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A B S T R A C T   

People have shown increasing interests in outdoor activities in recent years. However, the development of smart 
outdoor clothing for sophisticated health monitoring and multifunctional interaction remains challenging. Here, 
we develop a thermal-insulating textile (TI-textile) based TENG (TI-TENG) composed of multiple functional 
layers, including the crucial triboelectrification layer, Ag-coated Nylon electrodes, windproof outer textile, and 
inner textile lining. The triboelectric output properties of the TI-TENG can be enhanced by material modification 
and structural optimization. The prepared TI-TENG is demonstrated with multifunctionality (e.g., thermal 
insulation and antibacterial properties) and intelligences (e.g., sensing and energy harvesting function). In 
addition, an intelligent human motion monitoring as well as an outdoor wireless signal transmission system are 
developed by employing the TI-TENGs as self-powered wearable sensors and human-machine interactive in-
terfaces, which are ready for one-button call for emergency rescue during the outdoor activities. The available 
large-scale production of TI-textile also promise TENG with great commercial potentials, offering a new research 
direction for multifunctional wearable devices toward self-powered sensing, energy harvesting, and human- 
machine interaction.   

1. Introduction 

Outdoor activity is essential for human health and brings many 
physical and mental benefits to humans [1]. Assimilating into the nat-
ural environments with physical/mental healing power during outdoor 
activities can effectively help to alleviate the appearance of health 
problems. Generally, outdoor enthusiasts need to be aware of various 
weather issues (e.g., snow, rain, and wind) during long-term hiking or 
other physical activities. Extreme weather conditions may easily lead to 
physical discomfort, loss of temperature, and even loss of connection 
[2]. Accordingly, it is important to enhance the functionality of outdoor 

wearables (e.g., thermal/cold insulation, moisture penetrability, 
quick-drying, antibacterial properties) with facile communication sys-
tems, especially with energy supply function. As most of the electronic 
wearables are powered by conventional batteries, they are not sustain-
able and inconvenient to be recharged/maintained in outdoors. It is very 
important to develop outdoor wearables with self-powered sensors to 
address the issues of non-sustainability and potential environmental 
pollution from wasted batteries [3]. In the era of Internet of Things, 
triboelectric nanogenerator (TENG), which can convert random, disor-
dered and low-frequency surrounding mechanical energy into electrical 
energy, is considered highly promising to solve the energy-supply 
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problems in some extreme situations or environments [4,5]. Assisted 
with TENGs, self-powered outdoor wearable monitoring systems can be 
implemented and readily utilized [1,6–10], which are quite necessary 
for the outdoor enthusiasts to engage in long-term hiking or physical 
activities. 

In past few years, scientists have been deploying great efforts in 
improving TENG output performance to power commercial electronic 
devices, but it is still a severe challenge to achieve high output currents. 
Several approaches are commonly utilized to improve the conversion 
efficiency of TENG: including the elaborate selection of triboelectric 
materials with distinct polarity difference according to the triboelectric 
sequence [11], modulation on the surface permittivity, and increasing 
the effective contact area or surface roughness via phys-
ical/chemical/micropatterning methods. In term of the selection on 
triboelectric materials, the capability of attracting electrons is of great 
importance to improve the electrical properties of TENG [12,13]. 

The commonly used positive triboelectric materials in the tribo-
electric series are metals (Al, Au), polyamides (PA), common oxide 
materials (ZnO, NiO) or textiles (Nylon, polyester) [14–18], while the 
negative triboelectric materials are mostly electronegative polymers, 
such as fluorinated ethylene propylene (FEP), polytetrafluoroethylene 
(PTFE), and polydimethylsiloxane (PDMS) [19–22]. Because of the high 
polarity and processability, FEP is an excellent candidate for the nega-
tive triboelectric material in TENGs [21,23,24]. In contrast, textile based 
positive triboelectric material is readily engineered with porous, hier-
archical or other sophisticated micro/nano structures to increase the 
effective contact area and construct flexible TENGs [25–27]. Among the 
reported wearable TENGs, textile TENGs can be readily used for human 
motion monitoring and power supply, attracting more and more atten-
tions due to their flexibility, suitability, breathability, affordability, and 
scalable production [28–40]. Textile TENGs have been developed for 
various applications based on sophisticated structures and diverse ma-
terials, e.g., coverall, rescue clothing, fire-protection suit and outdoor 
clothing. As is known, the outdoor clothes can protect human against the 
bleak wind, but their weight and thickness commonly lead to uncom-
fortableness for long-time outdoor activities. Accordingly, it is impor-
tant to decrease the heaviness/thickness of the functional outdoor 
clothes but meanwhile improve the thermal insulation performance. 
Until now, there is still a lack of research on the functional outdoor 
clothes concerning this point, especially the smart outdoor clothes 
combined with textile TENGs embodying with energy-harvesting ca-
pacity and interactive applications. 

In this study, we develop a thermal-insulating textile (TI-textile) 
based TENG (TI-TENG) composed of multiple functional layers, 
including the core FEP/TI-textile as the triboelectrification layer, Ag- 
coated Nylon electrodes, windproof textile as the protective outer 
layer, and textile lining as the inner layer. The core TI-textile is elabo-
rately characterized and further optimized with material modification 
and structural design to enhance the triboelectric output properties of 
the TI-TENG. Based on the hierarchical structure of the core TI-textile, 
the prepared TI-TENG is endowed with multifunctionality (e.g., ther-
mal insulation and antibacterial properties) and intelligences (e.g., 
energy-harvesting and sensing function). Furthermore, the TI-TENG has 
various bending capabilities and exhibits stretching properties in all 
directions, allowing the bending and recovery of the joints. A multi- 
functional and intelligent human health motion monitoring as well as 
an outdoor wireless signal transmission system are developed by 
employing the TI-TENGs as self-powered wearable sensors and human- 
machine interactive interfaces, through which health and motion 
monitoring can be achieved through joint flexion. It is also possible to 
realize the function of one-button call for rescue during the outdoor 
activities in case of emergency. The developed TI-textile based TENG is 
highly adjustable to satisfy the diversity of functions, complexity of 
human motion monitoring and variations of external environment, 
which also brings high-level comfort and satisfaction to the human body 
during daily wearing [41–44]. 

