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convenience in our lives, have received 
extensive attention.[1–3] However, a key 
issue obstructing the way to the extensive 
commercial applications is their limited 
power sources.[4–6] The traditional batteries 
cannot provide a continuous power supply 
resulting from frequent charging times 
and battery replacements.[7–9] To address 
this issue, many strategies including 
photovoltaic solar cells, wind power gen-
eration are employed. Nevertheless, their 
performance is significantly affected by 
weather and external factors, making it 
impossible to achieve continuous energy 
output.[10–13] On the other hand, mechan-
ical motions such as the movement of 
the human body can produce a variety of 
low-frequency mechanical energy in daily 
activities.[14,15] However, most of these 
energies are ignored. Thus, breaking 

through technical limitations to develop a device that can effi-
ciently collect various mechanical energy to drive wearable elec-
tronic devices is necessary and urgent.[16]

Based on the coupling effect of triboelectrification and elec-
trostatic induction, triboelectric nanogenerators (TENG) is devel-
oped to convert ubiquitous low-frequency and tiny mechanical 
energy into electricity.[17–21,30–34] TENG is widely used in self-
powered systems, active sensors, high voltage power supply and 
sustainable blue energy due to its advantages of light weight, 
small size, high efficiency, and wide selection of materials.[23,26] 
Recently, more and more researches have been devoted to 
obtaining energy from body movement and the external envi-
ronment by using TENG technology in a convenient and effec-
tive way.[24,25] In previous studies, self-powered wearable TENGs 
were designed, however, an uncomfortable feeling is fed back 
due to the poor breathability of the ethylene-vinyl acetate (EVA) 
film selected.[22] More recently, self-powered textile was created 
to enhance the air permeability by hybrid nanogenerators and 
solar cells for wearable electronics.[27] Apart from the energy 
harvesting from random body movement, it also achieves the 
purpose of collecting outdoor sunshine simultaneously. How-
ever, solar energy is affected by the fluctuating intermittent 
nature of solar irradiation, such as rainy days, causing a major 
hurdle for the continuous utilization of solar energy. Thus, as 
a complementary part, designing a new wearable device that 
harvests the distributed mechanical energy of the human body 

Smart textiles capable of harvesting biomechanical energy via triboelectric 
effect have been well developed in the field of self-powered wearable elec-
tronic products. However, it is still a challenge to manufacture self-charging 
wearable electronic products with features of high triboelectric output, 
breathability and water resistance, simultaneously. Herein, a multifunctional 
wearable triboelectric nanogenerator (MW-TENG) is designed with the func-
tions of flexibility, excellent water resistance and air permeability to provide 
comfort and convenience in practical application. The maximum peak power 
density of the MW-TENG can reach 1.03 W m–2 under the frequency of 3 Hz. 
Moreover, the MW-TENG can be embedded in clothes and shoes to drive 
wearable electronic devices by harvesting human mechanical energy and 
raindrop energy. This work not only presents a kind of MW-TENG with the 
functions of flexible, breathable, and waterproof, but also provides a practical 
strategy to design multifunctional self-powered wearable electronic devices.
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1. Introduction

The rapid development in wearable technologies and growing 
production of wearable electronic devices, which bring much 
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while harvesting raindrop energy on a rainy day would greatly 
promote the development of wearable electronic devices. To 
achieve this goal, the materials selected have to be waterproof 
to ensure that TENG has the ability to harvest raindrop energy 
when raining. Besides, it also protects TENG from the impact 
of environmental humidity when harvesting mechanical energy, 
because the output of the TENG greatly reduces in a high 
humidity environment.[27–30] Meanwhile, air breathability is 
highly required to provide a comfortable contact. Therefore, the 
challenge of simultaneously maintaining both good air perme-
ability and water resistance needs to be addressed.

