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a b s t r a c t   

The failure of mechanical or electronic equipment caused by high temperature brings huge economic losses. 
At the same time, the potential fire danger brought by high temperature threatens people's lives. Realizing 
high temperature alarm is a double test of the material preparation and device construction. Here, a novel 
self-powered high temperature alarm sensor has been realized based on the combination of triboelectric 
nanogenerator and bimetallic strip. Besides, electrospun polyimide (PI) nanofiber membranes were pre
pared as the high temperature resistant friction material. When encountering high temperature, the rapid 
deformation of bimetallic strip can make it interact with the PI friction material to generate electrical 
signals for alarm. Finally, a series of demonstrations showed the wide application potential of the system in 
high temperature alarm. 

© 2022 Elsevier Ltd. All rights reserved.    

Introduction 

High temperature is an important cause of failure of a series of 
mechanical and electronic products, and also a potential source of 
fire hazard [1]. For example, military grade microelectronics need to 
work normally in the temperature range of − 55–125 ℃ [2]. Usually, 
people continuously monitor the temperature through the tem
perature sensors. When the temperature reaches the warning range, 
the system will alarm. In this process, these sensors need unin
terrupted power supply. Therefore, it is not the best choice in the 
scenario where only high temperature warning is needed instead of 
the continuous temperature monitoring. In addition, the high tem
perature environment is not friendly to the integration of sensors 
and energy storage devices. 

In recent years, the rise of triboelectric nanogenerators (TENGs) 
promotes the development of self-powered system. The self-pow
ered technology based on TENGs shows great potential in distributed 
power sources with advantages of cost effective, light weight and 
high conversion efficiency. Consequently, TENGs-based self-powered 
systems have covered many fields, such as human motion mon
itoring [3–5], athletic big data analytics [6], biochemical detection  
[7,8], train monitoring [9] and so on. In the fields related to high 
temperature applications, these self-powered systems based on 
TENGs were mainly used in fire alarm or fire escape and rescue  
[10–12]. Their corresponding working principles are as follow. Most 
of the existing fire alarm systems based on TENGs mainly rely on 
TENGs to harvest the mechanical energy in the environment, such as 
wind energy, to power the temperature sensor or fire alarm [13–16]. 
For TENG-based fire escape or rescue devices, they mainly depend 
on the signals generated by the interaction between people and 
devices, rather than that generated by the device itself when ex
posed to high temperatures [17]. The main challenge to generate 
triboelectric signals under high temperature by the device itself is to 
find a material or design a component that can deform rapidly at a 
specific temperature. 
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Fortunately, the bimetallic strip is such a material. Usually, a bime
tallic strip is combined of two metallic strips with different thermal 
expansion coefficients which show the property to bend when the 
temperature changes in a specific range. Through designing the mate
rials of the bimetallic strip, a linear deformation with temperature or a 
rapid deformation can be achieved based on the snap-through phe
nomenon. Specifically, the snap-through phenomenon refers to a rapid 
transition accompanied by a large shape change occurred between two 
equilibria of the buckled structure [18]. Accordingly, a series of appli
cations such as temperature sensing [19], optics [20], smart actuator  
[21], solar tracking [22], or electromechanical breakers can be realized. 
Importantly, the rapid deformation of bimetallic strips caused by 
thermal snap-through shown a great application prospect in converting 
heat energy into mechanical energy [23]. Therefore, it is possible to 
realize high temperature alarm by combining the thermo-mechanical 
conversion of a bimetallic strip with a TENG. 

In this study, a self-powered TENG-based high temperature alarm 
system is demonstrated. In this system, the high temperature alarm was 
realized by a TENG composed of the bimetallic strip and high tem
perature resistant polyimide (PI) friction material. Through the thermal 
snap-through of bimetallic strip at a specific temperature, the rapid 
deformation of bimetallic strip makes it interact with the PI friction 
material to generate electrical signals for alarm. Finally, a series of ap
plication demonstrations were performed to show the application po
tential of this system in the field of high temperature alarm. 

Results and discussion 

The assembling and working mechanism of TENG-based high 
temperature alarm system 

Fig. 1a shows the schematic structure of the self-powered system 
based on TENG for high temperature alarm. The photo of the device 
is shown in Fig. 1b. Generally speaking, the device is composed of 

the steel sheet, bimetallic strip assembled with Cu contact element 
(4 mm in diameter), electrospun polyimide (PI) nanofiber membrane 
on Al foil and ceramic sheet assembled from bottom to top. The Cu 
contact element was selected as another electrode because it has a 
relatively positive polarity. Then the upper and lower parts were 
assembled together by vertical bolts and nuts. 

