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Triboelectric tactile sensor for pressure and
temperature sensing in high-temperature
applications

Yanhua Liu, Jinlong Wang , Tao Liu , Zhiting Wei, Bin Luo, Mingchao Chi ,
Song Zhang , Chenchen Cai , Cong Gao, Tong Zhao, Shuangfei Wang &
Shuangxi Nie

Skin-like sensors capable of detecting multiple stimuli simultaneously have
great potential in cutting-edgehuman-machine interaction. However, realizing
multimodal tactile recognition beyond human tactile perception still faces
significant challenges. Here, an extreme environments-adaptive multimodal
triboelectric sensor was developed, capable of detecting pressure/tempera-
tures beyond the range of human perception. Based on triboelectric nano-
generator technology, an asymmetric structure capable of independently
outputting dual signals was designed to improve perception sensitivity. By
converting the signals and the stimuli into feature matrices, parallel percep-
tion of complex objects (with a recognition rate of 94%) and temperature at
high temperatures was achieved. The proposed multimodal triboelectric tac-
tile sensor represents progress in maximum detection range and rapid
response, realizing the upper limit of human skin’s high-temperature sensing
(60 °C) with a working temperature of 200 °C. The proposed self-powered
multimodal sensing system offers a wider range of possibilities for human/
robot/environment interaction applications.

With the advent of the “artificial intelligence” era, robotics tech-
nology providesmore convenient and intelligent services for human
beings1–4. Tactile perception plays a crucial role in the development
of intelligent robotic systems, enabling robots to perceive, and
analyze external stimuli, or interact friendly with the surrounding
environment5–9. This perception function is typically achieved
through tactile sensors capable of responding to multiple stimuli.
The current research on tactile sensors employs various driving
mechanisms such as piezoresistive10, capacitive11,12, pyroelectric13,
mechanoluminescent14,15, and piezoelectric16 to detect physical
information, usually working at room temperature. Achieving stable
tactile perception in high-temperature harsh environments remains
a key challenge beyond the capabilities of existing technologies.
Thus, previous studies have primarily focused on the development
of tactile sensors in room temperature environments. Multimodal

tactile sensors serve as core components in robot perception sys-
tems, yet their lack of wide environmental adaptability is the major
obstacle restricting the applications of intelligent robots in extreme
environments (such as space, deep sea, fire scenes, etc.)17–19. Despite
the progress in improving high-temperature adaptability by
mimicking human tactile receptors (e.g., heterogeneous sensing
mechanisms) and advanced material design (e.g., temperature-
insensitive sensing materials)12,20,21 (Supplementary Table 1), limited
by the response mechanism of stimulus signals and the design of
sensing materials, tactile sensing is still confined to the temperature
range of human touch (≤60 °C). Fundamentally, endowing tactile
sensors with high-temperature adaptive technology beyond human
touch can resolve the challenges of intelligent robot applications in
extreme environments, which is urgently needed but not yet solved
in practical applications.
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To overcome this challenge, exploring the design strategies for
environment-adaptive tactile sensing is necessary. The emerging tri-
boelectric nanogenerator (TENG) technology presents a potential
solution to this issue22–25. TENG, based on the coupling effects of
contact electrification and electrostatic induction, converts tactile
stimuli into electrical signalswithout extra powermodules26–29. Wang’s
group found that the transfer of triboelectric charges generated by the
contact electrification process exhibits a significant temperature
effect, where the increase in temperature enhances the electron
emission capability of the layer, resulting in the decrease of the elec-
trical signal of TENG30. The temperature dependence of the signal
enables the robot to respond to tactile stimuli under high tempera-
tures, which can lay a research foundation for a paradigm of tactile
sensing in extreme environments. The works exploring the changes of
TENG signals under high-temperature conditions have been reported,
such as the clarification of the relationship between the thermionic
emission effect and the TENG signal31, and the design of a self-powered
tactile temperature sensor32, which expanded the application range of
temperature sensors. Therefore, based on the temperature depen-
dence and tactile stimulation response of the contact electrification
mechanism in TENG, achieving stable tactile perception in extreme
environments beyond human tactile perception is feasible. Multi-
modal sensors are essential for realizing intelligent sensing systems,
however, limited by the influence of multiple stimuli, there are still
challenges in breaking through multimodal tactile perception under
high-temperature environments.

