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A B S T R A C T

Ensuring the effectiveness of triboelectric devices under extreme environmental temperatures is essential for the 
global implementation of TENG-driven self-powered electronics in various regions worldwide, but achieving this 
is substantial challenging. In this work, a thermally stable and flexible PVDF-HFP/SEBS (PHSSO) composite 
membrane doped with stearic acid (SA) and octanoic acid (OA) is constructed by the method of electrostatic 
spraying-assisted electrospinning. Compared with the original PHS membrane, the PHSSO membrane not only 
exhibits enhanced triboelectric output (Voc, Isc, and Qsc increased by 61.48 %, 77.11 %, and 46.16 % respec-
tively), but also maintains a relatively stable triboelectric output from room temperature to a high-temperature 
environment of 60◦C, highlighting its remarkable reliability and stable power supply capability. Furthermore, 
the fabricated PHS1.5SO1.5 triboelectric membrane exhibits outstanding hydrophobicity, flexibility, stretchability, 
and cyclic stability. These qualities render PHS1.5SO1.5 based TENG to be an appealing self-powered positioning 
device, offering critical data such as time and location to adventurers and scientists operating in extreme Earth 
environments, thereby ensuring their safety. In summary, this study has developed a triboelectronegative fibrous 
membrane materials with excellent overall performance, which to some extent ensures the effective operation of 
TENG-driven self-powered devices in extreme temperature environments, providing good feasibility and suc-
cessful case for applications in energy harvesting and human-machine interaction fields under harsh 
environments.

Introduction

Triboelectric nanogenerator (TENG), based on the coupling effect of 
contact electrification and electrostatic induction, can convert minus-
cule, low-frequency and random mechanical energy into valuable elec-
trical energy, gaining considerable attention in recent years [1–4]. This 
technology not only holds great promise for energy harvesting but also 
serves as a versatile platform for the development of wearable 
self-powered electronic products [5–8]. As widely acknowledged, the 
environmental temperature on Earth where humans reside is subject to 
fluctuations. It has been documented that the highest recorded 

temperature on Earth can reach approximately 57.7℃, which was 
observed in Death Valley National Park situated in California. However, 
most of the previous research on TENGs has been conducted at room 
temperature (around 25℃), neglecting the impact of temperature vari-
ations on the electrical performance of TENGs [9–11]. Despite notable 
advancements achieved thus far, this technology still encounters chal-
lenges when it comes to its application in demanding environments 
[12–17]. Therefore, developing triboelectric devices capable of effec-
tively operating in harsh environmental conditions and determining 
their potential as a global sustainable power source is crucial to enabling 
the widespread application of TENG-driven self-powered electronic 
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products in various regions worldwide.
As human exploration of the Earth deepens, electronic devices are 

increasingly required to possess outstanding adaptability and stable 
electrical output performance in extreme environments [18]. Firstly, for 
triboelectric devices, the output performance of the triboelectric func-
tional layer is severely affected by environmental temperatures due to 
the thermionic emission effect of tribo-charges [14,19,20]. Maintaining 
stable electrical output of triboelectric devices over a wide temperature 
range is therefore an important research topic. Compared to typical 
metal and inorganic tribo-materials, polymer tribo-materials (PTMs) 
possess advantages such as material diversity, exceptional flexibility, 
stretchability, extensibility, and lightweight properties [21–24]. 
Consequently, PTMs have undoubtedly become the foundational 
cornerstone of TENG technology. Recent efforts have been reported 
aiming to enhance the operational temperature of PTM-based TENGs. 
Although these PTM-based TENGs can function stably at high temper-
atures, their electrical output is significantly lower than at room tem-
perature due to continuous thermionic emission effects [14,24]. For 
instance, polyvinyl alcohol (PVA) and PVA/10 wt% PPA-PEI (phenyl 
phosphonic acid-branched polyethyleneimine) based TENGs can only 
maintain 62.8 % and 90.4 % partial efficiency, respectively, at a high 
temperature of 60℃ [25]. The polytetrafluoroethylene (PTFE)-coated 
cotton fabric-based TENGs, PTFE-based TENGs, as well as PTFE and 
nylon 66-based TENGs only retain output efficiencies of 91.8 % (at 60℃) 
[26], 65.8 % (at 55℃) [27], and 81.1 % (at 60℃) [28], respectively. 
Secondly, high temperatures can pose serious health risks to the human 
body [29,30]. Prolonged exposure to high-temperature environments 
can lead to heatstroke, heat exhaustion, and even heat-related injuries 
[31,32]. For adventurers working in outdoor high-temperature envi-
ronments, the ability to immediately obtain accurate location informa-
tion in case of danger is crucial to ensuring their personal safety [33]. 
Henceforth, the development of a TENG-driven self-powered positioning 
system with stable power supply holds significant research value in 
addressing these challenges.

