t t( )d
T

T
RMS
2 1

0 oc
2 , thus VRMS is calculated to be 29 V. It

should be noted how the Voc profile follows an increasing/
decreasing profile that follows the compression/release profile
of the applied force (F1). This is the expected behavior for
linear coupling between mechanical domain and electrical
domain of the piezoelectric material but is different from the
one observed in for the same type of device or in other reports
of nanogenerators that operate under similar phenomena based
on the displacement current. The rationale for these
differences lies on the mismatch of the internal impedance of
FENG and the voltmeter for Voc measurement. When Voc is
being measured, there should be no current flowing through
the device−voltmeter circuit loop. Voc should be proportional
to the strain (relative change in the film thickness), which is
also linearly related to the applied mechanical stress.
Therefore, profiles for Voc (see Figure 2a) and force F1 (Figure
3a) follow a similar pattern. However, unlike Voc, Isc is
originated from the displacement current, which is propor-
tional to the derivative of the polarization charge (or
accumulated charge Qsc, in this case). Therefore, Isc shows a
bipolar square wave profile as the derivative form of a
triangular wave (Figure S5, Supporting Information). When a
voltmeter with much lower internal resistance R (note that the
capacitance of FENG is ∼17−30 pF/cm238) is connected for
obtaining Voc, the measured voltage V is determined by V = IR;
where I is the nonzero current flowing through the device−
voltmeter loop. During each pressing and releasing time period
T, the transferred charge can be determined by taking the
integral of Isc as Q(t) = ∫ 0

T|Isc(t)|dt, which is equal to 11.5 nC
(see Figure 2b), which also follows the same profile as Voc and
eq 1. However, Isc comes from the change in that charge
(Q(t)) per unit change in thickness (g(t)) and therefore
presents a bipolar profile for every Voc cycle. Instruments with
relatively low internal resistance will dissipate the generated
displacement current in their internal resistance and display a
voltage profile that follows the product of the displacement
current and the internal resistance. The profiles for Voc(t) and

the applied force F1 become closer to each other and more
synchronized in time as this internal resistance increases.39 In
this case, the device supplies a peak current Isc of 0.1 μA, which
corresponds to a root mean square current IRMS of 73 nA.
Here, the same method of determining VRMS is used for
calculating IRMS by substituting Voc with Isc (see Figure 2c),
with a cyclic profile that crosses Isc = 0 nA at the time of peak
voltage in Voc(t). To increase the output current, the simplest
way is to increase the capacitance of the device by increasing
the area. This can be easily achieved by folding a larger device
multiple times into a smaller size or by stacking the several
single-layer devices into a multilayer structure. Figure 2d shows
the relation between Isc output and stacking layers (see Figure
S8 in the Supporting Information for Voc and Qsc of multilayer
structure); where an increasing current peak is found to be
proportional to the number of layers. The functionality of
multiple-layer devices is found in the Supporting Information,
Figure S7.
To obtain an optimal power delivery, it is necessary to look

at both electric output parameters: voltage and current,
produced by mechanical forces with different profiles. For
this characterization, linear forces with different amplitudes
and velocities are introduced (see Figure 3a), and the
electromechanical responses due to various resistive loads are
measured. F1, F2, and F3 have the same pressing and releasing
cycle but different force amplitudes: A1 > A2 > A3; where Ai is
the force amplitude of force Fi. On the other hand, F4 and F5
have the same force amplitude as F1 but longer cycles: T5 > T4
> T1, where Ti is the duration of a single pressing/releasing
cycle of force Fi. Since Voc(t) is proportional to the
compression distance and Isc(t) is proportional to the
compression velocity, the force with greater amplitude and
shorter pressing/releasing cycle should deliver higher voltage
and current output, therefore higher power to the external
loads. This would correspond to F1 from the applied forces
(see Figure 3a). Figure 3b shows the voltage and current
output under F1, for a wide range of load resistances. The
instantaneous peak power delivered to the load is also
measured for all forces and plotted as a function of load
resistance, as shown in Figure 3c. Table 1 summarizes the

amplitude and cycle of each force with related output
instantaneous peak power. The maximum power delivery is
found to be at around 600 MΩ. It is noted that the power
output is more sensitive to force amplitude than to speed or
frequency. Doubling the force amplitude produces a 4X
increase in power output, whereas decreasing the cycle by a
half produces a 2X increase in that same parameter. This
measurement is in agreement with theory, since increasing the
force amplitude has an effect on Voc(t) (force amplitude is
directly proportional to g(t)) and and Isc(t) (force amplitude is
directly proportional to the generated displacement current),
whereas the compression/releasing velocity only affects Isc(t)
(see eqs 1 and 2). Therefore, the device is more suitable for
harvesting energy from environments involving large, slow
motion mechanical energy sources, such as human footstep,40

