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ABSTRACT

Energy from wind flow is very common in ambient environment which can be harvested by triboelectric
generator effectively. Herein, electret based triboelectric generator (E-TriG) with both electrostatic and
triboelectric effects are investigated with enhanced performance comparing with the traditional tribo-
electric generator based on only contact electrification. Electret materials like PTFE, CYTOP, TOPAS, and
COC are prepared with different methods and charged under positive or negative conditions to optimize
the material property. It is proved that the performance of the triboelectric generator can be improved
by negatively charged electrets, while with positively charged electrets, the power output is weakened.
As a demonstration, the E-TriG has been successfully applied for wireless temperature sensing. At a wind
flow rate of 18 m/s, a storage capacitor can be fully charged by three E-TriGs devices within 15s, and
afterwards, wireless temperature signal could be read and delivered to the internet every 5s. An average
power of 400 wW is therefore harvested. With enhanced performance from the corona charged electret,

Wireless sensor networks

the triboelectric generator shows promising application for the future wireless sensor networks.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Since the concept of Internet of Things was first proposed by MIT
Auto-ID Center in 1999, series of development in this area bring
increasing demand for large scale wireless sensor network with
high performance. Conventional wireless sensor network cannot
work without an external power source like a battery. However,
considering the limited lifetime, difficulty for replacement and
the severe pollution problem, battery would be the main bottle-
neck for up-scaling of the wireless sensor networks. Therefore,
energy harvester, which can provide sustainable power source, is
an ideal solution for large scale application of “intelligent life” with
wireless sensor networks. In recent years, the concept of wire-
less sensor node self-powered by energy harvesting from ambient
environment, has been proposed and developed with various func-
tions. Temperature sensing has been extensively applied in many
industries and become an indispensable measure of our intelli-
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gent life. For planting, food storage, medicine storage, and central
air conditioning system, temperature is a critical factor which
needs real-time monitoring. Taking the central air conditioning
system as an example, it is promising to scavenge energy from
the vibration and air flow in different mechanism, like piezo-
electric [1-8], electromagnetic [9-12], electrostatic [13-19] and
triboelectric [20-32] generators. For piezoelectric and electrostatic
generator, the output is often too limited to support the wireless
sensor network; while for electromagnetic generator, the compli-
cated structure and bulky volume limit its application in many
scenarios. Since 2012, triboelectric generators (TriG) with differ-
ent structures have been fabricated for harvesting various types of
energy [33-37]. With this mechanism, it is generally believed that
the contact/separation between two triboelectric materials drive
the electrons flow through the external circuit due to the difference
of work function between the two contacting materials.

Although triboelectric generators have been proved to power
tens of LEDs [38,39], to charge Li-ion battery [40] and capacitors
[24,25] and to power some portable electronics [22,26], researchers
are trying to find new way to improve the output for more
practical applications: the mass-fabrication technologies like soft
lithography process and flexible printed circuit board (i.e., FPCB)
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Fig.1. Schematic map of the self-powered wireless temperature sensing system to monitor the temperature of the central air conditioning system, with the energy scavenging

from the air flow.

