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A Permeable Triboelectric Fiber Mat with 35 V cm~2 Voltage
Output for Wearable Wireless Sensing Electronics

Youchao Qi, Jinxing Jiang, Fan Chen, Junhua Zhou, Jiaheng Liang, Jingjing Fu,
Yonggiang Yang, Yichun Ding, Zijian Zheng, and Qiyao Huang*

Textile-based triboelectric nanogenerators have emerged as a promising
solution for self-powered wearable electronics, owing to their exceptional
comfort derived from the inherent flexibility of textiles, coupled with their
remarkable capability to efficiently harvest low-frequency energy from human
motions. However, one primary challenge lies in how to enhance output and
management efficiency without compromising comfort to meet the high-power
consumption demands of electronics. Herein, a permeable triboelectric
nanogenerator (P TENG) is reported with a voltage output exceeding

35 V cm~2 while maintaining breathability. Such a high output of this pTENG
is attributed to the enhanced dielectric constant, facilitated by the uniform
distribution of liquid metal nanoparticles in the electrospun composite fiber
mat. With a specially designed energy management module, the self-powering
system based on pTENG can achieve 10 times faster charging speed

than those regulated only by rectifiers. As a proof-of-concept demonstration, a
garment integrating a pTENG, an energy management module, a temperature
sensor, and a wireless transmitter is developed to form a self-powered wireless
temperature sensing system, which can sense and transmit temperature

data to a relay terminal module. This integration reduces reliance on external
power while enabling real-time wireless health monitoring, highlighting

the great potential of body area networks in personalized healthcare.

sports and rehabilitation exercises, where
activities such as running, walking, and
joint movements can be harnessed for
the powering of wireless sensor electron-
ics without the need for batteries. As a re-
sult, an uninterrupted energy supply dur-
ing usage can be offered, leading to lower
maintenance costs, longer device lifes-
pan, and greater environmental friendli-
ness compared to battery-powered systems.
Commonly utilized energy harvesting tech-
nologies for extracting mechanical energy
from the human body include electromag-
netic induction,!*?®] piezoelectric,!°'? and
electrostatic generators."**l They, how-
ever, struggle to efficiently capture the en-
ergy from the low-frequency mechanical
movements of the human body (typically
< 10 Hz) due to their limited conversion ca-
pabilities to lower frequency motions (gen-
erally output voltage <0.2 V).['>1¢] Tribo-
electric nanogenerators (TENGs),'7-2 an
energy-harvesting technology that is based
on the coupling effects of contact elec-

1. Introduction

Energy harvesting technology can capture ambient energies,
such as mechanical, solar, and thermal energy, and convert
them into electrical power.'>] This technology is especially
appealing to wearable wireless sensing electronics used for

trification and electrostatic induction, has
been proposed as an alternative. They ex-
hibit an inherently high voltage output
(>10-100 V) that is independent of frequency, allowing most
of the generated electrical energy to sufficiently power elec-
tronic devices operate at a threshold voltage of ~0.2—4 V.16l
In addition, TENGs offer advantages such as wide selection of
materials,[?'724] lightweight design,?>?°! low cost,[?’] and ease
of scalability through advanced structural engineering.?®! Such
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characteristics enable the TENGs to be more adaptable at harvest-
ing micromechanical energy generated by human motion com-
pared to counterparts.

To date, TENGs have attracted widespread research interest
for powering smart wireless sensing electronics.[??-3?] The state-
of-the-art TENGs can achieve high voltage output typically ex-
ceeding 30 V cm~2, which can meet the energy requirement of
most wearable wireless sensing electronics. TENGs with high
voltage output are primarily developed by using highly elec-
tronegative thin-film materials (such as polytetrafluoroethylene,
fluorinated ethylene propylene, etc.).**! However, the lack of per-
meability to air and moisture in these thin-film materials poses
a barrier to practical applications in prolonged use, potentially
leading to wearing discomfort over extended periods.[** Devel-
oping TENGs on the basis of textile materials and structures
shows promise in addressing the lack of permeability in thin-film
devices, which is attributed to the fibrous configuration of tex-
tiles that can impart intrinsic breathability to TENG textiles.3!
As such, textile-based TENGs can not only offer excellent soft-
ness, air and moisture permeability that leads to wearing com-
fort characteristic, but also the ability to generate electricity from
the body movement to power wearable sensors. Nevertheless,
textile-based TENGs encounter hurdles in meeting the power
demands of wireless sensing electronics that typically possess
high power consumption requirements (W ~ mW).3! This is
due to the relatively low output voltage (typically <30 V cm=2) of
textile-based TENGs compared to those of the thin-film TENGs,
and the inherent limitation of pulsed alternating voltage in pow-
ering electronics that require a stable direct voltage of 2.5-4 V.
Although energy management technology, such as rectification
and buck-boost conversion, has been developed to transform
the pulsed alternating current output of TENGs into a stable
direct current output for reliably powering the sensors,!3738!
challenging still persist in boosting the output of TENG tex-
tiles and maximizing the efficient utilization of the generated
energy.