Herein, we rationally designed a flexible multifunctional wear-
able triboelectric nanogenerator (MW-TENG), which is com-
posed of a contact-separation mode triboelectric nanogenerator 
(CS-TENG) and a free-standing triboelectric-layer triboelectric 
nanogenerator (F-TENG). The CS-TENG and the F-TENG all 
consist of microporous polytetrafluoroethylene (PTFE) mem-
brane as the triboelectric materials and the conductive fiber as 
the conductive materials. The microporous PTFE membrane 
film outside ensures a good air permeability and waterproof 
function because of its porosity and hydrophobicity. While the 
conductive fiber further improves a comfort feeling by the air 
permeability and flexibility. Taking the advantages, CS-TENG 
harvests the mechanical energy of the human body and F-TENG 
harvests raindrop energy. As a result, through the above-men-
tioned structural design, MW-TENG enables to simultaneously 
harvest both raindrop energy and human movement energy. 
The maximum peak power density of the MW-TENG has been 
reached at 1.03 W m–2 under the tapping frequency of 3 Hz. This 

work not only presents a kind of MW-TENG with the functions 
of flexible, breathable and waterproof, but also provides a self-
powered strategy to drive wearable electronics.

2. Result and Discussion

As shown in Figure 1a, multifunctional wearable triboelectric 
nanogenerator (MW-TENG) is composed of a contact-separa-
tion triboelectric nanogenerator (CS-TENG) and free-standing 
triboelectric-layer triboelectric nanogenerator (F-TENG). The 
CS-TENG, which can be used to harvest human mechanical 
energy, is fabricated in the inner layer by two conductive fiber 
layers and a microporous PTFE membrane. In addition, a 
hollow sponge is utilized to ensure the efficient separation of 
CS-TENG. The F-TENG consisting of an interdigital electrode 
structure in the internal and a microporous PTFE membrane 
on the upper surface, is installed on the surface of the CS-
TENG to harvest raindrop energy on rainy days. In the two 
types of TENGs, the conductive fiber is used as electrodes 
of TENG and the microporous PTFE membrane is applied 
as triboelectric materials. Meanwhile, a microporous PTFE 
membrane is sandwiched between CS-TENG and F-TENG to 
guarantee the free operation of two types of TENGs without 
the interaction effect. Figure  1b shows the hole surface mor-
phologies of the microporous PTFE membrane observed by 
scanning electron microscopy (SEM), which fully verifies the 
good air permeability of MW-TENG. The water contact angle of 
130° for the microporous PTFE membrane inserted on the top 

Figure 1.  Device structure and performance demonstration of MW-TENG. a) Schematic illustration of the three-dimensional network structure of MW-
TENG. b) SEM image and water contact angle image of microporous PTFE membrane. c) The image of the conductive fiber is magnified 135 times 
using an optical microscope. d) The air permeability of microporous PTFE membrane, conductive fiber and microporous PTFE membrane/conductive 
fiber. e) Photographs of the flexible MW-TENG in (i) origin, (ii) bend and (iii) contorting conditions.
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right reflects that the hydrophobic microporous PTFE mem-
brane can effectively prevent water and rain drop to achieve the 
function of waterproof. The image of the conductive fiber in 
Figure  1c clearly shows that the silver fiber is woven into the 
fabric to form a conductive network, indicative of its conduc-
tivity of 40 000 S m–1. Moreover, the holes in conductive fibers 
provide a good air permeability. To better demonstrate the air 
permeability of MW-TENG, which is an important index to 
judge the comfort of fabric, the air permeability is measured 
as illustrated in Figure 1d. It is easy to find that the MW-TENG 
has good breathability and the air permeability of MW-TENG is 
dominated by the microporous PTFE membrane. Meanwhile, 
excellent flexibility is another crucial demand for clothing as 
well. As presented in Figure 1e, the MW-TENGs can realize all 
kinds of deformation, such as bent and contorted, to adapt the 
various deformation of human motion. All these functions of 
MW-TENG fully indicate that it is a promising candidate for the 
design and manufacture of human clothing.