In this work, inspired by Saharan silver ants (Cataglyphis bomby-
cina), which are insects capable of maintaining multi-sensory percep-
tion in high-temperature environments33, we develop a triboelectric
sensor that enables adaptive tactile sensing under extreme heat, sur-
passing human tactile limits (Fig. 1a, b). Research indicates that when
biological organisms are subjected to mechanical and thermal stimuli,
the opening and closing of ionchannels generate physiological electric
signals, which facilitates environmental perception (Supplementary
Fig. 1)34. Drawing on this biological principle and based on the contact
electrificationphenomenonof TENG, a pressure/temperature sensor is
designed to sense pressure and thermal stimuli at high temperatures.

Additionally, the triboelectric signals are integrated with machine
learning algorithms to achieve object recognition. Thanks to the
design of the asymmetric structure and heat-resistant sensing mate-
rials, the triboelectric sensor shows fast stress response and recovery
times of 70 and 58ms, respectively. Its maximum operating tem-
perature reaches 200 °C, which far exceeds the human skin’s high-
temperature sensing limit (60 °C). Furthermore, by integrating the
triboelectric sensor on the robotic hand, real-time responses to pres-
sure and temperature under high temperatures are achieved. This
research not only solves the long-term challenge of using triboelec-
tricity to achieve accurate pressure and temperature perception at
high temperatures, but also promotes the development of efficient
intelligent systems in extreme environments.

Results
Design of extreme environment-adaptive triboelectric
tactile sensor
Human skin distinguishes mechanical and thermal stimuli through
mechanical and temperature receptors, achieving spatiotemporal
recognition of the size and location of touch and temperature
stimuli35,36, to ensure safe and effective human-machine interaction in
complex environments (Fig. 2a). To simulate natural touch, under-
standing and utilizing the key factors influencing biological skin sen-
sory characteristics are crucial20. Inspired by high-temperature silver
ants, as well as skin mechanoreceptors and thermoreceptors along
with their sensing mechanisms, taking advantage of charge transfer
under external stimuli to generate electrical signals, an extreme
environment-adaptive pressure/temperature-responsive triboelectric
sensor was designed. The tactile sensor consists of a pressure-sensing
triboelectric nanogenerator (P-TENG) and a temperature-sensing tri-
boelectric nanogenerator (T-TENG) (Fig. 2b). Based on the contact
electrification principle, the multimodal sensor avoids interference
from forces by utilizing the stable contact area of the T-TENG. By
exploiting the coupled yet low cross-sensitivity pressure and tem-
perature response mechanisms, it enables the unambiguous dis-
crimination of touch and temperature electrical signals, while
showcasing high sensitivity and high-temperature resilience (Fig. 2c),
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Fig. 1 | Schematic illustrationof the bioinspired triboelectric sensor. aNervous system of the Saharan silver ant for bimodal signals of pressure and temperature under
high temperatures. b Signals perceived by the triboelectric sensor for machine learning to identify objects.
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providing the possibility for responding tomultiple stimuli in extreme
environments.

When subjected to pressure and temperature stimuli, the tribo-
electricmaterials in the sensorwith asymmetric structure contact each
other, leading to the charge transfer and further generating corre-
sponding electrical signals (Fig. 2d and Supplementary Fig. 2). To
demonstrate the application of triboelectric tactile sensors in object
multimodal perception and information feedback, five miniature sen-
sors were assembled on the robotic hand by laser-printed flexible and
stretchable electrodes (Fig. 2e), which enables flexible object shape
and temperature recognition. The sensor offers broad application
prospects for extreme environment-adaptive robots in human-
machine interaction, virtual reality, space exploration, etc.