To address the above-mentioned challenge, we herein report
a permeable triboelectric nanogenerator (pTENG) with a high
output voltage of over 35 V cm~2. pTENG is composed of a
high-performance triboelectric composite fiber mat (denoted as
LMPT), which is developed by the electrospinning of liquid-
metal (LM)-embedded PVDF-TtFE (Poly(vinylidene fluoride-co-
trifluoroethylene)). The fibrous structure of the electrospun
LMPT composite fiber mat facilitates rapid pathways for the per-
meation of air and moisture, thereby endowing the pTENG with
high air permeability (up to 8.8 mm s™') and moisture perme-
ability (up to 630 g m~2 day™?). Importantly, the incorporation of
LM nanoparticles in LMPT significantly boosts the output perfor-
mance of the as-formed pTENG, due to the increased dielectric
constant of the LMPT. pTENG consisting of LMPT possesses a ex-
ceptionally high voltage output exceeding 35 V cm~2 and a high
charge density of 3.36 nC cm™, surpassing those of its counter-
part (¢TENG made of PVDF-TrFE fiber mat without embedding
LM nanoparticle) by 83% and 46%, respectively. To maximize the
utilization of the generated electricity from pTENG, an energy
management module incorporating buck-boost current regula-
tion, active voltage monitoring, and stabilized output control is
further designed. By integrating this energy management mod-
ule, LMPT-based pTENG can charge a commercial 0.68 mF ca-
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pacitor to 3.1 V in 300 s, showcasing a remarkable ten-fold en-
hancement in charging speed compared to the counterpart. As a
proof-of-concept demonstration, pTENGs are utilized to rapidly
power a wireless sensing system with power consumption of
~22.5 mW, facilitating the sensing and real-time transmission of
temperature data to the cloud through Wireless Fidelity (Wi-Fi).
This reported work demonstrates the successful integration of
human motion energy harvesting, efficient energy management,
and wireless sensing technologies. Such an integration enables
the real-time healthcare monitoring while maintaining the wear-
ability of wearable technologies, presenting substantial applica-
tion potential in areas such as wireless sensing electronics and
body area network.

2. Results and Discussion

2.1. Fabrication and Characterization of LMPT

The key component for constructing the pTENG is LMPT, which
is an electrospun triboelectric fiber mat of PVDF-TrFE embed-
ded with LM nanoparticles (Figure 1a). The fabrication process
of the LMPT is described in detail in the Experimental Section.
Briefly, the electrospinning dope for LMPT is prepared by mixing
a PVDF-TrFE solution with a stable suspension of LM nanopar-
ticles (Eutectic Gallium (Ga)-Indium (In) Alloy) at different ra-
tios (Figure S1, Supporting Information). The LM nanoparticle
suspension used herein is prepared by ultrasonication, through
which the LM is converted into nanosized spheres with diameters
approximately ranging from 40 to 450 nm (Figure S2, Support-
ing Information). LMPT is then fabricated by electrospinning the
LM-mixed PVDF-TrFE dope onto a piece of nickel (Ni)-coated fab-
ric (denoted as Ni fabric), resulting in the formation of a single tri-
boelectric electrode. By pairing with another piece of Ni fabric as
the opposing triboelectric electrode, an all-textile-based pTENG is
constructed, which can serve as a power source unit for driving
wearable wireless electronics.

The introduction of LM significantly influences the morpho-
logical and mechanical properties of LMPT. With the inclusion of
LM nanoparticles, LMPT exhibits a grey color distinct from the
electrospun PVDF-TrFE (denoted as PVDF) fiber mat without LM
loading (Figure 1b; Figure S3, Supporting Information). Scan-
ning electron microscope (SEM) images of LMPT reveal that elec-
trospun fibers, approximately ranging in diameter from 300 nm
to 1.3 pm, are randomly arranged within the matrix, with an
even distribution of LM beads partially embedded into the fibers
(Figure 1c,d). The distribution of LM in the PVDF fibrous ma-
trix is further investigated by Transmission Electron Microscopy
(TEM). In addition to being partially embedded into the PVDF
fiber due to their oversize compared to the fiber (Figure 1d),
LM nanoparticles with dimensions smaller than 300 nm are
fully incorporated within the fiber (Figure le). It is also no-
ticed that there are large spindles, typically ranging from 2.5
to 5 ym in dimensions, presented in LMPT, which may be at-
tributed to the aggregation of LM nanoparticles combined with
the polymeric matrix (Figure S4, Supporting Information). Such
a phenomenon becomes more pronounced as the LM content in-
creases from 0.25% to 5% (by weight ratio to the electrospinning
dope) (Figure S5, Supporting Information). As a result of these
morphological changes, the tensile properties of LMPTs exhibit

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. Fabrication and characterization of Liquid-metal (LM)-embedded PVDF-TrFE triboelectric composite fiber mat (denoted as LMPT) for per-
meable triboelectric nanogenerator (pTENG). a) Design of LMPT and its pTENG for application in powering wireless sensing. b) Digital image and
) Scanning electron microscopy (SEM) image of LMPT-5% (5% is the weight ratio of liquid metal to the electrospinning dope). d) SEM elemental
mapping of LMPT-1% showing the distribution of LM particles in the fiber mat (1% is the weight ratio of liquid metal to the electrospinning dope). e)
Transmission electron microscopy (TEM) image showing the distribution of LM nanoparticles within the PVDF-TrFE fibers. f) Stress-strain curves for the
LMPT with varying LM contents. g) Young's modulus and tensile strength of LMPT with varying LM contents (the data were from the mean of five sets
of experimental data, and the error bar was taken from the standard deviation). h) Moisture and air permeability of LMPT-1% with varying thicknesses,
pTENG, and PET fabric (the data were from the mean of five sets of experimental data, and the error bar was taken from the standard deviation).