Furtherly, the working mechanism of the device was studied. As 
the temperature increases, the bimetallic strip reaches its snapping 
temperature. At this point the center part of the dishing bimetallic 
strip snaps up toward the PI membrane. Thus, the Cu contact ele
ment on the center part of the dishing bimetallic strip will be in 
contact with the PI nanofiber membrane. Since the copper is more 
triboelectrically positive than PI, electrons are transferred from 
copper electrode on the surface of PI nanofiber membrane. Thus, the 
positive and negative charges are formed on the Cu contact element 
and the PI nanofiber membrane surface, respectively (Fig. 1c-i). Be
cause the metal sheet has a certain elasticity, when it collides with 
the upper part of the device, it will bounce back and vibrate back and 
forth several times. The spring back of the strip will cause the se
paration of the Cu contact element and the PI surface, a potential 
difference is generated between the Al foil and ground, which can 
induce the transfer of charge from the Al electrode to ground 
(Fig. 1c-ii and c-iii). Finally, the copper contact and PI nanofiber 
membrane remain in contact until the bimetallic strip snaps back 
due to the decrease of temperature. The reason why PI nanofiber 
membrane is selected as friction material will be described below. 

The fabrication and characterization of electrospun PI membranes 

For assembling a self-powered TENG-based high temperature alarm 
system, the friction material should have not only good triboelectric 
property but also excellent thermal stability. Fortunately, PI is such a 
good negative friction material. Electrospinning is one of the recognized 
methods which could fabricate large-area ultrafine polymer nanofiber 

Fig. 1. Structural design and working principle of the high temperature alarm sensor. (a) Schematic illustration of the high temperature alarm sensor. (b) Photographs of the two 
components of the sensor: the electrification contacts material layer and the layer of the bimetallic trip. (c) Working principle of the TENG-based high temperature alarm sensor. 
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membranes with ultrahigh specific surface area [24]. Therefore, elec
trospun PI nanofiber membranes were chosen as the negative friction 
material here [25,26]. As shown in Fig. 2a, a PI nanofiber membrane with 
A4 paper size collected on the Al foil was fabricated by electrospinning of 
poly (amic acid) (PAA) solution and following thermal treatment. Fig. S1 
shows the Fourier transform infrared (FTIR) spectrum of the as-prepared 
membrane. The characteristic peaks appeared at 1775 cm−1, 1715 cm−1, 
1373 cm−1, 722 cm−1 in nanofiber membrane, which assigned to C]O 

symmetric stretching vibration, C]O asymmetric stretching vibration, 
C–N–C stretching vibration and C–N stretch, respectively, indicated that 
PI was prepared [27]. 

Then its high temperature resistance property and morphology were 
also characterized. Specifically, a vertical burning test intuitively shows 
the flame-retardant properties of the PI/Al sample under an open fire 
(Fig. 2b) and demonstrates its excellent self-extinguishing ability (Movie 
S1). Furthermore, the morphology of PI nanofiber membranes prepared 

Fig. 2. Characterization of high temperature resistance ability, morphology and output properties of the prepared PI membrane. (a) Photo of the prepared PI nanofiber mem
branes. (b) Original, burning, and after burning photographs of the PI nanofiber membranes. (c) and (d) SEM images of PI nanofiber membranes obtained under different 
preparation conditions. (e) and (f) Open-circuit voltages and output current densities of TENGs with the PI nanofiber membrane corresponding to the above figures. 
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from PAA solutions with different concentrations were compared. As 
seen from Fig. 2c and d, electrospun PI products transformed from bead- 
on-string nanofibers to bead free nanofibers with the increase of PAA 
concentration from 15.5 wt% to 17 wt%. When the PAA concentration is 
17%, its viscoelasticity could completely suppress the Rayleigh instability 
induced by surface tension, resulting in bead free nanofibers. While the 
viscoelasticity of 15.5% PAA solution could only partially suppress the 
Rayleigh instability, leading to the formation of beaded nanofibers [28]. 
Meanwhile, the nanofiber membrane became much sparser owing to 
the high proportion of beads as well as low polymer concentration. 

