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Abstract

In this paper, we demonstrate a novel, light-weight, and flexible triboelectric nanogenerator (TENG) to serve as a self-
powered temperature sensor. The triboelectric pairs consist of polytetrafluoroethylene and polyvinylidene fluoride and
conductive copper foil is used as the conductive electrode. The output voltage of the temperature sensor increases linearly
with increasing temperature. The temperature detection range is 10-90 °C and the response time and reset time of the sensor
are approximately 0.01 and 3.5 s, respectively. Relatively simple and rapid fabrication of the temperature sensor offers the
advantages of low cost and high practicality. The TENG has potential applications as a temperature sensor in the fields of
environmental sciences, safety monitoring, and medical diagnostics.

1 Introduction

With the rapid development of portable electronic devices
[1-3], temperature sensors capable of providing precise easy
thermal monitoring have been widely studied and applied [4,
5]. Traditional temperature sensors rely on the continuous
supply of chemical power, which limits the large-scale appli-
cation of these sensors. Further, the reliance on an external
power source prevents sensor networks from being built,
particularly in extreme environments. In addition, the grow-
ing threat of global warming and the global energy crisis has
stimulated the move towards self-powered sensors [6—8].
Recently, nanogenerators have been certified as self-
powered devices that work and function without an external
power supply. Moreover, nanogenerators have been widely
used as sensors, such as self-powered temperature sensors
based on thermoelectric generators [9—13] and piezoelec-
tric nanogenerators [14]. However, conventional thermo-
electric generator-based self-powered temperature sensors
mainly rely on the Seebeck effect. Therefore, thermoelectric
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generators do not work when the temperature of the heat
source is spatially uniform or under time-dependent tem-
perature fluctuations.

Fortunately, triboelectric nanogenerator (TENG), which
has been proved to be able to harvest renewable energy in
environment, draws much attention from all over the world
[15-23]. In addition, TENG also has been widely utilized
to make self-power sensor [15, 24-30]. Temperature sensor
based on nanogenerator has been proposed [15]. However,
its temperature detection range should be further expanded.
In addition, the complicated fabrication process of TENG
hinder its wide-ranging application [14, 31-36].

In this work, a novel, light-weight, and flexible self-pow-
ered temperature sensor based on the TENG is proposed.
The triboelectric pairs consist of polytetrafluoroethylene
(PTFE) and polyvinylidene fluoride (PVDF). Conductive
copper foil serves as conductive electrode. Silicone paper
and PVDF board are used as the supporting structure and the
mechanism of the temperature sensor is based on dielectric
constant changes [37]. The proposed temperature sensor can
reflect temperature changes in real time in the temperature
range of 10-90 °C. The response time and reset time of the
sensor are approximately 0.01 and 3.5 s, respectively. The
fabricated temperature sensor has the advantages of low cost
and high practicality with potential applications in the fields
of environmental sciences, safety monitoring, and medical
diagnostics.
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2 Experimental
2.1 Material preparation

All materials used in this study are commercially available.
The PVDF, PTFE, and copper foil were obtained from Pack-
ing Material Mall Corporation (Guangzhou, China). The
PVDF and PTFE films were cleaned with deionized water
followed by nitrogen (N,) drying. The triboelectric pairs
consist of PVDF and PTFE. Conductive copper foil is used
as the conductive electrode. In addition, PVDF and silicone
paper on the surface of the conductive copper foil tape act
as a supporting structure.

2.2 Fabrication of triboelectric nanogenerator

The fabrication process of the TENG used as a self-powered
temperature sensor is shown in Fig. 1. A piece of conductive
copper tape was cut, and PTFE tape was attached to the sur-
face of the conductive copper tape, as illustrated in Fig. la.
A piece of PVDF board (6 cm X3 cm X 1 mm) was also cut
and another piece of conductive copper tape was attached

Fig. 1 Fabrication of the TENG (a)
for use as a self-powered tem-
perature sensor

Fig.2 a Photograph of the
TENG fabricated for use as self-
powered temperature sensor and
SEM image of the surface of b
PTFE and ¢ PVDF
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onto the bottom of the PVDF board, as shown in Fig. 1b.
Finally, the whole device was folded into a half-arched shape
and assembled, as shown in Fig. Ic.