Table 1. Power Delivery under Different Loads

force: Fi F1 F2 F3 F4 F5

amplitude: Ai (N) 78 33 16 78 78
cycle: Ti (s) 0.47 0.47 0.47 0.89 1.76
peak power: Pmax (μW) 2.38 0.56 0.17 1.28 0.61
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ocean waves,41 wind blow,42,43 etc. Figure 3d shows the
average power output delivered by each pressing and releasing
cycle with various loads. The maximum average power

∫= ×P I t V t t( ) ( )d
T

T
ave

1
0

is estimated to be around 0.902

μW with a 600 MΩ load, with a device power density (Pv) of
∼14.09 W/m3, for input force F1, which has a frequency of
2.13 Hz. The voltage and current output for this load are also
plotted in Figure 3e and the instantaneous power as a function
of time during a single cycle is shown in Figure 3f.
2.2. Energy Conversion Efficiency. For energy harvest-

ing applications, it is important to evaluate the energy
conversion efficiency (η) from mechanical energy to electrical
energy. This is often defined by the total electric energy output
(WE) divided by the total mechanical energy input (WM) per
cycle. Since the spring softening effect is limited and the
electromechanical coupling can be simply described by a spring
model (see Supporting Information), the mechanical energy
input can also be expressed by the elastic potential energy as
below

= ΔW k g
1
2M

2
(3)

where k is the spring constant of PPFE film and Δg is the
maximum change in thickness upon compression. WE can be
determined as the power delivered to the load as

∫= ×W V I tdE (4)

where V and I are voltage and current across the load. By using
Young’s modulus of PPFE as Y = 1 × 106 N/m2,44 the spring
constant of the device used in this experiment becomes k =
YA/g = 107 N/m. For calculating the operation efficiency in
this system, it is necessary to linearize the system around the
operating point first and then determine the ratio of the
electrical energy produced by the system to the mechanical
energy delivered to the system. For the present system, the
maximum conversion efficiency ηmax is determined to be
around 0.14% for F1 with a load of 600 MΩ (details on the
linearization around the operation point and calculation of the
energy efficiency are found in the Supporting Information).

Figure 4. Energy harvesting module. (a) A comprehensive energy harvesting system, C1 = 1 μF, C2 = 4.7 μF, COUT = 47 μF, L1 = 22 μH, and CFLY =
0.1 μF. (b) Direct charge of capacitors with different capacitances. (c) Voltage regulation of the nanopower energy harvesting power supply
LTC3588-1. (d) Charging profile of rechargeable solid state battery CBC012. (e) Discharging profile of rechargeable solid state battery CBC012.
(f) Voltage regulation of integrated power management chip CBC3112. (g) Discharging profile of integrated energy storage unit in CBC3112.
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2.3. Integrated Energy Harvesting System. The
simplest energy harvesting system can be achieved by direct
charging45 through a bridge rectifying diode circuit. However,
the unregulated voltage output has been proven to deliver very
low efficiencies and will significantly reduce the life-span of a
rechargeable battery or electric device which often requires a
constant DC input. To effectively harvest the energy from
ambient energy sources for consumer electronics, a compre-
hensive power management system is necessary.46,47 To meet
the DC power supply requirement of most electronic devices,
the alternating current electric output from piezoelectric
material is first converted to DC signal by using a rectifying
bridge.48,49 Then, a DC−DC buck converter is often used for
impedance adaption and voltage regulation.50 In this work, the
comprehensive energy harvesting system uses an energy
harvesting module based on a nanopower energy harvesting
power supply (LTC3588-1, Linear Technology Corp.) to
harvest the mechanical energy, as shown in Figure 4a. The
FENG generates random electric pulses that are managed by
LTC3588-1 as the first stage, which produces a DC output. As
long as the continuous mechanical energy source is present,
the harvested and regulated energy can be used to power
electronic devices or to charge a rechargeable battery
(CBC012, a cutoff voltage of 3 V) for energy storage (Figure
S9, Supporting Information). Here, we present a method for
powering an electronic device, while charging a backup battery
by implementing an integrated power management chip
(CBC3112) as a second stage. CBC3112 is able to supply a
constant DC voltage, typically of 3.3 V, which can be
connected to the electronic device to be powered. Meanwhile,
it sends any excessive energy to an internal secondary battery
(a cutoff voltage of 2.75 V) for energy storage. As shown in
Figure 4a, VDD is internally applied to a charge pump VCHG,
which contains a flying capacitor CFLY in its voltage doubler
circuit for charging the internal integrated backup battery VBAT.

