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recent studies have reported fl exible and wearable TENGs 
based on thin polymer and metal fi lms, [ 11c , 12 ]  further research 
is still urgently required to design textile-based TENGs that are 
light, soft, washable, breathable, stretchable, and thus directly 
wearable as a cloth. 

 On the contrary, rechargeable batteries are still indispen-
sable in portable electronics, considering the discontinuity of 
the energy source (i.e., solar, thermal, wind, and mechanical 
energy) of most energy harvesters. In order to improve the fl ex-
ibility of batteries, it is essential to substitute the rigid package 
and current collector of commercial batteries with bendable 
or stretchable counterparts. [ 1,13 ]  Recent research has reported 
paper or textile batteries with the utilization of graphene, [ 14 ]  
carbon nanotubes (CNT), [ 15 ]  or carbon nanofi ber cloth [ 16 ]  as the 
fl exible substrate, whereas the scale-up diffi culty and high cost 
of these materials impede their practical commercialization. 

 Herein, we designed a wearable power unit by integrating 
a whole-textile TENG-cloth and a fl exible lithium-ion battery 
(LIB) belt. Common fl exible but insulating polyester fabrics 
were transformed into conductive with an electroless plating 
of a conformal Ni fi lm, which were then utilized both as elec-
trodes in the TENG-cloth and as current collectors in the LIB 
belt. The TENG-cloth demonstrated the capability of converting 
the mechanical energy of various human motions into elec-
tricity when being worn at different positions on the human 
body; the LIB belt showed decent electrochemical performances 
even being severely folded at 180° for 30 times. Furthermore, 
the LIB belt was charged by the TENG-cloth for 3 cycles, and 
powered a heartbeat meter strap capable of remote communi-
cation with a smart phone, verifying the viability of the whole-
wearable and self-charging power unit for future wearable 
smart electronics. 

 As the conductive electrode is one of the key components 
in a TENG, it is crucial to develop a soft and wearable con-
ductor for wearable TENG. Common soft polyester fabric was 
selected as the starting substrate, and was consecutively coated 
with conductive Ni fi lm (Ni-cloth) and insulating parylene fi lm 
(parylene-cloth), as schematically illustrated in  Figure    1  a. Due 
to the diffi culty in handling individual polyester microwire, 
belt-type Ni-cloth, and parylene-cloth (5-mm wide) were used as 
the building block (see Figure  1 a,b), and fi nally woven into a 5 
cm × 5 cm TENG-cloth (see Figure  1 a,c). All the Ni-cloth belts 
were connected together as one electrode of the TENG, while all 
the parylene-cloth belts were connected as the other. After the 
Ni-coating, white polyester cloth changes into silver; while par-
ylene layer is relatively transparent (see Figure  1 b). The woven 

  Wearable energy devices are receiving intensive research 
endeavor, aiming at powering a variety of fl exible electronics 
such as wearable smart phones, healthcare sensors, and smart 
uniforms. [ 1 ]  While the fl exibility or bendability has been dem-
onstrated in displays, [ 2 ]  light-emitting diodes, [ 3 ]  sensors, [ 4 ]  and 
fl exible circuits, [ 5 ]  the use of traditional rigid battery packs as 
a power source remains a bottleneck hindering the progress 
of wearable electronics. Furthermore, the long-standing chal-
lenge in improving the energy density of the battery has not 
yet been well addressed. [ 6 ]  The consequential heavy weight, 
bulky volume, and frequent charging of a battery make portable 
electronics uncomfortable or inconvenient to be worn on the 
curved human body. Therefore, in addition to improving the 
fl exibility of battery, the solution also lies in the proper integra-
tion of wearable energy-harvesting and energy-storing devices 
into a self-sustainable or self-suffi cient power system. 

 The triboelectric nanogenerator (TENG) is a newly developed 
energy-harvesting technology that converts mechanical energy 
into electric power with a coupled effect of contact-electrifi ca-
tion and electrostatic induction. [ 7 ]  It is promising for applica-
tions both in scavenging small mechanical energy and large-
scale energy generation, because of its high effi ciency, low-cost, 
environmental friendliness, and universal availability. [ 7b ]  Var-
ious structures have been designed to harvest different types 
of energies such as the wind, [ 8 ]  water-waves, [ 9 ]  raindrops, [ 10 ]  
and human motion. [ 11 ]  Due to the universal existence of the 
triboelectricity, the materials choice of the TENG is enor-
mous, as long as the triboelectric negativity is appropriately 
considered, [ 7b ]  ensuring the feasibility in designing a highly 
fl exible or wearable TENG to harvest the energy of daily human 
motions and to power wearable electronics. Though several 
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TENG-cloth textile retains the mechanical fl exibility, air-breatha-
bility, water-washability, and thus comfortability of the original 
polyester cloth. Figure  1 d shows the SEM image of the pristine 
polyester cloth with a woven structure of polyester microwires. 
After the electroless coating of Ni, the surface of the polyester 
cloth was coated with a conformal Ni layer with nanoscale 
roughness (see Figure  1 e). The resistance of a 0.5 cm × 10 cm 
Ni-cloth is measured to be several ohms, comparable with typ-
ical metal foils and more conductive than reported CNT or gra-
phene papers. [ 17 ]  Meanwhile, this coating method is low-cost and 
suitable for scale-up, and we can easily coat the polyester cloth 
with arbitrary size and shape in a short time and at low tempera-
ture. In contrast, the expensive synthesis of CNT or graphene 
by chemical vapor deposition at very high temperature and extra 
efforts in dispersing them in solvents make them diffi cult for 

large-scale application. Figure  1 f shows a relatively smooth layer 
of parylene fi lm covering the underneath Ni fi lm after the chem-
ical vapor deposition of parylene. It should be noted that coating 
methods used for Ni and parylene both produced conformal 
layers that cover the wavy surface of the textile substrate.  