2.3 Characterization

The electrical properties of the fabricated TENG were acti-
vated by tapping at a frequency of approximately 4 Hz. A
digital oscilloscope (DSOX6004A, Keysight) was used
to measure electronic performance. The morphology and
microstructure of samples were examined under a scanning
electron microscope (SEM; TM3000, Hitachi).

3 Results and discussion

Figure 2a shows a photograph of the fabricated TENG used
as self-powered temperature sensor and representative SEM
images of the PTFE and PVDF surfaces are presented in
Fig. 2b, c. A hotplate was used as the heat source and the
initial temperature and relative humidity of the experimental
environment were 20 °C and 50%, respectively. The TENG
device was used to detect changes in temperature via contact
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between the PVDF and heat source and the output voltages
under different temperatures were then recorded.

The working mechanism of the TENG during one cycle
is shown in Fig. 3. The PTFE is more attractive to elec-
trons than PVDF, therefore electrons move from the PVDF
to PTFE. Moreover, equal positive charges are produced on
the surface of the PVDF, as is shown in Fig. 3al. As the
two types of material begin to separate, a potential differ-
ence is generated between the surfaces, which can induce

Fig.3 a Working mechanism (a)

of the TENG during one cycle. 1)
b Numerical calculations of

the potential distribution across
electrodes of the TENG at each
step (1-3) under open-circuit
conditions for different tempera-
tures, as evaluated by COMSOL -

Heat Source

the transfer of charges between the conductive electrodes, as
shown in Fig. 3a2. When PTFE approaches PVDF, a reverse
potential difference is induced, which drives the flow of
inductive electrons in the opposite direction, as shown in
Fig. 3a3, a4. Therefore, the output voltage changes at differ-
ent temperatures. To better understand this working mecha-
nism, COMSOL Multiphysics software was used to simulate
the potential distribution under open-circuit conditions for
different temperatures, as illustrated in Fig. 3b.
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To better understand the working mechanism, an equiva-
lent theoretical model of the TENG was established based on
the V—Q-x relationship, as shown in Fig. 4. In the theoretical
model, PTFE and paper can be regarded as two dielectric lay-
ers of different permittivity. The thickness of the PTFE and
PVDF layers are set as d, and d,. The permittivity of PTFE,
paper, and air are set as €, &, and g,. The contact area between
the PTFE and paper is S and the distance between the two
friction surfaces is set as x(f). Then, the transferred charges
induced by the potential difference are set as Q. So, the V-0—x
theoretical equation for the TENG can be written as:
ox(t)

d,
+ —=+x() )+ .
& €0

V=_£<ﬁ

€

Seq

x(t)

Charge Amount at Copper 2 (Q)

Fig.4 Theoretical model of the TENG self-powered temperature sen-
sor

When the temperature of the heat source increases, the
permittivity of PTFE (e,) remains unchanged, whereas the
permittivity of PVDF (e,) increases. Therefore, the output
voltage (V) of the TENG increases.

More specifically, the device can be used to detect
changes in temperature based on the contact between the
PVDF and heat source. As the temperature of the heat source
increases, the dielectric constant of PVDF also increases
[38], whereas the dielectric constant of PTFE remains stable
for temperatures between 10 and 100 °C [39]. The result is
different output voltages of the TENG under different tem-
peratures thereby emulating a temperature sensor.