2. Results and discussion 

In outdoors activities, people have been pursing "independent of the 
environment" and "long-lasting" energy-harvesting wearable technology 
to power portable electronic devices or recharge batteries. It is even of 
great significance to save people’s life in time in emergency situations by 
integrating wireless communication systems and health monitoring 
functions. Nowadays, various wearable energy-harvesting technologies 
have been intensively investigated which can coordinate and comple-
ment with each other, but there are still many shortcomings. For 
example, during the exploration in the forest, the application of ther-
moelectric generators or solar cells may be restricted due to the lack of 
heat source and sunlight. Conventional electromagnetic generators with 
large size and high-frequency requirement also conflict against wear-
ability (or portability). Recently emerging TENG technology, which can 
capture low frequency mechanical energy, is still lack of investigation 
for outdoor activities. Noting that the waterproof, breathability, heat- 
insulation, and lightweight is the necessity and basic requirement for 
people who encounter extreme rain, wind, and snow during wilderness 
exploration, the development of textile-based TI-TENG can further 
deliver extraordinary energy-harvesting, healthcare, smart sensing, and 
interactive functions. As shown in Fig. 1a, the proposed multi-functional 
TI-TENG consists of the outer protective windproof/waterproof textile, 
the inner textile lining, and the core FEP/TI-textile, which can be placed 
at specific/required position on human body and convert biomechanical 
energy into electrical energy for powering portable electronic devices, 
monitoring health in real time and driving a wireless transmitter for 
sending distress signals. 

Multilayer textile stacking is beneficial to improve thermal insulating 
properties in extremely cold weather and does not increase the burden of 
the wearer. Accordingly, we select the versatile TI-textile and packaged 
with the outer protective windproof/waterproof textile and the inner 
textile lining (Fig. 1b). The hierarchically structured TI-textile is 
different from conventional thermal insulating cloth and has superior 
lightweight properties (Fig. S1a); polyester microspheres as the main 
modification material on the underlying textile (Figs. 1c and 1d) lead to 
the larger contact area; it also has outstanding moisture permeability 
after chemical modification (a 2 μL droplet can be completely absorbed 
into the TI-textile within 1 s, Fig. 1e, Movie S1; the contact angle before 
modification is ~125◦, Fig. S1b), which is useful for the sensor to 
monitor body health by monitoring the ionic concentration of sweat; in 
addition, it has feasible scalability (Fig. 1f), good breathability (Fig. S1c- 
d) [45,46], excellent flexibility (Fig. S1e), and quick-drying properties 
(Fig. S1f). The thermal insulation TI-TENG evaluated by YG461E air 
permeability tester shows permeability of 6.02 mm⋅s− 1, which is still 
comparable to conventional insulating textiles according to 
GB_T5453:1997. Accordingly, the TI-textile has not only superior 
lightweight, but it also shows better thermal insulating properties with 
versatility than conventional insulating cloth. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109134. 

Its thermal insulating properties are further explored by incorpo-
rating TI-textile with a custom hot plate, as shown in Fig. S2. The hot 
plate and an aluminum sheet are used to simulate the temperature 
variation by the thermal radiation. The samples are placed on the 
custom facility and the temperature difference ΔT (ΔT = Thot-plate – 
Ttextile (◦C)) between the textile surface and the custom hot plate is 
measured using a digital thermometer (UT-325). The temperature dif-
ference ΔT is directly related to the thermal insulating properties (larger 
ΔT means better thermal insulation). We try to compare the thermal 
insulating properties of the TI-textile, polyester cloth, and polyester 
blended cotton cloth by extracting the target temperature after putting 
them on the hot plate in different temperatures (45 ◦C, 54 ◦C, 65 ◦C, and 
75 ◦C, Fig. S3). Fig. 1g clearly exhibits the TI-textile has the lowest 
temperature difference on the hot plate at 65 ℃ [45–47]; Table S1 
further manifests that the temperature difference ΔT of the TI-textile is 
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higher than the other two samples; both of the results represent 
TI-textile has the best thermal-insulating properties among the control 
samples. The different thermal insulating properties of the three sampls 
can also be visually observed according to the thermographic imaging 
(TI-textile shows the lowest temperature of 28.9 ℃, Fig. 1h). Cold 
insulating properties of the TI-textile are also characterized as demon-
strated in Fig. 1i, Fig. S4, and Movie S2, in which two ice cubes are 
placed on the surface of the TI-textile and tinfoil, respectively, and the 
ice melting rate is recorded. By setting the hot plate at 100 ◦C, the ice on 
the TI-textile surface melts significantly slower than that on the tinfoil. 
The above results indicate that TI-textile has excellent thermal insu-
lating properties due to its low thermal conductivity calculated by the 
Guarded hot plate apparatus method (a standard method to evaluate 

thermal conductivity, Table S2). Besides, the TI-textile has excellent 
antibacterial potential in relation to Escherichia coli (E. coli) and 
Staphylococcus aureus (S. aureus). As shown in Fig. 1j, we can observe 
that the distribution of E. coli and S. aureus is inhibited in the area where 
TI-textile is placed [48]. Notably, the hierarchical structure in the 
TI-textile also promises with higher triboelectric output properties 
without compromising the wearable comfort. Compared with smooth 
polyester surface (Fig. S5a, S5b), the modified polyester microspheres 
on the TI-textile (Fig. 1c) offer more active sites and larger surface areas 
for charge transfer during the triboelectrification process (Fig. S5c-e) 
[49]. Based on the advantages of both thermal insulation and high 
triboelectric output, the TI-textile based TENG can be readily packaged 
in dressing belt and worn on human body where the thermal insulation 

Fig. 1. Application scenarios, structures, and properties of the TI-TENG. (a) Application scenarios and composition of thermal insulating clothes. (b) Schematic 
demonstration of the TI-TENG. (c, d) SEM images of the TI-textile in plane. Scale bar: 1 mm and 100 µm, respectively. (e) DI water drops before and after falling on 
TI-textile surface. (f) Photographs of the TI-textile. (g) The surface temperatures of the various samples maintained on an open-air hot plate at 65 ◦C. (h) I) Infrared 
camera thermal image of different samples in the palm; II) photo images of the samples. (i) Photograph of the cold insulating properties of TI-textile. (j) Antibacterial 
performance of TI-textile against S. aureus and E. coli cultivation. (① and ② colonies cultivation under polyester, ③ and ④ colonies cultivation under TI-textile). (k) 
Photograph of wearing the thermal insulating strap. 
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and health/motion monitoring is required (e.g., wearing on the knees, 
elbows, and other joints, Fig. 1k). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109134. 