Herein, electrospinning was employed for poly(vinylidene fluoride- 
co-hexafluoropropylene) (PVDF-HFP), and simultaneously, electro-
spraying was applied to poly[styrene-b-(ethylene-co-butylene)-b-sty-
rene] (SEBS) to construct a tribo-negative composite nanofiber 
membrane with excellent stretchability and hydrophobicity. The SEBS 
elastomer functions as a microsphere adhesive between PVDF-HFP 
nanofibers, securely immobilizing them in distributed positions and 
facilitating reversible sliding during stretching to significantly enhance 
the stretchability. Meanwhile, building on our previous research 
[34–36], varying amounts of stearic acid (SA) and octanoic acid (OA) 
were introduced into PVDF-HFP and SEBS respectively to further 
improved the triboelectric characteristic of the PVDF-HFP/SEBS (PHS) 
composite membrane. Compared with the original PHS membrane, the 
Voc, Isc, and Qsc of the as-fabricated SA and OA doped PHS (PHSSO) 
composite membrane exhibited a significant enhancement of 61.48 %, 
77.11 %, and 46.16 %, respectively. Correspondingly, the dielectric 
constant of the corresponding PHSSO composite membrane is increased 
by 1.26 times at the frequency of 1 kHz. It is worth noting that the 
triboelectric output of the PHSSO composite membrane remains essen-
tially unchanged from room temperature to a high-temperature envi-
ronment of 60℃, highlighting its remarkable stability. Moreover, the 
brightness of the illuminated LEDs light exhibits consistent levels under 
varying temperature conditions, showcasing its reliable and stable 
power supply capability. This innovative PHsSo triboelectric composite 
membrane also exhibits excellent thermal stability, flexibility, and cyclic 
stability, making it an attractive self-powered positioning device for 
workers in Earth environments with extreme temperature, ensuring 
their personal safety. The study presents an effective approach for pre-
paring nanofiber membrane-based tribo-negative materials with excel-
lent comprehensive performance, providing promising feasibility and 
successful cases for applications in energy harvesting and 
human-machine interaction fields under extreme environments.

Experimental section

Preparation of PHSSO membrane

As shown in Fig. 1a, solution A was by adding varying mass fractions 
(i.e., 0, 0.5, 1.0, 1.5 and 2.0 wt%) of SA to a 24 wt% PVDF-HPF/DMF 
solution, and solution B was formulated by incorporating different 
mass fractions (i.e., 0, 0.5, 1.0, 1.5 and 2.0 wt%) of OA to a 12 wt% SEBS 
(G1650, Kraton) solution in a toluene and DMF mixture (mass ratio 4:1). 
Subsequently, solutions A and B were separately loaded into syringes, 
and the composite nanofiber membranes were spun by electrospinning 
assisted electrospraying with three needles simultaneously. The specific 
experimental conditions were a voltage of 16 kV, an advancing rate of 
1 mL/h, a receiving distance of 18 cm, and a receiving time of 2 h. Af-
terwards, the obtained composite membranes were dried at 60℃ for 1 h 
in an oven to obtain the desired PHSxSOy composite nanofiber membrane 
for this study. In this context, the subscripts x and y represent the mass 
fractions of SA and OA respectively within solutions A and B.

It is important to note that, prior to preparing the SA and OA doped 
PHS composite nanofiber membrane, this study systematically investi-
gated the usage ratio of solution A and solution B in three syringes 
during the preparation process of the original PHS membrane. Specif-
ically, solutions A and B were loaded into three syringes in different 
ratios (0:3, 1:2, 2:1, 3:0), resulting in corresponding membranes labeled 
as 3S, 2SP, S2P, and 3 P.

Self-powered positioning system

The prepared PHSSO membrane, aluminum foil and copper foil were 
cut to 4.5 × 4.5 cm2 dimensions and assembled into single-electrode 
mode TENG. Those TENG units, along with a 470 μF capacitor, were 
respectively employed as power source and energy storage capacitor to 
ensure the uninterrupted operation of the global positioning system 
(GPS). Specifically, the LTC3588 module was chosen to capture the 
electrical outputs from the TENG devices and reliably deliver a 3.6 V 
voltage to the ATGM336H-5N GPS module.