process were used to fabricate flexible and optimized-performed
TriG for smart microsystem [27]; ferroelectric polymers was suc-
cessfully introduced when fabricating the skin-based generator
which can easily harvest energy from body motion [28-30]; and
graphene/PTFE based generator has been developed to harvest
energy from droplet movement [31]. Flapping wing structures with
thin film or foil have been designed to scavenge wind flow energy
effectively by triboelectric generators [32,40]. And ion injection
method [41] which is similar to corona charging method has been
used to improve the power output of TriG. Based on the similar
structure, we have studied the effect of the electret materials by
corona charging [42-44] on the enhanced performance of tribo-
electric generator, comparing with the normal TriG without the
electret materials. Various electret materials like PTFE (polyte-
trafluoroethylene) film, CYTOP (an amorphous fluoropolymer type:
CTL-809M, was purchased from AGC Asahi Glass), TOPAS (thermo-
plastic polymer mr-1T85), COC (Cyclic olefin copolymer), and PDMS
(polydimethylsiloxane) are prepared with different methods and
charged under different conditions to explore the optimal choice.
It has been proved that the performance of the triboelectric gener-
ator can be improved by negatively charged electrets, while with
positively charged electrets, the performance is weakened. Further-
more, we have designed an innovative power management circuit
for powering temperature wireless sensor network. A schematic
illustration has been made to demonstrate the self-powered wire-
less temperature sensor network which is powered by electrets
based TriG (E-TriG) with enhanced performance, as illustrated in
Fig. 1. As a demonstration, three E-TriG devices have been con-
nected in parallel to charge a capacitor of 470 wF, whose energy can
be triggered to release for powering two temperature sensors with
power management chip, microcontroller unit (MCU) and trans-
mitter. At a wind flow rate of 18 m/s, the capacitor can be fully
charged by the E-TriG devices within 15s; and afterwards, wire-
less temperature signals could be delivered to internet every 5s,
which means an average power of 400 W has been harvested.

2. Fabrication
2.1. Preparation of the electret materials

For PTFE, we used common commercial film as purchased with
a thickness of 20 wm. For CYTOP, CTL-809 M was purchased from
AGC Asahi Glass. We prepared the film by spin coating for 6 cycles,
resulting in a final thickness of about 10 pm.

For spray coated COC, we prepared the film by a spray coat-
ing method. We first mixed the COC/Toluene (5 g/500 ml) solution.
Subsequently, the mixed solution was sprayed out from a pipe to
a glass substrate by a SC-6 spray coater in the hydraulic power of
0.2MPa and a sweep power of 0.08 MPa. The substrate was soft
baked at 60 °C during the spray coating process. The electret mate-
rial was then hard-baked at 120°C for 10 min. The process was
repeated for 10 times to get a final thickness of about 60 pm.

For spin coated COC, we prepared the film by standard spinning
coating method. After full mixture of COC/Toluene (50 g/500 ml),
the solution was spin-coated on the glass plate at a speed of 400 rpm
for 30s, and baked at 120°C for 10 min. We have repeated the pro-
cess for 10 cycles to obtain 60 pm-thick film.

For PDMS, we mixed the PDMS elastomer and cross-linker by
10:1 ratio (W/W). After degassed for 30 min, the mixture was spin-
coated on the glass substrate at 500 rpm for 30s, and finally dried
at 90°C for 90 min.

For TOPAS, we used mr-1T85-20xp Thermoplastic Polymer solu-
tion, which was spin-coated at 1000 rpm for 30 s and finally baked
at 140°C for 30 min.

2.2. Preparation of the electrodes on electret films and on Kapton

film

Cr, Al(50 nm/150 nm) were sputtered successively on both sides
of Kapton film (50 pum thick) with power of 300 W. Al (150 nm) film
was deposited on electret films using the same sputtering process.
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Fig. 2. (a)The corona charging setup for electret materials; (b) The structure of E-TriG with two Al-electret pairs for generator 1 (top) and generator 2 (bottom); (c) Image of
the electret films and their application in E-TriG: from left to right: PTFE film, spin coated CYTOP film, spray coated COC film, spin coated Topas film and PDMS film; (d) An
E-TriG device is assembled with a flapping wing and two counter electret films. The overall size of the E-TriG is 67 mm x 22 mm x 10 mm.

2.3. Electret films treatment by corona charging

We used a custom-built corona charging setup as shown in
Fig.2(a): the needle and grid voltages were set to —6 kV (or +6 kV for
positive corona charging) and —2 kV (or +2 kV for positive corona
charging), respectively. For all the samples, the charging time was
10 min. In this process, charges were deposited into the electret
films.