To measure the output performance of the TENG based on TI-textile, 
we have tried to construct four types of TENG devices in different 
structures (both in contact-separation mode) and choose the device with 
the best performances. The first type is the basic TI-TENG, which is 
composed of Ag-coated Nylon/TI-textile/FEP/Ag-coated Nylon as 
shown in Fig. 2a. The second type is a packaged TI-TENG to satisfy the 
outdoor wearable applications, which is composed of the basic TI-TENG 
packaged by the outer water/windproof textile and inner lining cloth as 
shown in Fig. 2d. The other two types of devices are shown in Fig. S6a 
and S6c, in which the Ag-coated Nylon electrodes are completely 
replaced by Ag tape. Figs. 2b and 2d show the working principles of the 
TI-TENG and the packaged TI-TENG, respectively, assisted with the 
charge transfer process according to the triboelectrification and elec-
trostatic induction. We take the TI-TENG as the example (with Ag- 
coated Nylon as electrodes, in contact-separation mode) to explain the 
working principle. When the TI-textile contacts with the FEP layer with 
strong polarity, opposite surface electrostatic charges will be induced at 
the contact interface because of the contact-electrification effect (Fig. 2b 
(I)). Electrons transfer from the surface of the TI-textile to the FEP 
surface in higher polarity (FEP surface is negatively charged). The sur-
face of TI-textile will have the same amount of positive charges, and 
there is no electrical potential difference between them at this state. 
When the FEP and the TI-textile surfaces gradually separate, the elec-
trical potential difference will be produced between the two layers in the 
open-circuit circumstance (Fig. 2b (II)). When the TI-textile and FEP 

fully separate, the electrical potential difference reaches the maximum 
value (Fig. 2b (iii)). When the TI-textile moves back toward the FEP 
layer, the electrical potential between them will gradually decrease to 
the previous level (Fig. 2b (IV)). When the TI-textile and FEP fully 
contact with each other again, the device returns to its initial electro-
static equilibrium state (Fig. 2b(I)). Similar working principle for the 
packaged TI-TENG is presented in Fig. 2e. The output performances of 
all the four different TENGs (open circuit voltage (VOC), short circuit 
current (ISC), and transferred charge (QSC)) are evaluated by Keithley 
6514 upon contact-separation motions driven by a digital-controlled 
linear-motor. When the contact-separation frequency increases from 1 
to 5 Hz (separation distance = 50 mm and contact area = 3 cm × 3 cm), 
the ISC of the TI-TENG with Ag-coated Nylon electrode increases from 
1.15 to 9.31 μA, and the VOC and QSC remain essentially the same 
(87.98 V, 51.32 nC, respectively, in Fig. 2c). Under the same condition, 
the TI-TENG with Ag-tape electrode is 157.15 V, 59.64 nC (Fig. S6b). 
The VOC and QSC of the packaged TI-TENG with Ag-coated Nylon elec-
trode are 138.04 V and 51.36 nC (Fig. 2f), while the triboelectric outputs 
for the packaged TI-TENG with Ag-tape electrode are 146.87 V and 
56.37 nC, respectively (Fig. S6d). The typical TENG output variation 
related to the frequency can be explained as follows. According to the 
Gauss theorem [50,51], the voltage between the two electrodes can be 
given by 

V = −
Q

Sε0
(d0 + x(t) )+

σx(t)
ε0 

This is the basic equation for the contact-separation mode TENG and 
can be utilized to calculate its output properties. First, two special cases 
of the open-circuit (OC) condition and short-circuit (SC) condition are 

Fig. 2. Working mechanism and electrical performance of TI-TENG. Diagram of the multi-layer TENG structure: (a) the basic TI-TENG structure and (d) the TI- 
TENG packaged with windproof textile and textile lining. Schematic diagram of the working principle of the multi-layer vertical contact-separation mode: (b) the 
basic structure TI-TENG and (e) the TI-TENG packaged with windproof textile and textile lining. (c) ISC, VOC, and QSC of the basic structure TI-TENG and the TI-TENG 
packaged with windproof textile and textile lining under different contact frequencies (1–5 Hz). 
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analyzed. At OC condition, there is no charge transfer, which means that 
Q is 0. Therefore, the open-circuit voltage VOC is given by 

VOC =
σx(t)

ε0 

At SC condition, V is 0. Therefore, the transferred charges are 

QSC =
Sσx(t)

d0 + x(t)

In these equations, ε0 is permittivity of vacuum, x is the separation 
distance between the two triboelectric charged layers, and S is the 
electrode area. The voltage is the function of x(t) and the static charge 
density of σ, which shows no response to the frequency. The transferred 
charges are the functions of x(t), the electrode area of S, and the static 
charge density of σ, which also show no response to the frequency. 