Pressure-responsive behaviors
The preparation process of the triboelectric sensor capable of
responding to pressure/temperature in extreme environments is illu-
strated in Fig. 3a and Supplementary Fig. 3. A structurally asymmetric
dual-layer sensor by a two-step encapsulation strategy was designed.
To realize adaptive responses in extreme conditions, this work
employs flexible, high-temperature-resistant silicone as an outer shell
to facilitate rapid responsiveness to pressure stimuli (Fig. 3ai). Addi-
tionally, based on the intrinsic high-temperature resistance of
cellulose37, the material was chemically modified and further engi-
neered to develop a spherical-like surface morphology (Supplemen-
tary Figs. 4–6), which enhanced the high-temperature triboelectric
performance and sensing signals (Supplementary Fig. 7). The cellulose
nanofibrils (CNFs-1), with a silver electrode coating on its back, was
affixed to the inner surface of the silicone shell at the top (small area
side), while fluorinated ethylene propylene (FEP) was adhered and
embedded to the middle position inside the shell, the T-TENG was
prepared (Fig. 3aii-iv). Finally, a rough-surfaced CNFs-2, also coated
with a silver electrode on its back, was affixed to the lower part of the
silicone shell, sharing the FEP to construct P-TENG (Fig. 3av), thereby
completing thedual-mode sensor (Fig. 3avi). The schematicdiagramof
P-TENG’s amplification is shown in Fig. 3b. When pressure is applied,

the FEPmakes contact with the protruding spherical structures on the
surface of CNFs-2. Due to the coupling effects of triboelectric charging
and electrostatic induction, P-TENG can convert mechanical pressure
into electrical signals. Additionally, the principle of triboelectric signal
generation was further elucidated (Fig. 3c). When the two atoms
contact under external force, the electron cloud overlaps, and the
electrons of -OH on CNFs-2 film transfer to FEP, thus generating tri-
boelectric charges. The CNFs-2 film accumulated positive charges,
generating an output signal, and upon gradual separation, a reverse
signal appeared. The variation process of the electric potential on the
surface of triboelectric materials was demonstrated through finite
element simulation, providing a foundation for detecting pressure-
sensitive signals (Supplementary Fig. 8 and Supplementary Movie 1).

The size of the device is constrained by the actual interactive
scenarios38. Therefore, sensors of different sizes were fabricated, and
research revealed that the triboelectric performance increased linearly
with the size (Fig. 3d), which was attributed to the increase of contact
area, thus transferring more charges during the contact process. The
surface roughness structure plays an indispensable role in improving
the fast response ability and sensitivity of the pressure sensor39. The
CNFs-2 film with a microstructure surface facilitates the enhancement
and precise analysis of pressure signals (Supplementary Fig. 9 and
Supplementary Notes 1, 2). Response time is a prerequisite for mea-
suring the device’s response sensitivity, and plays a key role in human-
machine interaction in virtual reality environments40. When pressure
was applied to P-TENG at 2Hz, the response and recovery times were
70 and 58ms, respectively (Fig. 3e), and the higher response time is
maintained at different frequencies (Supplementary Fig. 10), faster
than the human response time to tactile stimuli (139ms)6,41. The tri-
boelectric signals of P-TENG were tested to explore their adaptability
to different touch pressures. Figure 3f displays voltage signals of
loading and unloading at different pressures from 4.17 to 100 kPa,
demonstrating that P-TENG is an ideal candidate for tactile perception.
The linear curveof the voltagewithpressure change is shown in Fig. 3g.
When the pressure is less than 8.36 kPa, the sensitivity of the tribo-
electric signal is 9.21 kPa−1, and when the pressure is in the range of
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Fig. 2 | Extreme environment-adaptive pressure/temperature-responsive tri-
boelectric sensors beyond human tactile perception. a Schematic illustration of
the triboelectric sensor for human-machine interaction. bDetailed structure of the
sensor, T-TENG, and P-TENG refer to the temperature sensor and pressure sensor.