Figure 5a shows the output voltage and output current
when the loading resistance is increased from 100 kQ to
150 MQ. As the loading resistance increases, the output
voltage of the device also increases, whereas the current
drops due to the increase in resistance. The output power can
be plotted as a function of the loading resistance, as shown
in Fig. 5b. The maximum value of the output power reaches
240 uW at a loading resistance of 10 MQ and the corre-
sponding output voltage reaches 49 V, as shown in Fig. 5c.
The stability of the TENG performance was also measured.
The results show that the output performance of the device
remains very stable after 10,000 cycles, as shown in Fig. 5d.

The fabricated TENG was attached to a heat source and
the temperature of the heat source was controlled. The output
voltage of the fabricated TENG for a load of 10 MQ while
attached to the heat source is shown in Fig. 6a. It can be seen
that the output voltage increases as the temperature of the heat
source increases. The temperature detection range is 10-90 °C.
The output voltage of the TENG with a matched load of 10

Fig.5 a Relationship between (a) (b) 300
the output voltage/current and 204 o G./" r100 2501
resistance of the external load. \ /0/ L 80 - /°\
b Relationship between power :t; 15 ° 90 S E_ 2004 © °\
and resistance to the external 104 T G./ [60 §° g, 50| Z o\
load for a maximum power of £ 9/ L40 = E ! °
240 uW and external load of S 51 g0 > 100+ o \°
. s H20 ‘ —_
10 MQ. ¢ Corresponding output § °— o 50
voltage. d Reliability of the 04 L0 d
fabricated TENG verified by the 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100120 140 160
stable output voltage for 10,000 Resistor(MC) Resistor(MSQ)
continuously working cycles
(c) @)
60 60+ r60
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Fig.6 a Dependence of the (a) (b)
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MQ when the temperature is 90 °C is shown in Fig. 6b. An
enlarged positive output voltage pulse signal is observed, as
shown in Fig. 6c. It can clearly be seen that the response time
is approximately 0.01 s. In order to investigate the reset time
of the temperature sensor, changes in the output voltage of the
temperature sensor with a matched load of 10 MQ at the tem-
perature of 90 °C were studied with the heat source removed,
as shown in Fig. 6d. The results show that the reset time of the
temperature sensor is approximately 3.5 s.

Humidity was also shown to be an important factor in out-
put performance of the device. At a temperature of 20 °C,
the output voltage of the TENG with a load of 10 MQ can
reach 42, 37, and 32 V for a relative humidity of 70, 80, and
90%, respectively, as shown in Fig. 7a—c. It can be seen that
the increase in relative humidity reduces the output perfor-
mance of the device. Furthermore, the output voltage of the
TENG with a load of 10 MQ still changes with temperature
at a humidity of 70, 80, and 90%, as shown in Fig. 7d—f. It is
worth noting that the increase of relative humidity influences
the output performance of the TENG. However, when used as
self-powered temperature sensor, the proposed TENG can still
indicate changes in temperature.

4 Conclusions

In this work, we proposed a novel, light-weight, and flex-
ible self-powered temperature sensor based on proposed
TENG that uses cost-effective materials such as PTFE,
PVDF board, and conductive copper foil tape. Through
testing, the output voltage of the temperature sensor was
shown to increase linearly with temperature and the tem-
perature detection range is 10-90 °C. The response time
and reset time of the sensor are approximately 0.01 and
3.5 s, respectively. Furthermore, the influence of relative
humidity on the output performance of the TENG used as
self-powered temperature sensor was examined. Although
humidity was shown influence the output performance,
temperature changes can still be detected. The fabricated
temperature sensor can be fabricated quickly and easily
and has the advantages of low cost and high practicality.
The proposed TENG can be used for potential applications
in the fields of environmental sciences, safety monitoring,
and medical diagnostics.
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Fig.7 a—c Output voltage and d—f dependence of output voltage on temperature of the heat source for the TENG acting as a self-powered tem-
perature sensor with a matched load of 10 MQ for a temperature of 20 °C and relative humidity of 70, 80, and 90%
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