In order to research the output performance of the CS-TENG 
part, a linear motor is used to test the output performance of CS-

TENG with the size of 3 × 3 cm. The working mechanism of CS-
TENG is shown in Figure 2a, which can be attributed to the cou-
pling effect of contact electrification and electrostatic induction. In 
the initial stage, the microporous PTFE membrane contacts with 
the upper conductive fiber. Since the frictional electrical polarity 
of the conductive fiber and the microporous PTFE membrane 
are opposite, the microporous PTFE membrane and the conduc-
tive fiber will exhibit negative and positive charges, respectively. 
When the two surfaces move away from each other, the electric 
potential of the conductive fiber layer rises and prompts the elec-
trons of the lower conductive fiber to flow to the upper conductive 
fiber electrode through the external circuit. As the gap between 
the two frictionally charged surfaces continues to increase to 
complete separation, all electrons will flow to the upper con-
ductive fiber electrode. When the conductive fiber approaches 
the microporous PTFE membrane again, the relevant flowing 
electrons transfer from the upper conductive fiber to the lower 
conductive fiber electrode through the external circuit. Thus, an 
alternating current is generated. In addition, to understand the 
above mechanism of the power generation process, COMSOL 

Figure 2.  Working mechanism and electrical output performance of the CS-TENGs. a) Schematic diagrams showing the working principle of the 
CS-TENGs. b) Numerical calculation of the corresponding electrical potential distribution by the COMSOL software. c) QSC, d) ISC and e) VOC of  
the CS-TENGs under different frequencies (0.5 – 4 Hz). f) Charging curves at different frequencies when CS-TENGs charged 0.47 µF capacitors. g) 
The variation of peak power of the CS-TENGs under different frequencies (0.5 – 4 Hz) with different external load resistances. h) Stability test of the 
CS-TENGs under continuous impact for 106 times. Data is collected every 20 000 cycles.
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software is utilized to simulate the relative potential of the con-
ductive fiber and the microporous PTFE membrane under the 
different states (Figure 2b). The transferred charges (QSC), short 
circuit current (ISC) and open circuit voltage (VOC) are measured 
at frequencies from 0.5 to 4 Hz, respectively. With the increase 
of frequency, QSC and VOC remain basically unchanged (110 nC 
and 168 V, respectively), the maximum charge density can reach 
122 µC m–2. Meanwhile, the ISC increase with frequency from 
1.5 µA at 0.5 Hz to 8.3 µA at 4 Hz (Figure 2c–e) and the corre-
sponding reason is that the changing rate of ISC increases with 
the frequency. The explanation of the relevance of the frequency 
and short circuit current can be obtained in Note S1 in the sup-
porting information. This result indicates that a higher frequency 
of human motion is beneficial for the output performance of CS-
TENG. Figure 2f displays the capacitor charging characteristics of 
CS-TENG at different frequencies. By using the circuit diagram 
of Figure S1 (supporting information), it takes CS-TENG 15 s to 
charge the 0.47 μF capacitor to 1.80, 4.21, 6.86, 11.11, and 12.80 V at 
the various operative frequencies of 0.5, 1, 2, 3, and 4 Hz, respec-
tively. Figure  2g depicts the peak power measured by externally 
connecting different resistance loads from 1 kΩ to 50 GΩ under 

the different impact frequencies (0.5–3 Hz). The maximum peak 
power improves from 0.16 mW at 0.5 Hz to 0.93 mW at 3 Hz 
and the maximum peak power density of the CS-TENG can reach  
1.03 W m–2 under the tapping frequency of 3 Hz. Meanwhile, the 
currents of CS-TENG with different resistances are measured 
under the frequency from 0.5 to 3 Hz, respectively (Figure S2, 
Supporting Information) and the current of CS-TENG decreases 
with the resistance increase. The durability test of wearable elec-
tronic devices suggests that the Voc, QSC and ISC maintain 96.9% 
(223 V to 216 V), 96.8% (93 to 90 nC) and 95% (22 to 20.9 µA)  
after 100 000 cycles of impacts (the data is harvested every  
20 000 times) (Figure  2h and Figure S3 in supporting informa-
tion), reflecting CS-TENG of a high stability. Figure S4, Sup-
porting Information, shows the corresponding SEM images of 
the microporous PTFE membrane interval 20 000 cycles test. It is 
obvious to found that the surface of the microporous PTFE mem-
brane almost keeps unchanged during this process, which dem-
onstrates the robustness of the CS-TENG.
Figure 3a shows a working mechanism of the F-TENG part 

fabricated by a microporous PTFE membrane and interdigital 
conductive fiber for the harvesting of rainwater energy. The 