c Sensor’s high-temperature resistance and sensitivity. d Schematic diagram of the
principle of sensor response to pressure/temperature, T and P refer to temperature
and pressure. e Optical image of the triboelectric sensor integrated on a robotic
hand with stretchable electrodes.
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8.36–100 kPa, the sensitivity of the triboelectric signal is 1.5 kPa−1

(Eq. 1).

S=dðΔV=VsÞ=dP ð1Þ

Where ΔV is the relative change of the output voltage, Vs is the mini-
mum detectable electrical signal, and P is the applied pressure. In the
high-pressure range, the open-circuit voltage gradually increases,
which is due to the increase of the area when the surface
microstructure of the material is contacted, thus enhancing the
triboelectric effect36,39,42. It is also highlighted that the sensitivity of the
P-TENG is one of the highest levels among the current triboelectric
tactile sensors (Supplementary Table 2). To further verify the
applicability in extreme environments, after 2000 cycles of testing at
200 °C, the output performance of the sensor did not change
significantly (Fig. 3h), demonstrating the durability and high-
temperature robustness of the P-TENG.

Temperature-responsive behaviors
Temperature affects the magnitude of the triboelectric signals30,35,43,44,
hence, the T-TENG was developed to respond to temperature stimuli.

Figure 4a illustrates the structure and working mechanism of T-TENG.
Under the heat stimulus, the temperature of the triboelectricmaterials
increases, leading to the disordered dissipation of stored charges45.
This phenomenon is further explained by the electron-cloud model
under high temperatures (Fig. 4b).When the twomaterials contact, the
electron cloud overlaps, the initial single potential well becomes an
asymmetric double potential well, and the electrons transfer to gen-
erate the triboelectric signal. In this context, the improved thermionic
emission model (Supplementary Note 3) indicates that the output
voltage of T-TENG decreases with rising temperature46, which facil-
itates temperature sensing due to the emission of triboelectric charges
caused by the increase in temperature.

Figure 4c shows the continuous voltage response to temperature,
exhibiting distinguishable and stable signals. At 2Hz, the response
times are 67 and 63ms, respectively, which are close to those of the
P-TENG (Supplementary Fig. 11). The linear response coefficient of
sensitivity for the T-TENG is 0.996, indicating a good linear relation-
ship between the electrical signal and temperature. Notably, the
T-TENGexhibits pressure insensitivity in temperature sensing (Fig. 4d).
This may be attributed to the smooth surface and constant contact
area, making the pressure value quickly reach equilibrium47. The

Fig. 3 | Pressure sensing. a Schematic diagram of the preparation process of the
triboelectric sensor, FEP is fluorinated ethylene propylene, CNFs are cellulose
nanofibrils. b Structure of pressure sensor (P-TENG). c The responsemechanism of
pressure sensing. d Scalable preparation of the triboelectric sensor, UP is the

voltage generated by the pressure sensor. e Response time of P-TENG.
f Triboelectric signals of P-TENG. g Pressure sensing sensitivity of P-TENG. Data
were presented as mean values ± SD. h Stability test of P-TENG.
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sensor signals show high consistency with temperature changes, and
highly repeatable output voltages are observed during the heating-
cooling cycles (Fig. 4e, f), demonstrating the real-time adaptability of
the sensing signal to the ambient temperature. About 2000 cycles of
testing were performed at 100, 150, and 200 °C, respectively (Fig. 4h),
and the open-circuit voltage of the T-TENG during the loading-
unloading process at 200 °C was taken as an example (Fig. 4i). The
results show stable sensing signals, proving the T-TENG’s suitability for
practical sensing in high-temperature environments. The T-TENG
sensor has a wide range and beyond human skin temperature sensing
ability (25–200 °C), superior to the self-powered temperature sensors
reported in the literatures (Fig. 4g), offering opportunities for the
development of temperature perception and human-machine inter-
action in extreme environments.