Characterization

The surface morphology and element distribution of the PHSxSOy 
composite membrane were analyzed using a field emission scanning 
electron microscope (JSM-7001F, JEOL, Japan). The triboelectric 
output of the single-electrode mode PHSxSOy based TENG 
(4.5 ×4.5 cm2) were measured by using a programmable electrometer 
(Keithley 6514, USA) at a working frequency of 1 Hz, and the moving 
distance of the TENG device (50 mm) was controlled by a linear motor 
(R-LP3, Nanoinstrument, China). The dielectric constant and dielectric 
loss of the samples were measured within the frequency range of 40–106 

Hz using a TZDM-RT-1000 dielectric spectrometer. The chemical 
composition of the samples was analyzed by attenuated total reflection- 
Fourier transform infrared (ATR-FTIR, BRUKER OPTICS, Germany) 
measurement. The thermal stability of the samples was evaluated with 
thermogravimetric analyzer (TGA, TGA/DSC3+, Mettler Toledo, 
Switzerland) at a heating rate of 10 ℃ min− 1.

Results and discussion

PVDF-HFP stands out for its robust electronegativity, hydrophobic-
ity, and high chemical stability, rendering it a widely utilized as a 
triboelectric functional layer [37,38]. SEBS, on the other hand, exhibits 
excellent elasticity, stretchability, and biocompatibility [39,40]. 
Considering the significance of deformable high-performance tribo-
electric functional layers for portable and wearable TENG devices, this 
study employs electrospray technology to apply SEBS elastomer as 
microsphere adhesive between PVDF-HFP electrospun nanofibers, 
which can effectively fix the PVDF-HFP nanofibers in their distributed 
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positions while facilitating reversible sliding during stretching. Conse-
quently, stretchable PHSSO membranes were successfully fabricated, as 
illustrated in Fig. 1a. From the SEM image of Fig. 1b, it can be observed 

that in the PHS1.5SO1.5 membrane (as a typical example of the 
as-fabricated PHSSO membranes), PVDF-HFP nanofibers are effectively 
anchored by SEBS microspheres, resulting in a rough surface and a 

Fig. 1. Fabrication procedure, morphology characterization and mechanical property of PHSSO membrane. (a) Fabrication procedure and optical image of PHSSO 
membrane. (b) SEM image of PHS1.5SO1.5 membrane. (c) Photographs of PHS1.5SO1.5 sample at varying strains. (d) Cyclic stress-strain curve of PHS1.5SO1.5 sample. (e) 
Photographs of PHS1.5SO1.5 sample under bending and twisting conditions. (f) Photographs of water droplets on the surface of PHS1.5SO1.5 sample. (g) Water contact 
angle (WCA) of several typical composite membranes fabricated in this study.

Fig. 2. Triboelectric output property of single-electrode mode a series of composite nanofiber membrane based TENGs. (a) Voc of 3S, 2SP, S2P and 3 P based TENGs. 
(b) Temperature dependency of the electrical output (Voc, Isc and Qsc) of PHS based TENG. (c) Normalized voltage of PHSOy and PHSxSO1.5 membranes. (d) Voc and (e) 
electric power of PHS, PHSO1.5 and PHS1.5SO1.5 based TENGs. (f) Surface SEM and corresponding EDS mapping images of PHS1.5SO1.5 membrane. (g) Dielectric 
constant and (h) dielectric loss of PHS, PHSO1.5 and PHS1.5SO1.5 membranes.
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stable anchoring structure. This anchoring structure leverages the soft 
elastomer SEBS to absorb more energy under strain, buffering stress 
effectively [41]. Consequently, it finely regulates the distribution of 
tensile stress on PVDF-HFP nanofibers, imparting the PHSSO membrane 
with high tensile strength, deformability, and great recovery on cyclic 
tensile loading-unloading test (160 %), as presented in Fig. S1, and 
Fig. 1c-1d. Owing to the inherent thermoplasticity of SEBS material, a 
slight residual strain (80 %) was observed during the initial unloading 
cycle of PHSSO membrane, wherein energy dissipation occurs as a result 
of polymer chain disentanglement [42]. Additionally, as displayed in 
Fig. 1e-1g, the PHSSO membrane presents outstanding flexibility and 
hydrophobicity. The outstanding comprehensive performance of PHSSO 
membrane presents promising prospects for its application in the field of 
flexible wearable devices.