ISC =
dQsc

dt
=

Sσd0

(d0 + x(t))2
dx
dt

=
Sσd0v(t)

(d0 + x(t))2 

This equation means that the displacement current density (which 
also determines the output current) is proportional to the speed at which 
the two dielectrics contact/separate. The electrical potential distribu-
tions of the TI-textile based TENG with four different structures in 
contact-separation mode are also simulated by employing COMSOL 
Multiphysics software as illustrated in Fig. S7a-d. The TI-TENG with Ag- 
tape electrode shows the highest output properties. In addition to the 
device structure, previous studies have shown that the environmental 
humidity has a significant effect on the output properties of TENG. In 
general, high humidity significantly reduces the triboelectric output of 
the TENG device. The decrement trend can be assigned to several rea-
sons induced by increased humidity, including poorer charge accumu-
lation, increased contact resistance, reduced electron transfer process, 
etc. In this study, a humidifier is used to produce vapor in the confined 
environment to simulate different ambient humidity levels and a wire-
less hygrometer is used to monitor the real-time humidity. The output 
voltages of the TI-TENG are tested at 11 different levels of relative hu-
midity (RH, Fig. S8a). As the ambient humidity increases, the output 
voltage of the TI-TENG exhibits a decreasing tendency and reaches a 
saturate level with the RH at ~78 % (Fig. S8b) [52,53]. When the 
adopted TI-TENG adds the inner and outer protective textile, the RH 
effect on the triboelectric output can be effectively alleviated. Besides, 
the packaged TENG device with Ag-tape electrode can further prevent 
the humidity influence on the output compared with the Ag-coated 
Nylon electrode. Accordingly, we choose the TI-TENG with Ag-tape 
electrode for the following applications (also with the highest output 
performance). Long-term stability of the TI-TENG is also investigated as 
shown in Fig. S8c, in which the VOC and QSC of the TI-TENG exhibit no 
significant degradation during 300-day intermittent testing. The result 
indicates the excellent durability and stability of our TI-TENG for 
long-term daily use. For the sensing TI-TENG in single electrode mode, 
the working mechanism is shown in Fig. S9a, which is similar to the 
contact-separation mode. The only difference is that the electron 
transfer occurs between the two Ag electrodes in contact-separation 
mode, while it occurs between the Ag electrode and the ground in sin-
gle electrode mode. The electrical performances (ISC, VOC, and QSC) of 
the single electrode mode TI-TENG are also evaluated, which indicate 
similar variation trends with the contact-separation mode under 
different operation frequencies (Fig. S9b). However, the electrical per-
formance is lower (at 5 Hz, ISC = 1.81 μA, VOC = 66.98 V, and QSC =

23.35 nC) due to the finite contact area of the textile structure. The 
single electrode mode TI-TENG with relatively lower output can be used 
for a tactile sensor (which will be discussed later). 

The washability, durability, stretchability, and thermal insulating 
properties affect the comfort of flexible and wearable sensors. Wash-
ability is significant for smart textiles in practical applications. In this 
regard, the triboelectric output of the TI-TENG is explored after washing 

in water for 2, 4, 6, 8, and 10 h, respectively. As presented in Fig. 3a-c, 
the TI-TENG shows relatively constant outputs without significant 
changes after 10 h washing. As the durability is a critical parameter to 
flexible and wearable sensors, we further discuss the stability of the TI- 
TENG after thousands of contact-separation cycles at a frequency of 
3 Hz. The VOC, output power, and QSC of the TI-TENG is found to remain 
stable after 8000 cycles (Fig. 3d-f) [54]. Mechanical properties of the 
TI-textile in different directions are also investigated by means of stress 
vs. strain curves (Fig. 3g). The fracture strain of the TI-textile is ~48 % in 
the diagonal direction and the fracture stress is ~7.74 MPa, which is 
several times higher than the stress in the other two directions (weft and 
warp directions). In addition, the output stability of the TI-TENG during 
stretching is also important. The output performance of the TI-TENG in 
the diagonal direction is tested under different tensile conditions. Cor-
responding electrical output of QSC, VOC, and ISC for the TI-TENG at 
various tensile strains (under the same force) are shown in Figs. 3h, 3i, 
and S10, respectively. The output properties increase as a function of the 
stretching ratio, which is probably related to the closer contact between 
TI-textile and FEP during stretching and the resultant increment of 
effective contact area. Moreover, Fig. 3j displays the electrical outputs 
(VOC, ISC, QSC) of the packaged TENGs with 1, 2, 3, 4, and 5 layers of 
TI-textile. The results indicate that the output tends to be saturated when 
the layer number of TI-textile reaches three layers. To further examine 
the thermal insulating performance of the TI-TENG with multiple layers 
of TI-textiles, we also conduct the relevant experiments as discussed 
above. The prepared samples with different numbers of layers (from 1 to 
5) are placed on the hot plate (45 ◦C) and their temperature variations 
are monitored in real time by using a digital thermometer (Fig. 3k). The 
temperature drops between the hot plate and the sample under exami-
nation are directly proportional to the thermal insulating performance. 
The temperature differences ΔT for the TI-TENGs with 1, 2, 3, 4, and 5 
layers of TI-textile are 4.8 ◦C, 5.6 ◦C, 7.6 ◦C, 8.1 ◦C, and 9.4 ◦C, 
respectively. Furthermore, the hot plate temperature is set to be 65 ◦C 
(Fig. 3l), 54 ◦C (Fig. S11a), and 75 ◦C (Fig. S11b) to check the thermal 
insulation properties of TI-textile in different layers. The same temper-
ature decrement tendency is observed for all the five kinds of TENG 
samples (Table S3). The thermal images of the five samples are also 
placed on the palm to vividly demonstrate the thermal insulating 
properties of the TI-TENG (Fig. S12). After thermal equilibrium, the 
average temperatures for the TI-TENGs with 1, 2, 3, 4, and 5 layers of 
TI-textile are 29.4 ◦C, 29.3 ◦C, 28.9 ◦C, 28.0 ◦C, and 27.8 ◦C, respec-
tively. More embedded TI-textile layers can improve the thermal insu-
lation capacity. 