Figure 3.  Working mechanism and electrical output performance of the TENGs. a) Schematic diagrams showing the working principle of the TENGs. 
b) Numerical calculation of the corresponding electrical potential distribution by the COMSOL software. c) QSC, d) ISC and e) VOC of the TENGs under 
different angles between the straight line of raindrops and the surface of TENG (30°-60°). f) QSC, g) ISC and h) VOC of the TENGs under different 
diameters of raindrops.
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operation mode of F-TENG is based on the independent fric-
tion layer mode and the interdigital electrodes with the mul-
tiple units are divided into two kinds of electrode to improve 
output performance of the short-circuit current of F-TENG. 
As reported, the water droplets in the air will obtain a corre-
sponding positive charge due to the friction with the air.[30] 
Thus, when raindrops contact the microporous PTFE mem-
brane, the positive charge in the raindrop will further increase 
to generate the higher potential of the microporous PTFE mem-
brane. At this time, the lower interdigital electrode unit will 
show electronegativity and generate the related current in the 
external circuit. When the raindrops begin to slide toward the 
other interdigital electrode, the negative charge of the original 
interdigital electrode decreases, and the positive charge of the 
other interdigital electrode increases, thereby generating a cur-
rent in the other direction. As the raindrops completely slide to 
the other interdigital electrode, the lower interdigital electrode 
induces negative charges, and the other interdigital electrodes 
induce positive charges. In addition, the COMSOL software is 
used to simulate the electric potential between the conductive 
fiber and the microporous PTFE membrane to understand the 
proposed power generation process mechanism (Figure  3b). 
Figure S5 in supporting information shows a photograph of the 
interdigital electrode structure of F-TENG. Figure  3c–e shows 
the various output performances of the F-TENG at the dif-
ferent incident angles of raindrops (30° – 60°). The QSC of the 
F-TENG increased from 1.35 to 3.18 nC, the ISC increased from 
103.72 to 781.81 nA and the VOC of the F-TENG increased from 
1.98 V to 11.80 V as the incident angle of raindrops increased. It 
suggests that the larger the incident angle of the raindrop, the 
higher the output of the F-TENG. Moreover, the output perfor-
mance of the F-TENG with the different diameters of raindrops 
are measured in detail (Figure 3f–h). We control the size of the 
raindrop diameter by attaching different sized pipette tips to the 
bottom of the burette. The QSC of the F-TENG increased from 
0.09 to 2.65 nC, the ISC increased from 9.62 to 117.89 nA and 
the VOC of the F-TENG increased from 0.157 to 3.46 V with the 
increasement of raindrop diameter. The corresponding reason 
is that the contact area of raindrops to F-TENG increases with 
the increase of raindrop diameter.

As discussed above, the MW-TENG not only can harvest the 
energy of mechanical energy when the human body moves by 
the CS-TENG part, but can also be easily deployed to harvest 
raindrop energy from the rainfall environment by the F-TENG 
part. Figure 4a shows the MW-TENG with the size of 10 ×  
10 cm harvesting mechanical energy from different parts of the 
human body, the arm, the leg, and the foot. The electric energy 
harvested from body sports can be stored in different stored 
energy devices. The MW-TENG which is attached to the elbow 
and knee, mainly collects the mechanical energy of the elbow 
and knee joint flexion. The MW-TENG which is attached to the 
bottom of the foot, mainly collects the mechanical energy of  
the foot stepping and lifting while walking. Figure 4b shows the 
charging curve when MW-TENGs charge 0.47µF capacitors in 
different parts of the human body. When MW-TENG is placed 
on the arms, legs and feet to harvest the mechanical energy of 
the human body, the 0.47 μF capacitor is charged to 2.24, 4.49, 
and 5.93 V within 5 s. The capacitors of 1 and 2.2 μF are also 
charged by MW-TENG (Figure S6 in supporting information). 