To achieve stretchable triboelectric materials with superior perfor-
mance, an initial examination was conducted into the composition of the 
original PVDF-HFP/SEBS (PHS) composite nanofiber membrane. Sam-
ples were crafted using varying ratios of PVDF-HFP and SEBS, and their 
respective morphological characteristics are depicted in Fig. S2. Thanks 
to the remarkable tribo-electronegativity exhibited by PVDF-HFP, the 
electric output of the membranes (3S, 2SP, S2P, and 3 P) was observed 
to progressively intensify with an increase in the PVDF-HFP content, as 
clearly shown in Fig. 2a. While, the 3 P sample, comprising solely PVDF- 
HFP nanofibers, lacks the desired stretchability. Therefore, the S2P 
membrane was selected for subsequent research within this study. Un-
less otherwise indicated, any references to the PHS membrane specif-
ically pertain to the S2P sample. It is noteworthy that the PHS membrane 
based triboelectric material demonstrates enhanced electrical output 
performance across a wide temperature range (≤ 90℃), as evidenced by 
Fig. 2b and Fig. S3, highlighting its capability to ensure reliable and 
effective power supply in harsh environments, thereby showcasing sig-
nificant potential for global applications.

The continual improvement in the electrical output performance of 
TENG is widely recognized as the primary driving force propelling their 
ongoing advancement and widespread industrialization [43–45]. The 
doping and compositing strategies of triboelectric materials are effective 
ways to efficiently inhibit the escape of triboelectric charges and 
enhance the charge retention capability of the triboelectric materials 
[46–48]. Drawing from our previous researches [34,35], introducing 
moderate amounts of OA and SA into SEBS and PVDF-HFP respectively 
not only augmented the triboelectric output of these matrices but also 
resulted in OA-doped SEBS and SA-doped PVDF-HFP composite mate-
rials that displayed improved triboelectric output across a wide tem-
perature range compared to room temperature. Consequently, in this 
study, to further improve the triboelectric performance of PHS, a series 
of PHSxSOy membranes were prepared. Fig. S4 illustrates the structure 
and working mechanism of PHSxSOy based TENGs with a 
single-electrode mode. The corresponding results of the triboelectric test 
are shown in Fig. 2c and Fig. S5. As the OA doping quantity increases, 
the electrical output of PHSOy membrane initially rises but then starts to 
decrease. Specifically, at a doping level of 1.5 wt%, the electrical output 
peaks, representing a significant 40.18 % increase compared to that of 
the original PHS. From Fig. 2c and Fig. S5, utilizing the PHSO1.5 mem-
brane as a basis, a series of PHSxSO1.5 membranes were prepared by 
doping with SA, which further boosted the triboelectric performance of 
PHS significantly. Among these, the PHS1.5SO1.5 membrane, doped with 
1.5 wt% of both OA and SA, displayed the most optimal output perfor-
mance, showing a 13.3 % increase over the PHSO1.5 membrane. Addi-
tionally, Fig. 2d-2e and Fig. S6 present the triboelectric output and 
electric power of PHS, PHSO1.5 and PHS1.5SO1.5. Remarkably, through 
the synergistic co-doping of OA and SA in the PHS membrane, the Voc 
and effective power of PHS1.5SO1.5 increased by 61.50 % and 70.62 %, 
respectively, in comparison to that of original PHS.

The results depicted in Fig. 2f and Figs. S7-S8 convincingly demon-
strate the successful doping of OA and SA into the membranes. All three 
membranes, PHS, PHSO1.5, and PHS1.5SO1.5, exhibit a distinct structure 