As is known, human sweat is one of the most frequently utilized and 
significant biosensing indicators for human health surveillance. In daily 
life, our clothes can absorb the sweat during continuous outdoor activ-
ities and enable us to exercise comfortably for a long period of time. 
Regarding to this concern, the TI-textile with excellent air permeability 
is also investigated as a wearable sweat sensor. The sweat absorption 
process is simulated by wearing the TI-textile on the skin assisted with a 
belt, which is divided into four steps: wetting, absorption, spreading, 
and evaporation (Fig. 4a). During long-time outdoor activities, human 
body is prone to perspiration and will gradually wet the TI-textile. Due 
to the hydrophilic groups on the surface of the TI-textile, the perspira-
tion wets the TI-textile and the sweat is adsorbed on the inner attached 
surface. Then, the continuous perspiration spreads over the TI-textile 
and gradually expands the sweat-absorption area. Finally, the absor-
bed sweat will evaporate outward to achieve a quick drying effect. After 
evaporation of perspiration, corresponding energy dispersive X-ray 
spectroscopy (EDS) elemental mappings of TI-textile surface are 
exhibited in Fig. 4b. It indicates that when the concentration of NaCl 
solution changes, the surface charge of the TI-textile (after drying) will 
also change and lead to different triboelectrification properties (i.e., 
different triboelectric outputs) during the contact-separation process in 
TI-textile based TENG sweat sensor. 

To evaluate the sensing capability of the TI-TENG as a sweat sensor, 
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the sensing signal VOC (Fig. 4c) and the transferred charge QSC 
(Fig. S13b) are recorded under contact-separation between the FEP and 
TI-textile (after drying with NaCl solution in different concentrations). 
The amount of charge transferred between the surfaces of the materials 
depends on the relative polarity between the two materials in contact. 
According to Gauss’s theorem [51,55], it is stated that the factors 
affecting QSC are x(t) (the separation distance between the two tribo-
electric charged layers), S (the electrode area), and σ (the static charge 
density). The experimental results show that the amount of transferred 
charge decreases with increasing NaCl concentration when x(t) and S 
remain constant. As mentioned in previous reports [56,57], electrolyte 
concentration is negatively correlated with the charge of the electrolyte 

droplet. The concentration has a large effect on the surface charge, 
where the ionization of the surface groups creates an interfacial charge, 
and variation of the surface charge causes a change in polarity. With 
increasing NaCl concentration, VOC and QSC exhibit gradual decrement 
tendency as well. More specifically, the VOC peak value for the TI-TENG 
with the TI-textile immersed in 0.7 mol/L NaCl (test after drying) is 67.5 
% of that for the TI-textile immersed in DI water, and the QSC is 83.1 % of 
that for the TI-textile immersed in DI water. When the ion concentration 
is below 0.01 mol/L, the output voltage shows a significant decrement 
tendency (meaning a better sensitivity); when the ion concentration is 
above 0.01 mol/L, it shows a slight decrement tendency (presenting a 
poorer sensitivity). As demonstrated in Fig. 4d, the output voltages 

Fig. 3. Washability, long-term stability, stretchability, and multi-layer performances of the TI-TENG. The washing properties of the TI-TENG for long time: (a) 
open-circuit voltage, (b) short-circuit current, and (c) transferred charges. Comparison of (d) voltage, (e) power and (f) current for the TI-TENG with different friction 
times (original, 1000 times, 2000 times, and 4000 times). (g) Stress-strain curves of the TI-textile in various directions. Output properties at different tensile con-
ditions (contact-separation frequency of 2 Hz): (h) transferred charge and (i) open-circuit voltage. (j) ISC, VOC, and QSC of the TI-TENG composed of multi-layer TI- 
textile at the contact-separation frequency of 1 Hz. Surface temperatures of various layers of TI-textile at (k) 45 ◦C and (l) 65 ◦C on an open-air hot plate. 
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exhibit a linear decreasing trend fitted with a simple logarithmic func-
tion (y = K1 log (x) + A). The slopes of the fitting curves (K, i.e., the 
sweat sensitivity) are calculated as K1 = − 5.08245 V/log(M) and K2 
= − 2.59679 V/log(M). Regarding the normalized sensitivity 
((V0-V)/V0), it increases by 12 %/decade and 6 %/decade, respectively 
(Fig. S13a, both are in good linearity). The recorded QSC vs. CNaCl, also 
shows two-stage linear relationships with the slopes of the fitting curves 
at − 1.98792 V/log(M) and − 0.9818 V/log(M), respectively (Fig. S13c). 
The normalized sensitivities ((Q0-Q)/Q0) are 13 %/decade and 7 
%/decade, respectively (Fig. S13d), both of which also show good 
linearity. This result is consistent with previous report that a saturated 
NaCl solution leads to a 40 % decrement in the triboelectric charge 
density [58]. The achieved sensitivity of the TI-TENG is also comparable 

to that of commercially available salinity sensors. As shown in Fig. 4e, 
we have also tested the real-time VOC of the TI-textile after it has been 
wetted by sweat and dried at different sweat amounts during outdoor 
activities. As shown in Fig. S13e and S13f, there is almost no charge 
transfer for the TI-TENG under sweated state. This result also indicates 
that no additional liquid-solid dynamic contact process is established at 
the interface between the TI-textile and NaCl solution (main component 
of sweat). 

As the ion concentration reaches a specific threshold, different kinds 
of ions will have distinguishing influences on the amount of charge 
transfer between the liquid and the solid. Fig. 4f shows a schematic 
illustration of the process for charge transfer between the NaCl solution 
and the TI-textile. When the NaCl solution in higher concentration 

Fig. 4. Sweat sensors for physiological health monitoring. (a) The process of absorbing sweat by TI-textile. (b) EDS mapping of the dried TI-textile immersed in 
various concentrations of NaCl solutions with a scale bar of 100 µm. (c) Dynamic transient voltage response in response to increasing concentration. (d) Open-circuit 
voltage generated with the dried TI-textile immersed in DI water and various concentrations of NaCl solutions (0.001–1 mol/L). (e) Real-time monitoring on the dried 
TI-textile which is immersed in minority and majority amount of sweat. (f) Schematic diagram of dynamic process on the surface of TI-textile immersed in 
NaCl solution. 
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comes into contact with TI-textile, electron transfer and negligible 
adsorption take place at the contact interface of the two materials. When 
the liquid starts to flow through the textile, the Na+ takes the place of the 
positively charged water molecules (H3O+) in the solution, and negli-
gible adsorption and shielding effects prevent the following electron 
transfer between the TI-textile and water molecules [59]. When the 
solution evaporates and separates from the surface of the TI-textile, the 
majority of the ions on the surface of the TI-textile moves off with the 
liquid and only a minority of the Cl- ions is left behind and attracted to 
the surface of the positively charged TI-textile due to the electrostatic 
attraction. As shown in Table S4, when the NaCl concentration in-
creases, the amount of free Na+ and Cl- increases, leading to an incre-
ment in the percentage of Cl- adsorbed on the TI-textile surface due to 
electrostatic adsorption. 