Mechanism study for the multimodal response
In practical applications, multiple stimuli need to be detected simul-
taneously and independently. The signal interference between multi-
ple coupled stimuli will affect the accuracy of the sensor, which
requires the sensor to have low cross-interference and stable decou-
pling ability for the coupled signals (Fig. 5a). The signal interference of

multimodal triboelectric sensors under fixed pressure and different
temperatures was discussed (Fig. 5b). Compared with theoretical
results (Supplementary Fig. 12), the cross-coupling errors of P-TENG
and T-TENG due to temperature interference are less than 0.4 and
3.2%, respectively, indicating low cross-sensitivity between pressure
and temperature. The low cross-sensitivity stems from the indepen-
dence between the responsemechanismsofpressure and temperature
stimulus (thermionic emission effect and contact area effect). The
pressure responseof P-TENGunder different temperatureswas further
tested (Fig. 5c), and there was still a linear response between the
pressure and voltage of the P-TENG (UP) at different temperatures. The
relationship between UP and voltage of the T-TENG (UT) and pressure
and temperature can be related by the characteristic matrix (M)
(Supplementary Note 4).

The featurematrix constructed from the linear dependenceof the
multimodal triboelectric sensor can be directly used for the stable
decoupling of multiple signals. With known subcomponents of the
feature matrix, unknown pressure (P) and temperature (T ) can be
obtained using the M and the values of UP and UT. Figure 5d shows the
corresponding relationship between pressure, temperature, and UP.
Through feature matrix analysis, it’s evident that components M3 and
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M4 are directly related to P-TENG, andM3 has amutual dependence on
temperature (Fig. 5e). Figure 5f and Supplementary Fig. 13 demon-
strate the real-time response of the triboelectric sensor in complex
scenarios with multiple coupled stimuli. Stable electrical signal
responses can be achieved under conditions of individually varying
temperature and pressure, as well as simultaneously varying pressure
and temperature. Furthermore, to verify the sensor’s potential in real
complex scenarios, the stability of the signals in high humidity and
strong ultraviolet irradiation environments was studied (Supplemen-
tary Fig. 14). It can be observed that the sensor’s electrical signals are
stable, benefiting from the stability of the material and the encapsu-
lation of the shell and electrodes. The demonstrations above verify the
sensors’ low cross-sensitivity to temperature and pressure signals,
enabling the decoupling of dual stimuli through the feature matrix,
and contributing to high-precisionmeasurements in practical complex
applications.

Real-time object recognition in high-temperature environments
Robotics technology utilizes multimodal sensors and combines artifi-
cial intelligence technology, unlocking intelligent data analytics in
interdisciplinary, and achieving complex gesture and object
recognition48,49. Therefore, to better demonstrate the pressure/tem-
perature-responsive capabilities of the tactile sensor in practical sce-
narios, the sensors are integrated into the five fingertips of a robotic

hand, forming an intelligent tactile system for identifying unknown
objects (Fig. 6a). Stretchable electrodes were designed to ensure the
flexibility of handmovements (Fig. 6a inset), avoiding the interference
of electrodedamage to the signal. The systemcan remotely control the
robot hand and simulate various hand movements synchronously,
providing users with spatially distributed tactile feedback (Fig. 6b and
Supplementary Movie 2), and offering a direction for replacing
humans in potentially hazardous tasks in complex extreme
environments.