After charging, the surface potential of the electret film was
measured by an electrostatic probe. Without charging, the native
surface voltage is generally below 100V, while after charging it
can be increased to more than 1000V for PTFE, CYTOP, and COC.
For PDMS, however, we found it can be hardly charged by positive
method; therefore, the following test for PDMS is blank for positive
corona condition. The samples were stabilized for 3 h before test
since the surface charge would naturally decay especially in the
first 3 h through our observation. For good comparison, we have
prepared three groups of devices for each electret material, with
one group charged under negative condition, one under positive
condition and one without any charge.

2.4. Fabrication of E-TriGs

The E-TriG consists of an electret film and two Al electrodes as
sketched in Fig. 2(b). On both sides of a Kapton film (FEP), Al thin
films were deposited as electrodes also as one of the contact layers
of the triboelectric generator, which will interact with the electret
film that has been treated by corona charging. All the components
were assembled in an acrylic tube-box of 67 mm x 22 mm x 10 mm
with inlet and outlet for air flow. A small acrylic sheet as the
bluff body with dimensions of 22 mm x 5 mm x 2 mm was set up
at the end of the acrylic tube, on which a Kapton film with the Al
electrodes on the two sides was used as the fixed flapping wing.
With this structure, two generators (generator 1 and generator 2)
can be assembled in one E-TriG device simultaneously. Therefore,
the movement of the Kapton film can be utilized more efficiently.

Fig. 2(c) shows the different electret films before assembly and a
final E-TriG device for test is shown in Fig. 2(d).

3. Work mechanism

The operating principle of the E-TriG can be explained by the
coupling effect between contact electrification and electrostatic
induction as demonstrated in Fig. 3. To trigger the E-TriGs, an air
blower was used to apply wind flow between Al film and electret
film which was corona charged with negative surface potential.
When driven by external wind, the flapping wing will contact and
separate with the electret film, the coupling between triboelectri-
fication and electrostatic induction results in alternating flow of
electrons between the electrodes. In the initial state, the Al film (on
the flapping wing) is separated from the electret film with a cer-
tain distance. As shown in Fig. 3b, the Al film on the flapping wing
moves to get approaching towards the electret film according to
the wind flow. Because of the electrostatic field from the negative
surface charge of the electrets [45], positive charges accumulate on
the Al film of the flapping wing through an external circuit (Fig. 3b),
which generates the electrostaticinduced current. When the Al film
comes in contact with the electret film, as shown in Fig. 3c, tribo-
electric effect dominates between the Al electrode and the electrets
polymers. It has been generally believed that due to the work func-
tion difference between Al and the polymers [46,47], electrons are
injected from top Al electrode to the polymer surface, which gen-
erates the triboelectric induced current. When the flapping wing
separates from the electret, the amount of the induced charges
on the Al electrode decreases which generates a reverse current
(Fig. 3d) until the E-TriG flapping wing vibrates to the initial state.

A theoretical analysis was proposed for vibration based elec-
trostatic energy harvester [45,48], which could also be used to
calculate the electrostatic induced surface charge:

dQ; _
Rw—V—QI[

1

1
a0 G M
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Fig. 3. The function mechanism of the electret enhanced triboelectric generator.

where Q; is the charge induced on the Al electrode due to electro-
static effect; R represents the external load resistance; V stands for
the surface potential of the pre-charged electret; C;(t) is the capaci-
tance of the air gap and G, is the capacitance of the electret material.
If we define Q, as the charge induced on the Al electrode due to tri-
boelectric effect, the overall charges Qo on the Al electrode can be
given as:

Qe = Q1 + Q2 (2)

Base on the mechanism above, it should be noted that the
electrostatic induced charge/current and the triboelectric induced
charge/current can be added up, only if the electrets are negatively
charged (Q; and Q; have the same sign). When positive charge is
applied to the electrets, electrons would be induced instead of posi-
tive charges as the flapping wing approaches the electrets film due
to the electrostatic field. This electrostatic effect would counter-
act the triboelectric induced charges during the following contact
between the Al film and the electret (Q; and Q, have the opposite
signs).