When EN terminal asserts high (i.e., when CBC3112 senses a
voltage generated by the device), the charge pump is activated
and VBAT is being charged by VDD. The output voltage VOUT

can either be supplied from VDD or VBAT depending on the
switchover voltage threshold determined by VMODE.
Figure 4b shows unregulated direct charging profiles for

capacitors with different capacitances, where the voltage across
the capacitor continuously increases with the charging
operation. The voltage output regulation realized by
LTC3588-1 is shown in Figure 4c, where the output voltage
is regulated at a constant voltage of 3.6 V. After the system
enters the regulation mode, the excessive energy is stored in
CSTORAGE with the increasing voltage measured across the
capacitor. By further comparing the voltage drop at CSTORAGE

and increase in COUT, the energy transfer efficiency of this
energy harvesting module is estimated to be 38.5%. The output
DC power can be directly used for powering electronic devices
(load) or charging a battery (energy storage). Figure 4d shows
the charging profile of a rechargeable solid state chip battery
CBC012. The battery is being charged at a constant voltage of
3.6 V and is partially charged after 15 min of a mechanical
force of an amplitude 78 N and frequency 4.26 Hz applied to
the device. The discharging profile is presented in Figure 4e to
demonstrate the energy stored in the battery. When a second
stage power management chip CBC3112 is connected to the
output terminal of LTC3588-1, the combined system is able to
simultaneously output a constant DC power and transfer the
excessive energy from CSTORAGE to an embedded integrated
battery. Figure 4f shows the input and output voltages of
CBC3112 as a second stage. Since CBC3112 sends part of the
energy to the internal battery as energy storage, fluctuations are
observed in the voltage, which are not observed when charging
battery chip CBC012, as shown in Figure 4d. Figure 4g shows
the discharging profile of the internal battery. More details on

Figure 5. Energy harvesting demonstration of powering electronic devices and charging battery. (a) Powering LCD screen by combing a two-stage
energy harvesting system. (b) Charging the rechargeable solid state battery CBC012, the stored energy is used for powering three blue LED lights.
(c) Powering humidity sensor by a one-stage energy harvesting system. (d) Powering temperature sensor by a one-stage energy harvesting system.
(e) Powering LCD screen by a one-stage energy harvesting system.
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the operation of the energy harvesting module are found in the
Supporting Information.
By utilizing ambient mechanical energy, electronic devices

can be powered solely by the energy harvesting modules like to
the ones described earlier. Figure 5a shows the demonstration
of powering a commercial 3 V LCD screen by combining an
eight-layer FENG device with a two-stage energy harvesting
system (see Supporting Information Movie S1). This system is
capable of delivering a constant DC power, while storing the
excessive energy to an integrated chip battery. During the
normal operation, the word “FENG” is displayed on the
screen, while storing the energy shown in Figure 4g. Figure 5b
shows the implementation of the energy harvesting system
(one stage) for the application of charging a rechargeable solid
state battery (see Supporting Information Movie S2). The
charged battery is used to power three LED lights. Figure 5c,d
demonstrates utilizing harvested energy to power commercial
1.8 V humidity sensor and temperature sensor, respectively
(see Supporting Information Movies S3 and S4). The same
LCD screen, which is shown in Figure 5a, can also be self-
powered by this one-stage energy harvesting module, as shown
in Figure 5e (see Supporting Information Movie S5).

3. CONCLUSIONS
In summary, the present work shows a comprehensive
approach that describes the use of PPFE films as nano-
generators and their integration into systems that can convert
mechanical energy to electrical energy for either energy storage
or powering of electronic devices. The generated electric
output and its dynamic behavior is characterized in terms of
open circuit voltage, short circuit current, transferred charge,
efficiency of the complete system, and delivered power. The
output current and voltage are found to be related to the input
mechanical loads and velocities. Various resistive loads have
been used to find the maximum power output, which is around
0.902 μW under a linear F1 with 600 MΩ. Therefore, the
energy conversion efficiency is calculated to be 0.14% for the
performed experiment. To effectively harvest the energy from
ambient mechanical sources, a comprehensive energy harvest-
ing module with a corresponding power management circuitry
has been proposed, which can be used for powering electronic
devices, charging a solid state battery chip, or both.

4. EXPERIMENTAL SECTION
4.1. Device Fabrication. The fabrication process starts with a PP

film filled with inorganic silicates as a stress raiser. When the film is
experiencing a biaxial in-plane tensile stress, microcrack occurs when
the stress level is higher than the material’s cohesive strength and
propagates in the two perpendicular direction. Then, high nitrogen
gas (∼5 MPa) is introduced to allow the diffusion of gas into the
material. Next, the high-pressure atmosphere is suddenly removed,
which results a quick swelling of the cracks and forms ellipsoid voids.
A heat siting process at ∼100 °C is followed to stabilize the void
structure strength. After that high electric field is applied to induce
plasma discharging inside the voids, charges with opposite polarities,
therefore, accumulate on two surfaces of the void and form the
permanent giant dipoles. The electrodes metalization is achieved by
sputter coating of silver thin films on both sides of the PPFE film.
Conductive copper tape is used to attach the copper wires to silver
electrodes for output connection. Finally, the device is encapsulated in
between two protective polyimide layers.
4.2. Measurement of Electric Output. The voltage and current

output are both measured by the Keithley 2450 Source Meter. The
battery charging and discharging profiles are measured by the Keithley
2182 Nanovoltmeter. The mechanical force input is first measured in

terms of the voltage allocated to the varistor-based force sensor A502.
The force sensor calibration is illustrated in Supporting Information.
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