Since the TI-textile based TENG shows high output properties, it can 
easily be adapted to work as a power source. To power portable com-
mercial electronics, the output of TENG is generally first stored in energy 
storage elements (e.g., batteries or capacitors) and then used for further 

energy supply (circuit diagram in Fig. S14a). The self-powered energy 
supplier is prepared by integrating the TI-TENG with a capacitor to 
power the series-connected electronics, including the component of TI- 
TENG, bridge rectifier, and capacitor as AC power source, AC to DC 
converter, and energy storage part, respectively. Fig. S14b shows the 
charging curves of the TI-TENG (3 cm × 3 cm) for different capacitors of 
1, 2.2, 3.3, 4.7, and 10 μF, which takes 6, 18, 23, 70, and 450 s to charge 
the capacitors to 3.3 V, respectively. After charging a 4.7 μF capacitor to 
20 V in 39 s, the TI-TENG based energy supplier is capable to uninter-
ruptedly power nine LEDs for repeatable usage (Fig. S14c). The effective 
output power of the TI-TENG is also investigated through the connection 
of various loads. As shown in Fig. S14d, the output voltage according to 
the external load resistance tends to increase because of Ohm’s law. At 
an external load of 50 MΩ, the output power can reach a maximum 
value of 34.78 µW (for the contact area of 3 cm × 3 cm, the maximum 
instantaneous power density reaches 38.64 mW/m2, Fig. S14d), and a 
maximum average output power density of 1.87 mW/m2 (Fig. S14e). As 
the output consistency of the TI-TENG plays an essential role in ensuring 

Fig. 5. Monitoring of human physiological signals. (a) Schematic demonstration of the pressure sensor. (b) The outputs of the TI-TENG under various pressures. 
(c) The outputs of the TI-TENG as a function of loading pressure variations. (d) Real-time monitoring of the bending angles of the arm by the TI-TENG. The insets 
exhibit different states of motion. (e) Output signals in response to wrist bending at 30◦, 45◦, 60◦, and 90◦. (f) Output signals of the TI-TENG taken at the hip when the 
tester raises his leg. (g) Voltage response to waist movements measured by mounting the TI-TENG on the waist. (h) Output signals with the elbow bent at 30◦, 45◦, 
60◦, 90◦ and 120◦. (i) Output signals in response with knee bending at 30◦, 45◦, 60◦, 90◦, and 120◦. 
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constant power to portable electronic devices, the real-time voltage 
output of the TI-TENG is measured for 2400 s upon contact-separation at 
a frequency of 2 Hz, which shows a relatively stable output with almost 
no fluctuations (Fig. S14f). Then the TI-TENG is presented to power an 
electronic watch (Fig. S14g, Movie S3) and power a temperature and 
humidity sensor (Fig. S14h, Movie S4) by in-series connecting with a 33 
μF capacitor or a 100 μF capacitor, respectively. The inner and outer 
textile used in the TI-TENG are well packaged with lightness and thin-
ness, which makes them more suitable for the practical needs of long- 
time outdoor activities than conventional power supplies based on 
metallic and plastic materials. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109134. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109134. 

In addition to working as a power source, the applied force or strain 
is also closely correlated to the electrical output of the TI-TENG, which 
allows it to work as a self-powered (bio)mechanical sensor. During its 
operation, the packaged TI-TENG can directly contact with human skin 
or other objects, realzing the function of motion monitoring (Fig. 5a). 
The magnitude of the applied static pressure is reflected by using the VOC 
as the sensing signal of TI-TENG. Fig. 5b records the real-time VOC as 
sensing signal under different pressures, with the signal consistently 
increasing from 7.03 to 69.71 V as the pressure increases from 0.288 to 
14.4 kPa. This result is attributed to that the increased pressure leads to 
an increase in the deformability of the TI-textiles, resulting in a contact- 
area increment and enhanced TI-TENG outputs. The ratio between the 
voltage change and the applied pressure, defined as pressure sensitivity 
(i.e., ΔV/P), is evaluated into two typical sensory ranges (a high sensi-
tivity range below 2.69 kPa at a sensitivity of 10.76487 V⋅kPa− 1, and a 
relatively low sensitivity range above 2.69 kPa at a sensitivity of 
3.39209 V⋅kPa− 1) (Fig. 5c). The normalized sensitivity ((V-V0)/V0) in 
the high and low sensitivity regions is 1.53346 and 0.4832 kPa− 1, 
respectively (Fig. S15a). The initial contact process at lower pressures 
(<2.69 kPa) will result in a relatively large deformation of the TI-TENG, 
while the later compression process at higher pressures (>2.69 kPa) will 
result in a comparatively small deformation. This is because the defor-
mation space of the TI-TENG sensor is reduced in the high-pressure 
range. A detailed comparison of the sensitivities in this work with 
several relevant studies is presented in Table S6 [50,60–67]. Based on 
the high-efficiency contact-separation process caused by the applied 
external strain, the TI-TENG can work as both pressure sensor and strain 
sensor. The increased external strain will result in the larger contact area 
between the TI-textile and the FEP, and lead to the proportionally 
increasing output sensing signal. To visually represent the stress allo-
cation during the bending-releasing cycle, the TI-TENG deformation at a 
bending angle of 60◦ is simulated by COMSOL Multiphysics (Fig. S15b 
and S15c) [68]. As the TI-TENG is cyclically bent and released 
(Fig. S15d), the real-time voltage outputs show a simultaneous increa-
se/decrease as a result of the electron transfer process between the 
TI-textile and FEP layer. It is remarkable that as the bending angle in-
creases from 30◦ to 90◦, the output voltage signal of the TI-TENG in-
creases from 28.70 to 52.64 V, indicating a good linearity between the 
output signal vs. bending angle (R2 = 0.998). 