Further, various contact commands are issued in the high-
temperature environment for the identification of object shape and
temperature. A multichannel data acquisition module is used to
simultaneously receive and analyze the triboelectric signals collected
from the five fingers during the grasping process. The triboelectric
sensors on the inner side of the robot hand obtain different signals
when grasping objects of different temperatures and shapes (spherical
iron balls, square wooden blocks, and hollow cylinders). The tribo-
electric signals are normalized to obtain the electric signal maps cor-
responding to the grasped objects (Supplementary Movie 3). The
signal maps from top to bottom represent the output signals of
T-TENG and P-TENG, respectively, where darker colors indicate higher
signal outputs (Fig. 6c). For instance, grasping spherical and square
objects of different sizes and shapes at room temperature results in
different output signals due to gripping habits, varied number of

Fig. 5 | Pressure-temperature decoupling and dual-modal sensing in a single
triboelectric sensor. a Simultaneous extraction of two sensing parameters (pres-
sure and temperature) by the matrix method. b Response signals of P-TENG and
T-TENG at different temperatures under the pressure of 100kPa. Data were pre-
sented as mean values ± SD. c Pressure parameters corresponding to the voltage

signals of P-TENG atdifferent temperatures.dVoltage signals of P-TENGwhen both
pressure and temperature are applied. e Variation of the M3 and M4 of the matrix
under different temperatures. fReal-time response of the triboelectric sensorwhen
subjected to temperature and pressure stimuli.
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fingertips, and differing force exertion (Fig. 6ci–iii). Meanwhile, when
changing the temperature and shape, the number and intensity of
electrical signals also vary (Fig. 6civ–vii).

Combining neural network learning with tactile sensors for per-
ception is an effective approach to object recognition issues in the
context of robot technology.Machine learning based on convolutional
neural networks can extract subtle differences and complex features
from signals. Through numerical optimization methods, neural net-
works can actively discover features hidden in signals during the
training process, thereby establishing decision criteria. Fig. 6cviii
shows the confusion matrix of the classification results of 9 objects,
where each row represents a test sample in an actual category, and
eachcolumn represents a predicted category. The results demonstrate
that the system has excellent recognition performance for symmetric
and asymmetric objects (Supplementary Fig. 15), with an average
recognition accuracy of 94%. Furthermore, as a conceptual validation,
the sensing system was used to identify the types and temperatures of
objects (Fig. 6d). The robot tactile perception system enables object

identification in high-temperature environments, possessing potential
applications in fields beyond human touch perception such as human-
machine interaction in extreme environments and space exploration.

Discussion
In summary, this work demonstrates a triboelectric tactile sensor that
responds to pressure/temperature beyond the human tactile percep-
tion range in extreme environments. The tactile sensor is based on the
triboelectric nanogenerator technology, using stable cellulosic tribo-
electric materials under high temperature, and designed an asym-
metric structure that can independently output dual signals, to achieve
multiple stimulation responses in high-temperature environments.
The device achieves real-time digital response without an external
power supply, and the feature of size-switchable is conducive to scal-
able integration. Combining machine learning technology can further
accurately identify the shape and temperature of objects in high-
temperature environments. The proposed self-powered multimodal
sensing system provides a design idea for the development of cutting-
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edge human-machine interaction. However, this work is still in the
preliminary research stage, and can further achieve complex applica-
tions in extreme environments through multidisciplinary integration
(such as the design of heat-insulating and flame-retardant materials
and the expansion of wireless plugins, etc.).

Methods
Materials
3-Aminopropyltriethoxysilane (APTES) was obtained from Aladdin,
and all purchased chemicals were of analytical purity. Bagasse pulp-
board was obtained from Guangxi Guitang (China) Co., Ltd. The FEP,
silver paint, silicone shell, and high-temperature adhesive were pur-
chased from Tmall.