where PVDF-HFP nanofibers are anchored by SEBS microspheres. Fig. 2f 
particularly highlights the uniform distribution of elements C, O, and F 
in the PHS1.5SO1.5 membrane, indicating a homogeneous dispersion of 
fatty acids within SEBS and PVDF-HFP matrices. This homogeneity 
suggests a strong compatibility between fatty acids and SEBS/PVDF-HFP 
substrates. It is well established that achieving a homogeneous distri-
bution of filler within polymer triboelectric materials is a crucial factor 
for attaining outstanding output performance [49]. Furthermore, it is 
generally known that the intrinsic properties of triboelectric materials 
determine the output performance of TENG. Analyzing these properties 
helps to explore the root causes of output differences and deepen the 
understanding of the underlying mechanisms [50]. Among them, the 
dielectric constant of the triboelectric layer is the most critical factor, as 
it relates to the charge storage capacity and is directly proportional to 
the charge transfer density, ultimately determining the performance of 
TENG [51]. As shown in Fig. 2g-2h, with the introduction of OA and SA, 
the dielectric constant of the PHS, PHSO1.5 and PHS1.5SO1.5 membranes 
gradually increases, while dielectric losses decrease. This trend verifies, 
from the perspective of the inherent characteristics of triboelectric ma-
terials [52], that PHSO1.5 and PHS1.5SO1.5 membranes possess enhanced 
electrical output properties.

To thoroughly assess the electrical output performance of the 
PHS1.5SO1.5 based TENG (SP-TENG), a series of related tests were con-
ducted under varying force, frequency, and deformation conditions. 
According to Fig. 3a-3c and Fig S9, when the frequency was maintained 
at 1 Hz, an increase in the applied force resulted in a gradual rise and 
stabilization of Voc, Isc, and Qsc. This phenomenon is attributed to the 
elastic nature of the polymer triboelectric material, where the 
PHS1.5SO1.5 membrane exhibits an enlarged effective contact area as the 
applied force intensifies, thereby generating more tribo-charges and 
achieving higher electrical output [53,54]. However, once the 
maximum contact area is reached, further increments in force do not 
enhance the electrical output. The data presented in Fig. 3a-3c further 
indicates that, under a constant pressure of 20 N and a frequency 
varying from 1 to 5 Hz, the Voc and Qsc of the SP-TENG remain stable at 
around 101 V and 35 nC, respectively. In contrast, the Isc gradually in-
creases from 0.67 μA to 1.88 μA. This stability in Voc and Qsc is primarily 
due to the grounded electrode configuration of the single-electrode 
mode TENG, which ensures that changes in operating frequency do 
not alter the inherent properties of the triboelectric material. For Isc, 
higher frequencies result in a shorter contact time between triboelectric 
layers, enhancing the charge flow rate and thus leading to a gradual 
increase with frequency [53,55]. In Fig. S10, the SP-TENG can maintain 
a nearly consistent and stable output as the PHS1.5SO1.5 membrane un-
dergoes stretching from its original length up to 30 % elongation, fully 
accommodating deformations during human movement, thereby 
exhibiting excellent electromechanical capabilities. Additionally, as 
depicted in Fig. 3d, the PHS1.5SO1.5 membrane sustains over 10,000 
cycles without any degradation in its output performance, suggesting its 
exceptional mechanical stability and the SP-TENG’s outstanding 
durability.

Fig. 4a-4c and Figs. S11-S12 illustrate the temperature-dependent 
electrical outputs of PHSO1.5 and PHS1.5SO1.5 membranes. As tempera-
tures rise, the electrical output of PHSO1.5 and PHS1.5SO1.5 experiences a 
modest increase or relative stability, eventually declining after a critical 
threshold is reached. This phenomenon is primarily attributed to the 
interplay between an increase in transferred charges and the dissipation 
of tribo-charges under high-temperature conditions [34,35,56]. 
Notably, within high-temperature environments below 60℃ (in line 
with the highest recorded temperatures on Earth), both PHSO1.5 and 
PHS1.5SO1.5 membranes maintain effective, stable, and unwavering 
triboelectric outputs, comparable to room temperature conditions. To 
elaborate further, taking PHS1.5SO1.5 as a case study, Fig. 4d-4e reveal 
that the PHS membranes developed in this research exhibit outstanding 
thermal stability and durability at high temperatures, showcasing their 
significant potential for widespread applications across diverse regions 
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Fig. 3. Electrical output performance of PHS1.5SO1.5 membrane. (a) Voc, (b) Isc, and (c) Qsc at different motion frequencies and pressures. (d) Output durability of the 
SP-TENG.