corresponding variations. In comparison to the PVDF fiber mat  can reach up to 92% at a breaking stress of 1.96 MPa, the break-
without LM loading, all the LMPT specimens display a decrease  ing strain of LMPT with only 0.25% LM loading decreased to 88%
in the tensile breaking strength.*®) The Young’s modulus of  with a breaking stress of 1.84 MPa. With a higher LM loading con-
LMPT shows an opposite trend to its tensile strength, exhibit-  tent of 5%, LMPT achieves a strain of only ~#75% under a break-
ing enhanced deformation resistance with increasing LM content  ing stress of 1.5 MPa (Figure 1f). The increased LM nanoparti-
(Figure 1f,g). While the breaking strain of the PVDF fiber mat  cles within the composite fiber mat may lead to the disruption
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Figure 2. Enhanced electric output of pTENG enabled by LMPT. a) Mechanism of electricity generation in pTENG. b) Open-circuit voltage, c) Transferred
charge, and d) Short-circuit current of the pTENG assembled with LMPTs of different LM contents. e) Dielectric constant of LMPT with different LM
contents. f) Capacitance of the pTENG assembled with LMPTs of different LM contents (the data were from the mean of five sets of experimental data,
and the error bar was taken from the standard deviation). g,h) Open-circuit voltage, transferred charge, and short-circuit current of the pTENG at varying

LMPT thicknesses and different contact forces.

of the polymeric structure, resulting in the decline in mechani-
cal performance.?>* Nevertheless, the mechanical strength and
softness of LMPT well align with those of textile materials and hu-
man skin, !l thereby rendering LMPT suitable for applications in
wearables and smart textiles. Additionally, the porous nature of
the fibrous composite matrix allows LMPTSs of various thickness
to exhibit excellent air (up to 24 mm s7!) and moisture perme-
ability (up to 780 g m=2 day™') (Figure 1h). When pairing the
35 um-LMPT with Ni-fabrics for the assembly of pTENG, such
pPTENG, with a total thickness of 195 um, still exhibits promising
air (8.8 mm s7') and moisture permeability (630 g m=2 day™').
These characteristics, akin to those of conventional textile fab-
rics, are particularly advantageous for pTENGs in applications
involving extended collection of kinetic energy over the long
term.
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2.2. Enhanced Electric Output of pTENG Enabled by LMPT

PTENG, consisting of one layer of LMPT spun on Ni fabric as the
bottom electrode (negative triboelectric layer) and one layer of Ni
fabric as the top electrode (positive triboelectric layer), is assem-
bled for electric output testing. When the two electrodes come
into contact, negative charges generated in the bottom electrode
transfer from the Ni fabric to the surface of the LMPT, resulting in
an equal amount of net charge appearing on the surfaces of the Ni
fabric and LMPT, respectively (Figure 2a-i). When the two pieces
of textile start to separate from each other, electrons flow through
the external load from the bottom electrode to the top electrode to
balance the charges (Figure 2a-ii). Once the two pieces of textile
are fully separated, all electrons are transferred to the top elec-
trode (Figure 2a-iii). As the two electrodes begin to come into
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contact again, the electrons on the top electrode flow back to the
bottom electrode until full contact is achieved (Figure 2a-iv). This
continuous contact-separation cycle between the two electrodes
generates alternating electrical output. Figure 2b—d exhibits the
electric output performance of pTENG fabricated with LMPTs of
different LM contents. With an increase in LM content to 1%,
PTENG achieve the voltage, charge, and current output of up to
220V (35 V cm™2), 21 nC, and 1.2 pA, respectively, showcasing
the performance enhancements of ~83%, 46%, and 42% com-
pared to the pTENG made with pristine PVDF fiber mat with-
out loading LM. To the best of our knowledge, this LMPT-based
PTENG represents the highest normalized electric output among
the literature of textile-based TENGs (Table S1, Supporting
Information).*-") However, further increasing the LM content
in the fiber mat composite does not lead to the significant im-
provement in the electric output of pTENG. Instead, the output
performance of the LMPT-based pTENG with a 5% loading of LM
is even lower than that of the pTENG made with pristine PVDF
fiber mat.

The enhancement of pTENG performance with the increasing
loading of LM up to 1% may be attributed to the incorporation of
the conductive LM nanoparticles into PVDF fibrous matrix, lead-
ing to the trapping of triboelectric charges!*?l and the increased
dielectric constant. During the preparation of LM nanoparticles
for electrospinning dope via ultrasonication, the surface of LM
rapidly oxidizes to form a Ga,O; layer.®! This Ga,O, layer, a
semiconductor with abundant interface states, plays a crucial
role in the transfer process of the triboelectric charges.[*?] Dur-
ing the contact-separation cycles of the two triboelectric layers in
the pTENG (Figure 2a), the accumulation of opposite triboelec-
tric charges leads to the changes in the interface states of Ga, O,
(Figure S6, Supporting Information). When the LMPT layer is
uncharged, Ga,0; remains in a flat-band state, with no electron
capture occurring (Figure S6a, Supporting Information). As neg-
ative charges accumulate on the LMPT surface, a potential differ-
ence arises due to the charge imbalance between the PVDF-TrFE
layer on the LMPT surface and the underlying PVDF-TrFE fibers.
This potential difference drives electrons from the external cir-
cuit into the Ni electrode and subsequently into the PVDF-TrFE
fibers, where these electrons are captured by the interface states
of Ga,0,, facilitating rapid charge transfer (Figure S6b, Support-
ing Information). As LM content increases, the density of inter-
face states rises, promoting more efficient charge transfer and
thereby enhancing pTENG performance.