It takes 8 s to charge the voltage of capacitors of 0.47, 1, and 
2.2 μF to 1.24, 2.09, 3.48 V through MW-TENG on the arms, 
5 s to 1.48, 3.16, 4.49 V through MW-TENG on the leg and 7 s 
to 2.00, 3.52, 7.68 V through MW-TENG on the arms. In order 
to prove their applicability, MW-TENG is designed to embed 
in traffic safety suit. When wearing clothes fabricated by MW-
TENG, LED warning signs on the vest can be lighted up during 
walking or tapping the MW-TENG (Figure  4c and Supporting 
Information Video S1). On the other hand, the watch is oper-
ated when MW-TENG harvests mechanical energy (Figure S9 
and Video S3, Supporting Information). Moreover, the shoulder 
lights installed on the clothes are lit by raindrop energy 
(Figure  4d and Supporting Information Video S2). The rain-
drops falling on MW-TENG can be clearly seen in the upper 
right of Figure 4d. When the MW-TENG is fabricated in three 
body parts, the corresponding QSC, ISC and VOC are measured, 
respectively (Figure  4e-g). The highest output performance is 
0.3 μC, 4 µA, and 125 V; 0.12 μC, 0.8 µA, 32 V and 0.15 μC, 
2 µA, 87 V, respectively, when the MW-TENG is attached to 
the sole of the foot, arm and leg. Figure S7 (support informa-
tion) shows the measured peak power and corresponding cur-
rent when MW-TENG is attached to different parts of the body 
and connected to different loads at 1 kΩ ≈ 100 GΩ. It indicates 
that the MW-TENG which is attached to the arms and legs 
can obtain a maximum peak power of 0.17 mW and 0.35 mW 
respectively, under a load of 20 MΩ. The maximum peak power 
of 1.35 mW can be obtained at a 50 MΩ load when TENG is 
attached to the sole of the foot. At the same time, the output 
current is almost stable when the load resistance is lower 
than 20 MΩ while it significantly reduces as the load resist-
ance changes from 20 MΩ to 5 GΩ. What is more, MW-TENG 
can exhibit stable output performance in rain. Figure  4h and 
Figure S8 (supporting information) prove that the output per-
formance of the CS-TENG part hardly changes in the rainfall 
environment compared with that before rain owing to the pro-
tection of water-proof design. On the other hand, rainwater col-
lected in the natural environment and showerheads are used to 
simulate actual rainfall conditions. Figure 4i-j shows the output 
performance of F-TENG in harvesting raindrop energy in a real-
istic rainfall environment. The maximum short circuit current 
and maximum open circuit voltage are 0.25 µA and 66 V. As a 
result, by the rational combination of CS-TENG and F-TENG, 
the as-prepared MW-TENG provides a practical strategy with 
wearable, breathable and waterproof properties for self-powered 
wearable electronic devices.

3. Conclusion

In summary, we design a MW-TENG composed of a contact-
separation triboelectric nanogenerator (CS-TENG) and a 
free-standing triboelectric-layer triboelectric nanogenerator 
(F-TENG) with a microporous PTFE membrane as the tribo-
electric materials and the conductive fiber as the conductive 
material to provide breathable and waterproof performance. 
The MW-TENG not only can harvest the energy of mechan-
ical energy when the human body moves by CS-TENG part, 
but can also be easily deployed to harvest raindrop energy 
from the rainfall environment by the F-TENG part. Thus, 
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the maximum peak power density of MW-TENG can reach 
1.03 W m–2. Moreover, the MW-TENG can be embedded  
in clothes and shoes to power the relevant electronic devices 
by harvesting human mechanical energy and raindrop 
energy. This work not only presents a kind of MW-TENG 
with the functions of flexible, breathable, and waterproof, 
but also provide a self-powered strategy to drive wearable 
electronics.

4. Experimental Section

Materials: A microporous PTFE membrane is used for the triboelectric 
materials, and conductive fiber is used for the conductive layer. The 
microporous PTFE membrane was injected with negative ions using an 
air-ionization gun.