Preparation of triboelectric materials
High-purity cellulose material was obtained by purifying bagasse
pulpboard and then transformed into nanoscale size by high-pressure
homogenization50,51. With a slurry concentration of 1%, the dry weight
of the sample was determined to be 0.4 g. The CNFs film material
(thickness 63 ± 4μm) was prepared by vacuum-assisted fibril self-
assembly followed by hot pressing and drying52,53. Then, the CNFs film
was treated by low-temperature plasma technology, with oxygen as
the discharge gas, at a power of 100W for 10min, to obtain a CNFs film
with micro-nano structures on the surface54. Subsequently, the CNFs
film and a CNFs film with protruding structures were separately
immersed in a 3wt% APTES solution for 2 h, then sufficiently washed
with ethanol and dried in an oven at 120 °C to obtain the final tem-
perature sensing material CNFs-1 film and pressure sensing material
CNFs-2 film. The detailed preparation process is shown in Supple-
mentary Fig. 4a.

Preparation of triboelectric sensor
The CNFs-1 film with a diameter of 5mm and coated with Ag on the
back is adhered to the silicone shell (bottom diameter 10mm, top
diameter 5mm) as the positive triboelectric material of the T-TENG.
Subsequently, the FEP (diameter 7.5mm), serving as the common
negative triboelectric material for the multimodal sensor, is attached
to the middle of the silicone shell. Finally, the circular CNFs-2 film with
a diameter of 10mm is attached to the bottom of the shell, and con-
ductive copper wires are respectively attached to the backs of the
CNFs-1 and CNFs-2 films, thus forming a single-electrode mode mul-
timodal sensor. Lastly, the silver paint is sprayed onto the surface of
the sensor.

Performance testing of triboelectric sensor
The electrical performance of the dual TENGs was measured using an
electrometer (Keithley 6514, USA). For standard measurement of
electrical output, a commercial linear mechanical motor is used to
apply a constant contact force,with themagnitude of the applied force
measured by a HYPX-601 instrument. The prepared T-TENG and
P-TENG are respectively attached to the fixed side of the motor, and
pressure is applied to the devices using a linear motor. The generated
electrical signals aremeasuredby the electrometer, then collectedby a
data acquisition card (NI-USB6259, USA), and the final data were
transferred to computer software for display. A multichannel switch
multimeter (Keithley DAQ6510, USA) was used to record multiple
signals of the multimodal tactile sensor. A schematic diagram of the
experimental setup is shown in Supplementary Fig. 16.

Selection of the installation positions on the robot hand for the
triboelectric tactile sensors
To identify objects more accurately with a small number of sensors,
the sensor position needs to be optimized. Therefore, before installing
the sensors on the robotic hand, the hand was used to grasp colored
objects, and then the colored positions were recorded and counted. It

was found that the fingertips were used the most during the gripping
process7,55.

Characterizations
The surface morphology of the material was analyzed by a scanning
electron microscope (TESCAN MIRA LMS) and an atomic force
microscope (BRUKER, USA). A Fourier transform infrared spectro-
meter (TENSOR II, BRUKER, Germany) was used to observe the
chemical changes of the samples, and a simultaneous thermal ana-
lyzer (TG 209 F3 Tarsus, Germany) was used to test the thermo-
dynamic behavior of the materials. The COMSOL Multiphysics
software was used to study the electric potential distribution of the
triboelectric materials during contact electrification, with the
thicknesses of FEP and CNFs-2 set at 50 and 63 μm, respectively.
Density functional theory (DFT) calculations were performed using
the Vienna ab initio Simulation Package (VASP) combined with the
projector augmented wave method. The Perdew-Burke-Ernzerhof
(PBE) functional, following the generalized gradient approximation,
was employed for the exchange-correlation functional. A 2 × 2 × 1
K-point grid was used for sampling the Brillouin zone, and the
energy cutoff was fixed at 500 eV. Structural relaxation continued
until the convergence thresholds for energy and force were met at
1 × 10–4 eV and 0.03 eV Å–1, respectively.

Data availability
All data generated in this study are provided in the Supplementary
Information/SourceData file. Source data are providedwith this paper.
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