More importantly, such an integration of PVDF-TrFE with LM
nanoparticles also enables an increase in dielectric constant of
the composite fiber mat, which can benefit the capacitance of the
triboelectric electrode and thereby lead to the enhancement in
the electric output of the as-assembled pTENG.! We investi-
gate the impact of LM incorporation on the dielectric constant
of LMPT (Figure 2e). The dielectric constant of LMPT exhibited
a significantly enhancement, increased from 1.34 to 1.89 at the
frequency of 1000 Hz with the content of LM increasing from
0% to 5%. Especially, the dielectric constant of LMPT embed-
ded with 1% LM exhibits a 23% increase in comparison with
that of the pristine PVDF fiber mat. Such an enhancement in
dielectric constant can be attributed to the sufficient compos-
ite dielectric network formed by the incorporated LM nanopar-
ticles (Figure 1c—e), which can significantly improve the overall
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dielectric performance of the material.[*°! Further increasing the
dielectric constant, in principle, can be achieved by increasing
the LM content in the electrospinning dope. However, when the
LM content exceeds 1% in LMPT composite, a significant alter-
ation in the fibrous morphology occurs as illustrated in Figures
S4 and S5, Supporting Information, where spindles of the ag-
gregation of LM with polymeric matrix are formed. Such mor-
phological changes may lead to the development of local con-
ductive networks, resulting in charge leakage during the contact-
separation of the TENG devices. Consequently, the electrical out-
put of the pTENG diminishes, which is reflected in the results
of electrical output (Figure 2b—d). The impact of higher LM load-
ing (i.e., larger than 1%) in LMPT on the performance degrada-
tion of pTENG can also be verified by the capacitance changes of
the pTENG. The capacitance of the pTENG increases from 175
to 190 pF and then decreases to 170 pF as the LM content rises
from 0% to 5%. With 1% LM, the capacitance is ~8% higher than
that of pristine PVDF fiber mat, while at 5% LM, it decreases by
~2.8% (Figure 2f). This capacitance change is mainly attributed
to the increased spindles that may reduce the effective contact
area (Note S1, Supporting Information) between the triboelec-
tric electrodes, degrading the output performance of the pTENG.
We further investigate the variation of surface potential of LMPT
with respect to LM concentration (Figure S7, Supporting Infor-
mation). The results show that the surface potential of the LMPT
increases with LM content up to 1%, indicating that a higher con-
centration of LM facilitates more effective storage and retention
of triboelectric charges on the surface. Such enhanced surface
charge retention is expected to improve electrostatic induction
and, consequently, the overall output performance of the pTENG.
However, when the LM content exceeds 1%, the surface potential
decreases, which is consistent with the observed trends in out-
put performance and capacitance. This decline is likely due to
the formation of local conductive pathways and increased surface
charge leakage caused by LM aggregation, which impedes effec-
tive charge accumulation on the surface. These findings further
confirm the importance of optimizing LM concentration to mod-
ulate the surface electrostatic environment and maximize the tri-
boelectric performance of the pTENG.

Upon mechanism analysis, LMPT with 1% LM loading, which
provides the optimized output performance, is chosen for the
further performance characterization of pTENG. The impacts of
fiber mat thickness and applied external forces on the electrical
performance of the pTENG are evaluated. A thinner triboelectric
layer can result in a higher electrical performance of the pTENG
(Figure 2g, Figure S8a—c, Supporting Information). When the
LMPT thickness decreases from 175 to 35 pm, the voltage,
charge, and current outputs of the pTENG increase by ~52%,
40%, and 39%, respectively. A thinner dielectric layer is beneficial
for increasing the capacitance of the pTENG. It can be modeled as
a series-connected capacitive pulsed voltage source,”! expressed
as 1/Cprpng = 1/Crypr + 1/Cpacerr Where Cprpyg is the total
capacitance of the pTENG, C,pr is the capacitance of LMPT,
and Cg,,., is the capacitance between the positive and negative
triboelectric electrodes. As the thickness of LMPT decreases,
C,ypr increases, leading to a higher total capacitance and charge
storage of the pTENG, thereby enhancing its output perfor-
mance. Nevertheless, excessively thin layers are prone to damage
under external force due to increased friction, compromising the

© 2025 The Author(s). Small published by Wiley-VCH GmbH

8SUB0 |7 SUOWIWOD BAIEaID) 8|qedl|dde 8y} Aq pausenob 8.8 sajole O ‘8N 0 SaINn 104 AReiq1T8UIIUO 8|1 UO (SUORIPUOD-PUR-SLUBIWOY" 3| IM"AR1q1[BUI UO//Sd1Y) SUORIPUOD PUe SW L 8U} 885 *[5202/0T/20] U0 ARiqIT8uIuo A8|IM 'WOH DN NH ALISYIAINN DINHOILATOd ONOM ONOH AQ 955705202 1ILUS/Z00T 'OT/10p/LI0D A8 | 1M Ae.q 1BU1|UO//SANY LLOI) PBPeO|UMOQ ‘vE ‘G20 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

a b C 5
T MAANANANAD | =
—_ —~ = 10t
g
2 oo} 2 sl £
0 bt
o g c
1] - 2 or
= ] =
g -03 & aof 3
-10t
0.6} . . . ) Of - - : : ) ) ) )
0 1 2 3 0 1 2 3 0 1 2 3
Time (s) Time (s) Time (s)
d
900} 1 413.0 - 300
Ppp=2.8 mW pC o 9 § 'g‘
_ Pp=229 pW = =
2 600 2.0 =4 200 3
g A
p o o
£ 300} 110 x 1100 @
N &
| / <
0Fr 400 40O
! ! 1 Lo 1
108 108 107 108 10°
External load resistance (Q) Cycle (k)
f g
N SCR vy ‘ ! 3| — Charging by EMM
+ L 1 S: 1 —— Charging by Rectifier
E j | ci=oesmF
: D : : 22t
v . ! S
TENG - ' - -~
4 [ T [ . /ZS 1 |:F{| %
C D1 o C1 D2 s 1r
| }
1 1 1
\I - 1 1 O , s
' T , - 0 100 200 300
Management — | 1 Storage Regulator Time (s)