Then, a series of vertical contact–separation mode TENGs have been 
assembled with different PI nanofiber membranes on the Al foil inter
layers as the negative-polarity triboelectric materials. And the corre
sponding output electrical performances were measured and compared. 
The vertical contact–separation mode was determined because it can 
easily control the triggering force or frequency, thereby minimizing ex
perimental errors. As shown in Fig. 2e and f, both the open-circuit vol
tage and the current density increased when the necklace-like beaded 
nanofiber membrane was replaced with bead free nanofiber membrane. 
For the beaded nanofiber membrane-based TENG, the open-circuit 
voltage and the current density are 51 V and 16.2 μA/cm2, respectively, 
under a mechanical percussion force of 30 N. Accordingly, the perfor
mances of the TENG assembled with a PI interlayer consisting of bead 
free nanofiber membrane are approximately 95 V and 18.8 μA/cm2 under 
the same test condition. What's more, their performances are obviously 
better than that of devices prepared by commercial PI films (30 µm 
thick). As shown in Fig. S3, the open-circuit voltage and the current 
density of the TENG prepared by commercial PI tape are 15 V and 8.6 μA/ 

cm2, respectively. The enhancement of the electrical performance could 
be attributed to the larger specific surface area of the bead free PI na
nofiber membrane compared with the necklace-like beaded PI nanofiber 
membrane [29]. In addition, to determine its effectiveness in power 
generation, we tested the TENG in the presence of external electrical 
resistance loads (Fig. S2). With the increase of electrical resistance loads 
from 104 to 108 Ω, the instantaneous voltage peak increased while the 
current density peak decreased under a force of 15 N and triggering 
frequency of 10 Hz, showing a trade-off phenomenon owing to the 
ohmic loss. As a result, the instantaneous power output per unit area 
reach a maximum value of 2.1 W/m2 at an external load resistance of 106 

Ω (W = I2peak·R). Under the same test condition, the charge density of the 
vertical contact–separation mode TENG with 2 × 2 cm2 active area is 
26.6 μC/m2 (Fig. S4a). Therefore, the bead free PI nanofiber membrane 
was used to prepare high temperature alarm devices owing to its ex
cellent performances. 

The performances of TENG-based high temperature alarm system 

After the PI film mentioned above is assembled to obtain a self- 
powered sensor, the influence of the distance between the upper 
and lower parts of the device on the output performances of the 
sensor were studied. As shown in Fig. 3a, the output performance 
first increases and then decreases as the distance increases. To ex
plain this result, the upper part of the device was replaced by a 
mechanical sensor to measure the contact force exerted on the top 
part by the snapping sheet. As the distance changes, the force shows 
a similar change as the output performance (Fig. 3b). When the 

Fig. 3. Characterization of the high temperature alarm sensor. (a) The output voltages of the devices obtained by changing the distance between PI nanofiber membrane and the 
bimetallic strip in the device. (b) The contact force obtained by changing the distance between mechanical sensor and the bimetallic strip in the device. (c) The output voltage of 
the device and the corresponding enlarged picture at the optimal spacing. (d) The response time of the device at different temperatures. 
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distance is about 0.5 mm, the maximum open-circuit voltage can 
reach around 15 V (Fig. 3c). The deformation process of snapping 
sheet usually includes a process of acceleration and deceleration  
[30]. At the same time, because the contact between contact element 
and PI is a rapid deceleration process, the magnitude of the inter
action force depends on the speed reached by contact element be
fore contact. Therefore, when the distance is too small, the contact 
element will contact with PI before reaching its maximum speed, so 
the force generated is relatively small. When the distance continues 
to increase, although the maximum deformation of the snapping 
sheet is not exceeded, the velocity of contact element cannot has 
begun to decrease, and the force generated when colliding with PI 
also decreases accordingly. However, when the distance is greater 
than the maximum deformation, contact element and PI cannot 
collide, and the device cannot work. Therefore, the maximum 
pushing force is generated when the spacing is 0.5 mm, which is 

conducive to the interaction between the contact element and PI and 
increase the surface contact area, resulting in the improvement of 
output performance [31]. Under the optimal parameters, the charge 
density of the device is 14.1 μC/m2 (Fig. S4b). In addition, the re
sponsivity of the device was also investigated. Fig. 3d shows that the 
device does not respond below 120 ℃ because it has not reached the 
critical temperature of the thermal snap-through. However, when 
the temperature rises to 200 ℃, the response time of the alarm 
system is as low as about 20 s 

The demonstration of TENG-based high temperature alarm system 

Finally, a relatively complete high temperature alert system was 
demonstrated. The alert system includes three parts: (i) monitoring the 
temperature: TENG with a bimetallic strip serves as a high temperature 
detector to generate an electrical signal when the temperature reaches 