Fabrication of the CS-TENG: First, a laser cutter (PLS6.75, Universal 
Laser Systems) was used to cut acrylic sheets (6 cm × 6 cm × 3 mm). 
Then the foam (6 cm × 6 cm × 1 mm) was attached to the acrylic sheet  

Figure 4.  The output performance and application of MW-TENG in human movement mechanical energy collection and raindrop energy collection. 
a) Schematic diagram of MW-TENG attached to different parts of the body. b) Charging curves at different body parts when MW-TENG charged  
0.47 µF capacitors. Demonstration of lighting up the LEDs by c) human movement and d) rainfall, on the upper right is an image of raindrops falling on 
MW-TENG. e) QSC, f) ISC and g) VOC of MW-TENG is attached to the different parts of the body. The stability test of CS-TENG and F-TENG in rainfall, 
h) VOC of CS-TENG before and after rainfall. i) ISC and j) VOC of F-TENG collecting raindrop energy.
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(6 cm × 6 cm × 3 mm) to achieve effective contact-separation of CS-TENG. 
Finally, the conductive fiber (3 cm × 3 cm) and the microporous PTFE 
membrane (6 cm × 6 cm × 60 µm) were attached to the foam. On the 
other hand, the conductive fiber (3 cm × 3 cm) was attached to the acrylic 
sheet (6 cm × 6 cm × 3 mm) as the other conductive layer.

Fabrication of the F-TENG: First, a laser cutter (PLS6.75, Universal 
Laser Systems) was used to cut acrylic sheets (15 cm × 12 cm × 3 mm). 
Then, the conductive fiber (12 cm × 10 cm) which was cut into interdigital 
electrodes with 3mm pitch was attached to the acrylic sheet (15 cm ×  
12 cm × 3 mm). Finally, the microporous PTFE membranes (15 cm × 
12 cm × 60 µm) were attached to the conductive fiber (12 cm × 10 cm). 
When we measured, we tilted F-TENG to a certain angle to facilitate 
raindrops to slide off the PTFE surface.

Fabrication of the MW-TENG: First, two sets of a conductive fiber (10 ×  
10 cm) are attached to a microporous PTFE membrane(10 cm × 10 cm ×  
60 µm). Then, a hollow square frame of foam (10 cm × 10 cm × 2 mm) was 
attached to one set of the microporous PTFE membrane (10 cm × 10 cm ×  
60 µm) and the other set of the conductive fiber (10 cm × 10 cm) to compose 
the CS-TENG part. After that, a laser cutter (PLS6.75, Universal Laser 
Systems) was used to cut the conductive fiber (10 cm × 10 cm) into interdigital 
electrodes with a 3 mm gap and then it was attached to the microporous 
PTFE membrane (10 cm × 10 cm × 60 µm) to achieve the fabrication of the 
F-TENG. Finally, the F-TENG and the CS-TENG are integrated.

Electrical Measurement of the TENGs: For the electric output 
measurement of the MW-TENG, CS-TENG and F-TENG, the 
programmable electrometer (Keithley model 6514) was utilized to 
measure the transferred charges and short-circuit current. The mixed 
domain oscilloscope (MDO3024) was utilized to test the open-circuit 
voltage. A potentiostat (Biologic, VMP3) was utilized to test the voltage 
of the capacitor in the charging capacitor test. The vertical contact 
separation motion was carried out by a linear motor (TSMV120-1S).

COMSOL Simulation: The 2D potential distribution between the 
microgaps of the triboelectric interface was calculated using the 
commercial software COMSOL. Copper foil, which was used to replace 
conductive fibers with a thickness of 200 µm were used as electrode and 
triboelectric film. The PTFE with a thickness of 60 µm film were used 
as a triboelectric film. The gap distance ranges from 0 to 5 mm. The 
surface charge density of the PTFE film was set at 50 µC m–2.

Air Permeability Test: The air permeability was measured by using an 
air permeability apparatus (YG461E, Qingdao Standard Testing Co., Ltd.,  
China) according to the ISO 9237:1995 standard test method under  
100 pa pressure drop.

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