During the daily life or outdoor activities, different human motions 
have dissimilar physiological characteristics and can be reflected by the 
different bending/stretching of the human joints. The articular flexion 
data can also be of great assistance in the medical convalescence and 
outdoor activity recording (or rescue). According to the flexibility, 
versatility, high sensitivity of the TI-TENG mechanical sensor, it can be 
readily attached to different human joints assisted with fabric-woven 
belts for action recognition, medical detection, and outdoor rescue in 
a self-powered, fast-responsive, and real-time means. To monitor 
different human motions, the TI-TENG can be worn on the shoulders, 
wrists, elbows, waist, hips, and knees (the most common areas of the 
paralyzed patient’s body for recovery) or worn on the hips and knees 

(body joints that indicate abnormalities in outdoor falling). It is notable 
that the shape retention and contact improvement of the TI-TENG with 
human skin have a positive and significant impact on the sensing per-
formances. As demonstrated in Fig. 5d, the periodic shoulder swing 
leads to periodically electrical sensing signals. There will be a smaller 
output sensing signal upon smaller bending angle (load force is also 
small in this case) [69]. When the volunteer swings the arm from 0◦ to 
120◦, the TI-TENG at the shoulder is exposed to an increased load force, 
which leads to a larger contact area of the frication layer and raises the 
TI-TENG output sensing performance. By fixing the TI-TENG on the 
wrist, the variations of voltage signal can also be easily monitored at the 
bend-release cycles (bending angles from 30◦ to 90◦, Fig. 5e). By 
wearing the TI-TENG at the hip and waist, it is even possible to distin-
guish the hip being driven up/down by the leg (Fig. 5f) and the waist 
twisting from side to side (Fig. 5g). For elbow monitoring, it may be 
possible for patients with elbow injuries to recover upper limb move-
ments and control their own movements through monitoring/training, 
which may also facilitate remote human-machine interaction and su-
pervision. When the TI-TENG strain sensor is worn on the elbow, it can 
record the real-time flexion/extension of the arm to different angles with 
periodic voltage signals (Fig. 5h). In addition to above discussed body 
joints, human leg is the primary body recovery position to be monitored, 
which can help assess the recovery status of the paralyzed patients and 
facilitate automatic alarms in the accident of a fall and shortens the 
rescue time. Corresponding sensing signals under various bending an-
gles are monitored as shown in Fig. 5i. According to these electrical 
signals, corresponding body movements can be recorded for healthcare 
rehabilitation or outdoor rescue. 

Generally, the constant absorption and emission of Infrared Rays (IR) 
from the body into the environment is the primary cause of thermal loss. 
Especially in the case of severe weather extremes, the heat requirements 
of the human body for long-time outdoor motion can be effectively 
provided. In addition to the demonstration as sweat sensors, energy 
harvesters, and biomechanical sensors, the reported TI-TENG can also 
significantly keep warm by preventing the loss of radiant heat from the 
body. To evaluate the radiation isolation capabilities of the TI-TENG (i. 
e., the TI-textile packaged with outer windproof textile and inner lining 
textile), we take the same method with the previous characterization 
means. As shown in Fig. S16b, three different samples (only TI-textile, 
only inner and outer textile, and TI-textile packaged with inner and 
outer textile) are characterized on a hot plate in ambient environment. 
First of all, the hot plate is set at a temperature of 65 ◦C. The samples are 
placed on the hot plate and their temperature variations are monitored 
in real time using the digital thermometer (Fig. S16a). The temperature 
drop ΔT for only TI-textile, only inner and outer textile, and the pack-
aged TI-textile are 7 ◦C, 5.5 ◦C, and 7.7 ◦C, respectively. As ΔT is pro-
portional to the thermal insulating properties, the performance of 
packaged TI-textile is the best compared with other two samples. In 
addition, the temperatures of the hot plate are also set to 45 ◦C, 75 ◦C, 
and 54 ◦C (Fig. S16c-S16e) to obtain the tendency of temperature drops 
for the three samples (also concluded in Table S5). Thermal images from 
infrared camera of the three samples placed on the palm (Fig. S16b, after 
thermal equilibrium) also vividly demonstrate the best thermal insu-
lating properties of packaged TI-textile. The measured average tem-
peratures for only TI-textile, only inner and outer textile, and packaged 
TI-textile are 31.5 ◦C, 31.8 ◦C, and 28.5 ◦C, respectively. All the above 
results verify that the packaged TI-textile (consistent with the structure 
of TI-TENG) has the best thermal insulating performances and it can be 
readily applied to outdoor clothes for long-time excises or outdoor 
activities. 