Figure 3. Output performance and efficient energy management of the pTENG. a) Open-circuit voltage, b) Transferred charge, c) Short-circuit current,
and d) Power characteristics of pTENG at a working frequency of 4 Hz. e) Voltage output stability of pTENG over 15000 cycles. f) Design of energy
management module (EMM) for pTENG. g) Comparison of the efficiency of charging a capacitor through EMM and a rectifier.

device’s durability. Therefore, for wearable pTENG fabrication
using LMPT, we select a 1% LM-doped LMPT layer with a thick-
ness of 35 pum as the triboelectric layer to balance performance
and stability. Higher electrical output can be achieved upon the
application of greater external force to the pTENG (Figure 2h,
Figure S8d-f, Supporting Information). Increasing the applied
external force from 2 to 10 N can lead to the increase in the
voltage, charge, and current output of pTENG by ~58%, 44%,
and 42%, respectively. Such an enhancement is attributed to
the increased external force that effectively enlarges the effective
contact area between the two triboelectric electrodes. Further-
more, the pTENG also exhibits promising electrical output
performance under high-humidity conditions. Even at a relative
humidity of 85%, the open-circuit voltage, transferred charge,
and short-circuit current still retain 75%, 78%, and 71%, of
their valued measured under ambient conditions, respectively
(Figure S9, Supporting Information). This moderate decline is
mainly due to the adsorbed water molecules on the dielectric
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surface that result in charge leakage and suppression of charge
accumulation. The washing durability of the pTENG is also
evaluated by following the Standard AATCC 135. The device
retains stable performance after 10 washing cycles (Figure
S10, Supporting Information). The output voltage, transferred
charge, and short-circuit current exhibited only minor decreases
of #15%, 13%, and 12%, respectively.

2.3. Energy Management for pTENG

The incorporation of LM nanoparticles into the pTENG has led
to remarkable improvements in its performance, providing new
insights into material optimization for energy harvesting. In par-
ticular, with an LMPT area of 25 cm?, pTENG demonstrates en-
hanced output characteristics, achieving maximum output volt-
age of 825V, charge of 120 nC, and current of 15 pA (Figure 3a—c).
More importantly, pTENG based on LMPT can achieve a peak

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. Application of the self-powered system based on pTENG for wireless temperature monitoring. a) Working process of the self-powered system
based on pTENG for wireless temperature monitoring. b) Demonstration of wireless temperature monitoring during running. c) Voltage changes of
the energy storage module in EMM at different running speeds (T,: time required to charge the energy storage module in EMM to the predetermined

voltage (i.e., 4.4V, , is the number of charges).

power of 2.8 mW and an average power of 229 uW under a 60
MQ external load (Figure 3d). This voltage output performance
can be well retained over 15000 operational cycles (Figure 3e),
which is especially advantageous for long-term energy harvest-
ing applications.

However, the pulsed AC output voltage of the pTENG can-
not directly power wireless electronic devices that typically re-
quire a stable and continuous voltage supply. Though several
electronic switch (E-switch) strategies have been developed for
wearable TENG devices, most of them rely solely on rectifier
bridges to manage the pulsed output of TENGs (Table S2, Sup-
porting Information).[®*-%*] These approaches, however, are inad-
equate for maximizing energy harvesting, since rectifier bridges
cannot dynamically match the high output impedance of the
TENG, leading to inefficient charge transfer. Furthermore, these
approaches generally lack effective regulation or control over the
harvested energy, resulting in uncontrolled voltage rise and sig-
nificant energy leakage through the load circuit. To solve this
challenge, an Energy Management Module (EMM) is specifically
designed for pTENG as a unified E-switch, which consists of a
management unit, a storage unit, and a regulator unit (Figure 3f).
The management unit, comprising of a rectifier bridge, a ca-
pacitor (C), a thyristor (SCR), a diode (D), an inductor (L), and
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a parallel freewheeling diode (D), is used to regulate the volt-
age and impedance of the pTENG. The physical layout for the
management unit is illustrated in Figure S7 (Supporting Infor-
mation). When the output voltage of the pTENG, upon passing
through the rectifier bridge, exceeds the reverse breakdown volt-
age of the diode D (i.e., 200 V in this design), SCR remains turned
on (Figure S11a-i, iii, Supporting Information). At this stage, the
energy generated by the pTENG accumulates in inductor L as
the human body continues mechanical motion and diode D, re-
mains closed. When the output voltage of the pTENG, upon pass-
ing through the rectifier bridge, is below the reverse breakdown
voltage of the diode D, SCR remains turned off (Figure S11a-ii, iv,
Supporting Information). The electrical energy generated by the
PTENG is then released from inductor L to the storage unit
(i.e., capacitor C,), while diode D, remains open, forming an
energy conversion loop. The pTENG continuously harvests me-
chanical energy from human motion, leading to the SCR re-
peatedly switching on and off, and subsequently converting the
harvested energy into electrical energy with a maximum effi-
ciency of 50%. The converted energy is then stored in the stor-
age unit (C,), thereby increasing the voltage of C,. To further
address the need for stable DC power in electronics, we incor-
porate a voltage regulator unit that consists of a switch S, and
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regulator D, into EMM, which can regulate the electrical energy
from capacitor C, into a stable DC electricity. Briefly, Switch S,
comprises a series of monitor chips (Q, — Q,), resistors (R, and
R,), Zener Diode (D), and capacitors (C, — C;), as well as a
triode (Tr;). The detailed circuit design and physical layout for
the voltage regulator unit are illustrated in Figure S12 (Support-
ing Information). When the voltage of capacitor C, reaches the
threshold of 4.4 V (i.e., predetermined voltage value sufficient to
power the wireless wearable devices demonstrated in this work),
switch S, activates, achieving 2.5 V of DC electricity (Figure S13,
Supporting Information). The energy released by capacitor C,
during the discharge phase can be calculated using the equa-
tion J = % CiVE i — Vﬁzml), where | is the energy released by
capacitor C;, C; is the capacitance of C, (i.e., 0.68 mF), V., is
the threshold voltage that triggers the activation of switch S, (i.e.,
4.4 V), and Vj,, denotes the discharge-end voltage of the stor-
age capacitor when switch S, is deactivated (i.e., 2.5 V), yielding
~4.457 m]. Such a voltage value and the amount of energy gen-
eration are sufficient to fully power a wireless sensing system,
such as the temperature sensing and signal transmission demon-
strated in our proof-of-concept system described in below section,
which requires only 4.45 m] for one complete sensing and trans-
mission cycle. Compared with the conventional rectifier-only de-
signs, this unified EMM design can significantly enhance the en-
ergy management efficiency and maintain a stable 2.5 V output
for pTENG. While pTENG managed only by a rectifier bridge,
which is a commonly adopted practice for regulating the output
of TENG, can only charge capacitor C; (0.68 mF) to 0.29 V in 300
s, pTENG with EMM can efficiently charge C; to 3.1 V within
the same time frame (Figure 3g). This comparison demon-
strates a ten-fold increase in efficiency by using the developed
EMM, clearly demonstrating its advantages for wearable TENG
applications.