Fig. 4. The application of the high temperature alarm system. (a) The high temperature alarm system was used to locate and alarm the area with high temperature. (b) The high 
temperature alarm system was used to alarm the over temperature of the circuit board. (c) Schematic diagram of the application scenario of the high temperature alarm system. 
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the critical temperature; (ii) signal process and communication: a mi
croprocessor with a Bluetooth module is used to receive and process 
electrical signals and send information; (iii) remote terminal, such as a 
cellphone or other portable electronics, to receive the emergency mes
sage of high temperature alarm. As shown in Fig. 4a, this system can 
realize the alarm under the direct heating of flame (Movie S2). It can be 
envisaged that the alarm for the high-temperature area can be realized 
when the alarm systems are arranged at different positions in the room. 
Then TENG-based self-powered high temperature alarm was combined 
with a circuit board. And a heating board was used to simulate the 
overheating of the circuit board. It could be found that when the tem
perature of the circuit board continued to rise to the dangerous tem
perature, the system could implement an alarm (Fig. 4b and Movie S3). 
Importantly, through the general network and intelligent terminal, fa
mily members and fire departments could be quickly informed that the 
temperature of the monitored equipment is too high and the fire hazard 
may occur. Therefore, this system is expected to be widely applied in the 
computer room, motor or engine, circuit board and other places that 
need the high temperature early warning (Fig. 4c). 

Conclusions 

Here, we demonstrated a TENG-based self-powered high tem
perature alarm sensor. The high temperature resistant PI nanofiber 
membrane was selected as the friction material. Specifically, through 
the thermal snap-through of a bimetallic strip at a specific tem
perature, the rapid deformation of the bimetallic strip could make it 
interact with the PI friction material to generate electrical signals for 
alarm. In addition, a self-powered high temperature early warning 
system was obtained by combining the TENG with the signal pro
cessing and transmission. Finally, a series of possible application 
scenarios were demonstrated, which showed the wide application 
potential of this system in the field of high temperature alarm. 

Experimental section 

Reagents and materials 

PI nanofibers were fabricated as the high temperature resistant 
friction material by electrospinning of poly(amic acid) (PAA) solution 
and following thermal treatment [32]. The PAA/N, N‐di
methylformamide (DMF) solution as the precursor solution was 
provided by the Changzhou Furunte Plastic New Material Co. Ltd. 
(China). First, the as-received PAA solution was diluted to 15.5 wt% 
and 17 wt% for electrospinning, respectively. Then, the electrospin
ning experiments were carried at the working voltage of 16 kV and 
tip-to-receiver distance of 15 cm with a piece of Al foil as the re
ceiver to collect PAA nanofibers. The flow rate of PAA solutions was 
set as 0.8 mL/h. Finally, the as-prepared PAA nanofibers were con
verted to PI nanofibers through thermal treatment under four 
heating steps at 100 ℃, 150 ℃, 200 ℃, and 250 ℃, each for 30 min. 

Preparation of TENG-based high temperature alarm system 

The bottom part of the device was composed of a stainless steel 
sheet as the structural material with a dishing bimetallic strip fixed 
on it by two pieces of ceramics. For the upper part of the device, an 
electrospun PI nanofiber membrane on aluminum foil was used as 
the friction material and electrode. And the PI/Al membrane was 
fixed in two insulating ceramic sheets. In addition, the middle of the 
ceramic plate at the lower part is hollowed out to ensure that the 
friction material can contact with the bimetallic strip. 

Characterization 

The morphologies of as-prepared PI nanofiber membranes were 
analyzed with a field-emission scanning electron microscope (FE- 
SEM) (S-4800, Hitachi, Tokyo, Japan). To test the TENG property, the 
vertical compressive force was created by a shaker (ET-126–4, 
Labworks Inc., Costa Mesa, CA, USA). And the electrical measure
ments were performed by a low-noise current preamplifier (SR570, 
Stanford Research Systems, Inc., Sunnyvale, CA, USA) and a digital 
phosphor oscilloscope (DPO 3052, Tektronix, Inc., Beaverton, OR, 
USA). Besides, the infrared thermal image was recorded by using a 
FLIR E85 photothermal camera (FLIR Systems, Inc., Wilsonville, USA). 
The charge density from the output signals was measured using an 
electrometer (Keithley 6514, Cleveland, OH, USA). 
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