For some extreme outdoor activities, once there is an accident, it will 
be very difficult to call for help quickly and the probability of injuries or 
deaths may increase in a complex and ever-changing environment [70]. 
If the conventional battery-powered sensors suddenly stop operating, 
people may face more difficulties in seeking for rescue. Based on the 
versatile TI-TENG, we have also developed a multifunctional outdoor 
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rescue system by using the TI-TENG as a self-powered wireless 
signal-transmission sensor for human-machine interactive interface.  
Fig. 6a schematically presents the operating process of the outdoor 
rescue system, which consists of a TI-TENG-based dressing belt, a Global 
System for Mobile Communications (GSM) module, a signal processing 
circuit, and a card for the mobile phone. During operation, the 
TI-TENG-based dressing belt allows continuous real-time monitoring on 
the body’s respiratory status, and it can also be taken on the hip and 
knee to monitor relevant movement. The signal treatment circuit con-
sists of a signal amplification function (magnify the electrical signal and 
remove unwanted interference), a voltage comparator (transform the 
amplified signal into the stabilized square wave signal), and an Arduino 
board (receive the square wave signals and send trigger commands to 
the GSM). For instance, when some abnormal falling signals are moni-
tored by TI-TENG worn on the hip or knee (Fig. 6b), one can press/touch 
the trigger TI-TENG and send instructions to the Arduino board, which 

can activate the GSM module and call for help (Fig. 6c and Movie S5, 
two TI-TENGs in single electrode mode are connected to the two chan-
nels of save our souls (SOS) which are "Emergency contact" and "Family 
contact", respectively). In addition to outdoor rescue, the TI-TENG can 
also be used as an interactive interface for some entertainments (e.g., 
touch to play music) during the outdoor activities or long journeys. 
Fig. 6d schematically illustrates the TI-TENG based interactive music 
player. When the finger touches the TI-TENG, the triggered signal (over 
threshold, Fig. 6e) can readily control the Raspberry Pi and send a 
wireless signal to play music via Bluetooth module. The keys in the 
music player (“Play”, “Pause”, “Next”, “Previous”) are realized by using 
different TI-TENG sensors connected to different channels and their 
signals can be independently recognized (Fig. 6f) [49,71]. The moni-
tored real-time trigger signals and the music controlling process (e.g., 
"Play/Pause", "Previous song", "Next song") are shown in Fig. S17 and 
Movie S6. 

Fig. 6. Demonstration of the outdoor interactive applications. (a) Schematic illustration of a real-time safety surveillance and smart outdoor rescue system. (b) 
Electrical signal generated under an accidental fall. (c) Photographs of a personal outdoor rescue system in practical application. (d) Wireless music playing system by 
TI-TENG. (e) An electrical signal output on finger touch. (f) The outdoor music player triggered by the finger via the TI-TENG. 
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Supplementary material related to this article can be found online at 
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3. Conclusion 

In summary, a multi-layer TI-TENG packaged with the inner and 
outer textiles is designed and manufactured into a self-powered sensory 
and interactive system for outdoor activities, exhibiting the advantages 
of excellent flexibility, high thermal insulating properties, high anti- 
bacterial activities, lightweight, and quick drying performance 
compared with previously reported textile TENGs (Table S7). We have 
also optimized the materials, the number of layers, and the structures to 
improve the performances of TI-TENG utilizing it to harvest biome-
chanical energy in outdoors. Thanks to the superior thermal insulating 
performance of the TI-textile, the thermal management during outdoor 
activities is also available to be achieved. The demonstrated multi-
functional sensors and human-machine interactive system based on the 
TI-TENG can be readily used for motion detection, health monitoring, 
and wireless transmission. The available large-scale production of multi- 
layer thermal insulating textiles for multifunctional sensors opens a new 
way to the development of outdoor electronics and flexible wearable 
devices in future. 

4. Experiments 

4.1. Fabrication of TI-TENG and the packaged TI-TENG 

For the systematic design of the TI-TENG, commercial TI-textile 
(thickness: 0.27 mm, Beijing Matrix Technologies Co., Ltd.) and FEP 
are selected as the triboelectric materials, silver tape is chosen as the 
outer electrode, and the windproof textile and textile lining are selected 
as the packing textile (area of 3 × 3 cm2). At the same time, TI-TENG 
lacks the windproof textile (outer layer) and textile lining (inner 
layer) compared to the packaged TI-TENG. Also, an Ag-coated Nylon 
with flexibility is chosen for the electrodes. A non-conductive cotton 
string is used to hold them together. 

4.2. Electrical output measurement 

To measure the output performance of the TI-TENG and the pack-
aged TI-TENG, the action of contact-separation is driven by a 
numerically-controlled linear motor. Triboelectric outputs (ISC, VOC, and 
QSC) are tested by using Keithley 6514. A customized LabVIEW program 
is employed to record the electrical outputs. The current signals gener-
ated by the TI-TENG for real-time recognition are collected by the 
Keithley 6514 Electrometer. The electrical potential between the FEP 
and TI-textile is simulated by employing the finite element method using 
the commercially available COMSOL Multiphysics. The finite element 
simulation method is also employed for the bending condition of the TI- 
TENG. 

Regarding to output performances in relation to external load, the 
output signals according to different load resistances are tested in par-
allel with a Keithley 6514 electrometer. The power density corre-
sponding to external load is calculated according to P = V2

R , where R, V, P 
are the resistance of the external load, the output voltage, and the peak 
power, respectively. The average power density is calculated according 

to Pave =

∫ T

0
U2dt

RTS . The outputs of different capacitors are also measured by 
the Keithley 6514, which is in parallel connected when the capacitors 
are charged. 

For the pressure sensor, the external force is applied by a linear 
mechanical motor. The applied force is sensed by a force detector (YMC 
501F01, 8 mm diameter) monitored by an oscilloscope. Keithley 6514 is 
also used to check the voltage in relation to the stress situation. The air 

permeability of TENG is tested by YG461E air permeability tester, and 
the testing standard is GB_T5453:1997. 

4.3. The fabrication of sweat sensors 

Sixteen pieces of TI-textile are cut into square area in 3 cm × 3 cm. 
Subsequently, NaCl powder corresponding to the mass of different 
concentrations of NaCl solution (0.001–1 mol/L) is weighted with an 
electronic balance. The weighted NaCl powder is dissolved in 20 ml of 
DI water and stirred until it is completely dissolved. Afterwards, the TI- 
textiles are put into different concentrations of NaCl solution as well as 
DI water, respectively, and left to stand at room temperature for 2 h until 
the liquid completely immerses the TI-textiles. After that, sixteen pieces 
of TI-textiles are dried in an oven at 35 ◦C (close to the temperature of 
body temperature) for 2 h. Finally, TI-textiles immersed in different 
concentrations of NaCl solution are assembled into TI-TENGs. 
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