2.4. pTENG for Self-Powered Wireless Temperature Monitoring

The permeable and all-textile-based pTENG, showcasing excep-
tionally high power output, can seamlessly integrate into a wear-
able format. This integration, when coupled with EMM, allows
for the effective harvesting of human motion energy and the ef-
ficient conversion into electric energy for self-charging wearable
electronics. As proof of concept, we develop a self-powered gar-
ment integrating the LMPT-based pTENG with EMM, the tem-
perature sensing system, and wireless transmission. This self-
powered system operates by solely relying on the biomechani-
cal energy converted by the pTENG, without the need for any
external power supply. The pTENG is encapsulated with a layer
of thermoplastic polyurethane (TPU) fiber mat for waterproof
and protection purpose, and then fixed on the lateral sides of
the T-shirt. Notably, the TPU-encapsulated pTENG still main-
tains a high moisture permeability of 600 g m~2 day~' (Figure
S14, Supporting Information), meeting the requirement for in-
sensible perspiration and thermoregulation of human skin (300-
600 g m~2 day!).[%56] The pTENG is subsequently linked to
EMM to create an energy-harvesting module circuit. This circuit
can supply electricity to the wireless temperature sensing sys-
tem that consists of a temperature sensor, a chip for process-
ing the collected temperature data, and a wireless transmitter
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for transmitting the data to the relay terminal (Figure 4a). The
relay terminal is an independent external circuit, separate from
both the wireless temperature sensing system and its energy
supply circuit (i.e., pPTENG and its linked EMM). It consists of
a chip, a wireless receiver, and a Wi-Fi module, which is pow-
ered by a battery. This setup enables the relay terminal to up-
load the received temperature information to the cloud through
Wi-Fi technology. Afterward, the information is received and real-
time displayed on a monitoring terminal (i.e., smartphone in this
demonstration), through which a self-powered wireless tempera-
ture monitoring system for exercise is constructed. Detailed fab-
rication procedures as well as the parameters of each module in
the system are described in the experimental section and sum-
marized in Figures S15 and S16, and Tables S3-S5 (Supporting
Information).