During our experiment, the flapping movement of the wing
was recorded by a high-speed camera, as shown in Fig. S1 and the
video in supplementary material. Driven by wind flow of 8 m/s, the
wing started approaching the electrets, and charges were induced
mainly due to the electrostatic surface potential of the electrets.
Once contacting with and separating from the electret surface, the
triboelectric effect will work and therefore more charges could be
generated.

4. Results and discussion

As shown in Fig. 4a, the device was mounted with an air blower
to generate a continuous wind flow with a speed up to 18 m/s dur-
ing the test, and a commercial anemometer was used to monitor
the flow speed during the measurement. Fig. 4b shows the open cir-
cuit voltage output of one E-TriG. From the V-t curve, the voltage
peak is nearly 60V when driven by the air flow. It should be noted
that the voltage signal of the lower device is mirrored top-down for
better comparison.
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Fig. 4. (a) An air blower is used to generate the wind flow, and a commercial
anemometer is used to monitor the flow rate during the measurement. (b) Open
circuit voltage output of one E-TriG prior to rectifying. Each E-TriG device is com-
posed of an upper device (generator 1) and a lower device (generator 2), which can
improve the overall power output. It should be noted that the voltage signal of the
lower device is mirrored top-down for better comparison.
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PDMS under two wind speeds of 18 m/s and 8 m/s, respectively.

4.1. Comparison of different corona charging condition

As shown in Fig. 5a, the E-TriG devices were characterized by
testing the charging performance for a capacitor of 10 wF. We can
calculate the power output of the device by measuring the voltage
across the capacitor. The voltage of the capacitor was measured
by a Keithley electrometer (Keithley 6514). The maximum voltage
and the charging speed can be measured to evaluate the enhance-
ment by the electrets. The three corona charging conditions for the
electret films can also be compared.

It is observed that all of the generators can charge the capacitor
successfully under flow rates of 18 m/s and 8 m/s. Plots in Fig. 5(b-e)
show the performance of E-TriG devices with CYTOP and PDMS
on charging the capacitor. With wind flow of 18 m/s, for the E-
TriG with negative charged CYTOP, the voltage of the capacitor can
reach 25.6 Vin about 2 min, while for CYTOP without being charged,
the capacitor can be charged to only 12.97 V. It means that when
CYTOP electret film is charged by negative condition, the E-TriG
can harvest energy more efficiently; therefore, the capacitor can be
charged faster comparing with the E-TriG without being charged.
On the contrary, the E-TriG with positive charge exhibits the worst
performance, which gets only 2.26 V during the same period. The
E-TriGs based on PDMS film get similar results as those with CYTOP
film when tested in different wind speeds.

The charging stability of the electrets were investigated by mea-
suring the voltage of the same capacitor charged by the E-TriG
devices during the period of 120s, as shown in Fig. 6(a) and (b).
The comparison can be more clearly seen from the histograms
shown in Fig. 6(c) and (d) for wind speed of 8 m/s and 18 m/s,
respectively. The results indicate that, for all the E-TriG devices,
the capacitor can always be charged fastest when the electret film
is negatively charged. And for the E-TriG with positive charged
film, the charging performance is worst. As discussed above, this
might due to the fact that Al tends to get positive charge during the
contact electrification, which could be counteracted by the pos-
itive surface charge of the electrets. It should be noted that the
enhancement of the TENG is dependent on the electrets materials.
Taking the spray coated COC polymer as an example, the output
voltage of the device is enhanced by ~6 times at a wind speed of
18 m/s, as shown in Fig. 6(d). For PTFE and CYTOP electrets, this
enhancement is not so significant because the output voltage of the
pure TENG is already very high. More comparison on the energy
storage capacity and charging speed for the capacitor has been
investigated under more flow rates of 9.2 m/s, 11.2m/s, 14m/s, in
addition to 8 m/s and 18 m/s. Among all the electrets under study,
PTFE and CYTOP demonstrate better performance; while PDMS and
TOPAS are seemed to be unsuitable for E-TriG application. Therefore
negative corona charging for PTFE or CYTOP can provide a highly
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effective way to enhance the output performance of triboelectric
generator.