Fig. 4. Electrical outputs of PHS1.5SO1.5 membrane under various temperature conditions. Temperature-dependent (a) Voc, (b) Isc and (c) Qsc of SP-TENG. (d) TGA 
curve of PHS1.5SO1.5 membrane. (e) Voc of SP-TENG at 60℃ before and after 6000 cycles. (f) Schematic circuit diagram of TENG for LED lighting. (g) Photographs of 
SP-TENG to illuminate 8 LEDs under varying temperatures.
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worldwide. To demonstrate the practical utility of SP-TENG (PHS1.5SO1.5 
based TENG) in high-temperature environments, relevant tests were 
conducted by exposing it to such conditions. The involved circuitry is 
depicted in Fig. 4f. The test results, as illustrated in Fig. 4g and Video S1, 
clearly indicate that the SP-TENG efficiently converts mechanical energy 
into electricity and provides a stable power source for commercial LEDs, 
maintaining consistent brightness even at elevated temperatures.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nantod.2024.102616.

As mentioned above, the temperature of the Earth’s environment, 
where humans reside, fluctuates. With the continuous deepening of 
human exploration of the Earth, there is an increasing demand for 
electronic devices to have excellent adaptability and stable electrical 
output performance in extreme environments [57]. Moreover, high 
temperature poses serious health risks to humans. Long-term exposure 
to high-temperature environments can lead to heatstroke, heat exhaus-
tion, and even heat-related injuries. For scientists working in outdoor 
high-temperature environments, it is crucial to obtain accurate location 
information immediately in case of danger to ensure their personal 
safety [58]. Therefore, developing a self-powered positioning system 
driven by TENG with stable power supply is of significant research value 
for tracking the time and location information of workers in extreme 
environments. Fig. 5a-5c illustrate that the SP-TENG installed at 
different positions on the human body, such as the arm, leg, and shoe, 
can harvest mechanical energy from various human movements and 
continuously convert it into electrical energy, which can then power the 
positioning module to track the time and location information of ex-
plorers in high-temperature environments. Fig. 5d depicts a schematic 
diagram of the self-powered wireless positioning system based on 
SP-TENG. The power management circuit is crucial for optimizing the 
energy harvesting device. Here, the output of the SP-TENG is collected 
by the LTC3588 and stored in a 470 μF capacitor, stabilizing at 3.6 V. 
When the voltage of the storage capacitor reaches 5 V, which is the 

operating voltage of the ATGM336H-5N positioning module, the posi-
tioning module immediately begins searching for satellite signals and 
transmits the information to a computer, as shown in Fig. 5e. The 
charging and discharging curve of the storage capacitor is depicted in 
Fig. 5f. Once the positioning module starts operating, it continuously 
sends the received information to the computer for processing. Fig. 5f 
and Video S2 demonstrate the computer interface successfully achieving 
the positioning function. This work provides a convenient solution and 
practical operational example for the efficient and stable operation of 
self-powered electronic devices driven by TENGs in extreme 
environments.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nantod.2024.102616.

Conclusion

In summary, this study has developed a thermally stable and flexible 
PHS1.5SO1.5 triboelectric composite membrane based TENG (SP-TENG), 
designed for energy harvesting and self-powered positioning systems 
suited to extreme environments. By refining the proportions of OA in 
SEBS and SA in PVDF-HFP, significant enhancements in the electrical 
outputs of the SP-TENG have been achieved. More precisely, compared 
to that of original PHS, the Voc and effective power of PHS1.5SO1.5 
increased by 61.50 % and 70.62 %, respectively. Remarkably, the 
triboelectric output of the SP-TENG maintains consistency from room 
temperature up to 60℃, highlighting its exceptional thermal stability, 
durability, and reliable power supply capability across diverse temper-
atures. Additionally, the innovative PHS1.5SO1.5 triboelectric membrane 
also showcases outstanding hydrophobicity, flexibility, and stretch-
ability, rendering it an attractive option as a self-powered positioning 
system delivering invaluable data such as time and location for adven-
turers and scientists operating in extreme temperature Earth environ-
ments, thereby ensuring their personal safety. This study offers an 

Fig. 5. Wearable smart self-powered devices. (a) and (b) Electrical signals generated by the SP-TENG during different human body motion states. (c) Conceptual 
diagram of SP-TENG converting human motion energy into electrical energy for self-powered wireless positioning system. (d) Schematic illustration of driving the 
wireless positioning system through SP-TENG. (e) A simulated test image showcasing wireless positioning capabilities in a laboratory environment. (f) Charging 
curve of the 470 μF commercial capacitor to drive the GPS module, and the positioning success interface displayed on the computer.
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effective approach for fabricating nanofiber membrane-based tribo- 
negative materials with superior comprehensive performance, opening 
up promising avenues for energy harvesting and human-machine 
interaction, especially in challenging environments.
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