When worn by the runner, this self-powered T-shirt utilizes
the integrated pTENG to harness the kinetic energy during run-
ning. The natural swinging motion of the arm during walking
or running periodically compresses and releases the device, re-
sulting in repeated contact and separation between the two tri-
boelectric layers. This vertical mechanical deformation enables
the pTENG to generate continuous electrical output under the
contact-separation working mode without the need for inten-
tional external force. The harnessed energy is then converted into
electrical energy and stored in the storage module of EMM, sub-
sequently supplying the required electricity to the wireless sens-
ing integrated system. Upon reaching the voltage threshold of the
energy storage module in EMM (i.e,, 4.4 V, the predetermined
voltage value sufficient to power the temperature sensing and
wireless transmission (power consumption: ~22.5 mW), the volt-
age is automatically regulated to a stable 2.5 V by the voltage reg-
ulator unit of EMM, which is suitable to power the wireless sens-
ing system. Notably, the energy harvested by pTENG is sufficient
to allow for the wireless and real-time transmission of the col-
lected temperature data to the relay terminal within a distance
of 20-30 m (Figure 4b; and Video S1, Supporting Information).
Once the system’s electrical energy is depleted for the temper-
ature sensing and wireless transmission, it can be replenished
by continuing collecting the energy from running to reach the
predetermined voltage again. This re-energizing process enables
self-powered and continuous temperature monitoring during the
exercise. We investigate the relationship between charging effi-
ciency and running speed by performing treadmill-based tests.
The output voltage of the pTENG at different running speeds
ranging from 4 to 12 km h~! (Figure S17, Supporting Informa-
tion) remains stable at #600 V across all tested speeds, indicating
that the pTENG can reliably generate high-voltage output regard-
less of motion intensity. While the output voltage is independent
of the running speed, the power supply capability of the pTENG
is closely related to the efficiency of the energy harvesting from
the human motion. Specifically, the faster the running speed, the
greater the mechanical energy generated, leading to higher effi-
ciency in energy harvesting by the pTENG. Consequently, when
the running speed increases from 4 to 12 km h~!, the time re-
quired to charge the energy storage module in the EMM to 4.4 V
is reduced by ~55%, demonstrating the enhanced charging per-
formance under faster motion. Importantly, during walking and
running, occasional movements, such as jumping, arm waving,
or even resting, do not affect the storage of harvested energy. The
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output voltage will continue to increase with ongoing walking for
running motions until the required voltage threshold is reached
to activate the sensor operation (Figure S18, Supporting Infor-
mation), allowing for the reliable operation of the temperature
sensor. After consuming the power for signal transmission, run-
ning at the speed of 12 km h~! can complete the energy replenish-
ment within 89s, which is 43% faster than running at the speed
of 8 km h~! and 60% faster compared to running at the speed of
4 km h™! (Figure 4¢).

3. Conclusion

In conclusion, we have introduced a permeable triboelectric
nanogenerator (pTENG) with a remarkable energy output exceed-
ing 35 V cm™2, ensuring the ability to power a wireless sensing
system without hindering skin perspiration. Such high output
of this pTENG is attributed to the efficient composite dielectric
fibrous network formed by uniformly distributed LM nanopar-
ticles in the electrospun LMPT, which significantly enhances
the dielectric constant of the triboelectric electrode. Incorporated
by a tailor-designed energy management module, pTENG can
achieve a charging speed 10 times faster compared to the coun-
terpart with commonly adopted rectifier. As a proof of concept,
a smart garment integrated with a self-powered wireless temper-
ature sensing system is constructed, which is comprised of the
newly developed LMPT-based pTENG, the energy management
module, the temperature sensor, and the wireless transmitter. By
continuing harvesting human motion energy by the pTENG dur-
ing the exercise, such a self-powered system enables the real-time
tracking and display of the temperature. This integration, by in-
corporating high-output energy harvester, energy management
module, and active wireless sensing technologies, not only re-
duces the reliance on external power source but also promotes the
real-time and wireless health monitoring, showcasing the high
application promise in body area networks for enhanced person-
alized healthcare and well-being monitoring.

4. Experimental Section

Fabrication of LMPT:  All chemicals were employed in the experiments
without undergoing additional purification. The LMPT is prepared via elec-
trospinning of an electrospinning dope mixed with the suspension of
LM nanoparticles and the PVDF-TrFE solution. The suspension of LM
nanoparticles was formed by probe sonication (TL-250Y, Jiangsu Tenlin
Instrument Co., Ltd., China) of bulk LM in a solvent. Briefly, bulk LM (Ga:
In (weight ratio: 15.1:4.9), 16 °C, Dingguan Metal Co., Ltd., China) with dif-
ferent masses (0.0400, 0.0800, 0.1608, 0.4082, and 0.8380 g) were added
to 4 g solvent mixture of DMF (N, N-Dimethylformamide, 99.5%, DUK-
SAN) and acetone (99.8%, RCI Labscan Limited) (weight ratio: 3:1) in a
20 mL glass container. The container was then placed in an ice bath, where
the temperature was maintained at 0-3 °C during the probe sonication
process. The probe sonication is conducted at 80% power under a burst
mode (on/off, 2 s) for 2 h. The PVDF-solution was prepared by dissolving
PVDF-TrFE pellets (Xinsuyuan Plastic Technology Co., Ltd., China) into the
solvent mixture of DMF and acetone at a concentration of 13.66% wt. by
magnetic stirring for 2 h at 75 °C. To prepare the electrospinning dope con-
taining LM and PVDF-TrFE, the LM suspension and PVDF-TrFE solution
were mixed at weight ratios of (0.339, 0.342, 0.349, 0.370, and 0.406):1
(Figure ST, Supporting Information). LMPT composite fiber mat was then
fabricated by the electrospinning of the dope containing LM and PVDF-
TrFE at a voltage of 14 kV (TL-Pro, Shenzhen Tongli Micro-Nano Technol-
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ogy Co., Ltd., China). The collection distance and a flow rate of the dope
were set as 15 cm and 2.5 mL h™', respectively. The humidity and tem-
perature inside the electrospinning chamber are maintained at 55 + 5%
and 35 + 5 °C, respectively. The electrospun fiber mat was collected on
the Ni fabric and subsequently dried at 80 °C overnight. For comparison,
PVDF-TrFE fiber mat without the incorporation of LM was fabricated with
the same electrospinning conditions.

Assembly of pTENG: pTENG was assembled by stacking two pieces of
triboelectric electrode fabrics, including one electrospun LMPT fiber mat
on the Ni fabric as the bottom electrode (negative triboelectric layer) and
one Ni fabric as the top electrode (positive triboelectric layer). To enhance
the waterproof and stability of the triboelectric electrodes, a layer of TPU
fiber mat was respectively electrospun on the outer sides of the LMPT elec-
trode and Ni fabric electrode before the assembly. Finally, the obtained
electrospun films were subsequently dried at 80 °C overnight. After then,
these two TPU-encapsulated electrodes were connected using an elastic
Kapton film to form a contact-separation structured pTENG.