4.2. Application for self-powered temperature sensor network

A self-powered temperature sensor network was illustrated in
Fig. 7(a), showing the basic system architecture from the wire-
less sensor node to the gateway. The detailed circuits are shown
in Fig. S3. Powered by our E-TriGs, the power management waits
for charging of the storage caps (Cs) at the beginning. When the
voltage of Cs reaches the set threshold, a trigger signal is sent and
the storage energy is partly released to provide the power supply
for a microcontroller unit (MCU). Then the MCU reads the sur-
rounding temperature, and encodes the signal. The encoded data
is conveyed to a transmitter, which can send out the wireless sig-
nal with the temperature information. On the other side, a wireless
receiver decodes the information and transfers the signal to a Rasp-
berry Pi, which delivers the message to the gateway. Finally, the
temperature message will be displayed on the website and people
can monitor the temperature in real-time with a laptop or a smart

phone. The function algorithm of the self-powered wireless sensing
system is shown in Fig. S4.

A prototype of the self-powered wireless sensor node is shown
in Fig. 7(b)-(e). Together with three E-TriGs of PTFE electret, all the
components of rectifiers, MCU, power management chip, temper-
ature sensors and transmitter were installed in a plastic pipe to
mimic the tunnel of a central air-conditioning system. The charge
and discharge profiles of the Co and Cs in the power management
chip were recorded by a digital oscilloscope (DSO9104A). A tem-
perature sensor (Si7055) and a power management chip LTC3588-1
were utilized in the demonstration of the wireless sensor node.

Fig. 8 shows the voltage on the storage capacitor (Cs) and the
output capacitor (Co). It took about 15 s to charge the Cs to a thresh-
old voltage of 4.2V, and then released part of the energy in Cs to
charge the output capacitor (Co) to 1.8 V quickly. After the first cycle
of charging (cold start), it only took about 5 s for the following wire-
less sensing and signal transmitting process. Based on the voltage
change of Cs, an average power output of 400 wW is calculated for
the three E-TriGs. In Fig. S5, we demonstrated the application for
two wireless temperature sensors network powered by the E-TriGs,
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temperature signal which is delivered to the internet by a Raspberry Pi.

and the temperature information in our lab can easily be accessed
with a smartphone via the barcode.

5. Conclusion

In this paper, triboelectric generators base on charged elec-
tret film with enchanced power output have been developed to
scavenge energy from the air flow to power wireless temperature
sensor nodes. The mechanism of E-TriG has been studied and ver-
ified by experiments. Different types for electret materials such
as PTFE, CYTOP, spray coated COC, spin coated COC, Topas and
PDMS have been prepared to fabricate the thin films for the ETriG
application. We have proved that for all the electret materials, the

E-TriG performance can be improved by negative charging, while
with positive charging, the device performance could be weak-
ened. Furthermore, we have applied the E-TriG device with PTFE
electret for an integrated wireless sensing system which consists
of power management chip, MCU, storage capacitors, temperature
sensors, transmitter, receiver, and gateway. Powered by three E-
TriG devices, this system can acquire temperature signal and deliver
the information to the internet every 5 s, after a cold start process of
15s. The enhanced performance of the triboelectric generators by
electret materials demonstrates promising application for battery-
free wireless sensor networks in the future.
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Fig. 8. (a) V-t curves for Cs for energy storage and Co for providing a trigger signal
to set the mode of the power management; (b) Closed-up view of the voltage and
current of Co, showing the generation of the trigger signal.
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