Materials Characterization and Electric Measurement: The morpholo-
gies the electrospun fiber mats were investigated by Field Emission Scan-
ning Electron Microscope (SEM, Tescan MAIA3) and Field Emission Trans-
mission Electron Microscope (TEM, JEOL JME-2100F). The elemental
characterization for the fiber mat was carried out by the energy dispersive
spectroscopy in SEM. The tensile stress-strain curves of the electrospun
films were obtained using an Instron 5599 universal testing system. The
moisture permeability test of the samples was conducted using the cup
method in accordance with the textile standard E96/E96M-13. The mois-
ture vapor transmission rate (g/m?/day) was determined by measuring
the weight loss of water vapor from a cup, which was securely covered
with the test sample (test duration: 72 h). The air permeability test was
conducted using an MO21S air permeability tester (SDL Americ, Inc.) in
accordance with the ASTM D737-08 standard. The thickness of the elec-
trospun films was regulated mostly by electrospinning time and charac-
terized by high-precision thickness gauge (SYA221176471). To evaluate
washing durability, a standardized washing test was carried out following
the Standard AATCC 135 (Delicate program), in which the pTENG sam-
ples were placed in a washing bag and washed with a 1.8 kg fabric load for
45 min. This condition was designed to simulate practical laundering sce-
narios and examine the stability of the pTENG’s output performance after
washing.

The open-circuit voltage and charge of the pTENG were measured us-
ing a programmable electrometer (Keithley 6517B) connected with a high-
voltage probe (HVP-40). The surface potential of the pTENG was charac-
terized by using an electrostatic voltmeter (Trek 347). The LMPT sample
was mounted on a motorized three-axis stage. By changing the position of
the sample beneath the probe, the local surface potentials were recorded
at multiple positions, and the average value along with the standard de-
viation was calculated to evaluate the overall surface potential distribu-
tion. The cycling stability test of the pTENG was conducted using a fatigue
testing machine (LT-1, Dongguan Huaguo Precision Instrument Co., Ltd.,
China). The force applied to the pTENG was measured using a spoke-type
load cell (JLBU-1). The capacitance of pTENG and LMPT was measured
using an LCR meter (Keysight, E4980A). The relative permittivity (¢,) of
the LMPT is determined using the equation €, = t, yipr - Coppr/SimpT/ €0
where t;pr is the thickness of LMPT, C, pr is capacitance of LMPT, S; ;pr
is the measure area of LMPT, and ¢, (8.854 x 107'2 F/m) is the vacuum
dielectric constant.

Fabrication of Energy Management Module and the System Integration:
The energy management module first uses a rectifier bridge, a ceramic
capacitor, a thyristor, a diode, an inductor, and a parallel freewheeling
diode as a management unit to regulate the voltage and impedance of
the pTENG. Then, a storage capacitor was used to store the energy gener-
ated by the pTENG. Finally, switch S,, comprising a series of monitor chips
(Qq_ Qy), Zener Diode (D), resistors (Ry and R,), capacitors (C,_ Cg),
and a triode (Tr;), were employed to regulate the electrical energy from the
storage capacitor (C;), ensuring a stable DC output. The working current
of S, is ~4 pA at a maximum working voltage of 4.4 V and its operat-
ing duration is ~0.17 s (Figure S19, Supporting Information). As such,
the maximum energy consumption of S, is ~#2.992 pJ, corresponding to a
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power consumption of ~17.6 uW. This extremely low energy requirement
ensures that majority of the harvested energy stored in the capacitor C,
could be effectively utilized by the wireless sensing components with min-
imal loss during S, operation, demonstrating the high energy efficiency of
the system design and the feasibility of self-powered operation. Table S3
(Supporting Information) provides a detailed summary of the component
parameters of the energy management module.

The wireless sensing integrated system primarily consists of an energy
management module as the stable DC power supply, a temperature sen-
sor, a chip, and a wireless transmitter. The chip for temperature signal
processing was programmed by the software Keil. This system enables the
acquisition and wireless transmission of temperature signals, consuming
~4.45 m| of energy (~22.5 mW power) during the process. Figure S11
(Supporting Information) presents the detailed circuit design diagram,
while Table S3 (Supporting Information) provides a comprehensive sum-
mary of the component parameters in the wireless sensing integrated sys-
tem.

The relay terminal module mainly consists of a wireless receiver, a chip,
a voltage stabilizer, a lithium-ion battery, and a Wireless Fidelity (Wi-Fi)
module, which could receive data from the wireless transmitter, upload it
to the cloud server, and display the data in the real-time monitoring ter-
minal (i.e., smartphones and computers in this work). The chip for tem-
perature signal processing was programmed by the software Keil. A 400
mAh lithium-ion battery, with a nominal voltage of 3.7 V, could directly
power the entire relay terminal module. Figure S16 (Supporting Informa-
tion) presents the detailed circuit design diagram, while Table S5 (Support-
ing Information) provides a comprehensive summary of the component
parameters in the relay terminal module.

Statistical Analysis: The output data of the pTENG were directly col-
lected from the electrometer (Keithley 6517B) without the need for fur-
ther transformation or normalization. Data were presented as mean =+
standard deviation, typically based on five independent measurements. All
electrical output parameters, including open-circuit voltage, short-circuit
current, and transferred charge, were measured at least three times under
identical conditions. All data processing was performed using Origin and
Microsoft Excel.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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