 In order to elucidate the working principle, the output 
characteristics of the fabricated TENG-cloth at a TENG-cloth–
TENG-cloth contact–separation (C–S) mode were characterized, 
as shown in  Figure    2  . The releasing and pressing of two pieces 
of TENG-cloths can be simplifi ed into the contact–separation 
between a parylene-cloth wire and a Ni-cloth wire, since all the 
parylene-cloth wires and Ni-cloth wires are respectively con-
nected together as two electrodes, as schematically illustrated 
in Figure  2 a. Contact electrifi cation, i.e., electron transfer from 
tribopositive Ni fi lm to trobonegative parylene fi lm, occurs once 
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 Figure 1.    The fabrication of triboelectric nanogenerator cloth (TENG-cloth). a) Schematic illustration of the fabrication of TENG-cloth. b) An optical 
image of pristine polyester cloth, Ni-cloth and parylene-cloth. The Ni-cloth is coated with conductive Ni coating by an electroless deposition; the 
parylene-cloth has an insulating parylene fi lm on top of the Ni coating. c) An optical image of the TENG-cloth fabricated by weaving Ni-cloth and 
parylene-cloth. SEM images of d) pristine polyester cloth, e) Ni-cloth, and f) parylene-cloth.
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two TENG-cloths are brought into close contact. This charge 
separation will create an electric potential difference (EPD) 
between the two electrodes: σ ε= −U d/EPD o, where  σ  is the tri-
boelectric charge density,  ε  o  is the vacuum permittivity, and 
 d  is the distance between two electrodes. [ 7b ]  When the TENG 
is being released, the open-circuit voltage ( V  oc ) increases as 
the EPD is increased, while  V  oc  decreases when the TENG is 
pressed (see Figure  2 c). When the TENG is shortened, the EPD 
will drive the fl ow of electrons between two electrodes through 
the external circuit, creating two current pulses ( I  sc ) with oppo-
site directions when being released and pressed (see Figure  2 b). 
The maximum  V  oc  and  I  sc  is 50 V and 4 µA, respectively, which 
is dramatically improved comparing with previously reported 
textile nanogenerators made of CNT and Ag wires. [ 18 ]  With a 
rectifi er, the negative current can be reversed into positive, as 
shown in Figure  2 d.  

 Figure  2 e shows the variation of areal peak current den-
sity and power density versus the external loading resistance. 
The power density is calculated by =W I R A( )/peak

2 , where  A  is 
the area of the TENG-cloth and  R  is the external load resist-
ance. The current density shows no obvious decrease until the 
external resistance is increased to about 60 MΩ, indicating that 
the TENG-cloth is suitable for a constant current source. [ 19 ]  The 
peak power density reaches the maximum of 393.7 mW m –2  
when the external resistance is about 70 MΩ. Given a human 
body of surface area of roughly 1.44 m 2  (0.9 m chest perimeter, 
0.7 m upper body height, 0.45 m leg perimeter, and 0.9 m leg 
length), the ideal peak power generation can be 566.9 mW. If 
the motion or working time of a human body is 6 h per day, the 
peak energy generated by human motion can be 3.4 W h, which 
is able to fully charge a battery with 3.4 V operation voltage and 
1000 mA h capacity, close to that of a battery of a smart phone. 
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 Figure 2.    The output of the wearable TENG-cloth. a) Schematic illustration of the working mechanism of the wearable TENG in TENG-cloth–TENG-
cloth contact–separation mode. b–d) The output short-circuit current (b); open-circuit voltage (c); and rectifi ed short-circuit current (d) of the TENG. 
e) The variation of current density and power density of the TENG with the external load resistance.
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Though not all parts of human body are in motion, the TENG-
cloth is still promising to compensate the energy consumption 
of smart electronics so as to elongate their standby time. 

 The versatility of the TENG-cloth in scavenging energy of 
various types of human motions was also demonstrated, as 
shown in  Figure    3  . Figure  3 a,b elucidate the operation mecha-
nisms of TENG-cloth in vertical C–S motion with the human 
skin or other common cloths, and two TENG-cloths in hori-
zontal sliding motion, respectively. As shown by the inset 
optical photos in Figure  3 c, the TENG-cloth was attached to the 
hand to mimic four modes of relative motions of human body: 
TENG-cloth–TENG-cloth C–S mode, TENG-cloth–skin C–S 
mode, TENG-cloth–cloth C–S mode, and TENG-cloth–TENG-
cloth rubbing mode. The corresponding rectifi ed peak short 
currents  I  sc  were measured to be around ≈10, 15, 20, 1.5 µA, 
respectively (see Figure  3 c). Figure  3 d shows the voltage pro-
fi le of a capacitor (1 µF and 100 V) charged by the TENG 
under these four modes of energy generation. The slope of 
the charge accumulation was measured to be 1.8, 2.1, 3.7, and 
1.2 µC min –1 , respectively (calculated by Δ = ΔQ C V ). It should 
be noted that the charge accumulation rate of rubbing mode is 

comparable with three C–S modes though its peak current is 
an order smaller, due to the increased frequency by introducing 
each building block (parylene-cloth wire and Ni-cloth wire) as 
a segment. Similar improvements have been reported in our 
previous publications that segmentation design can increase 
the frequency and output power. [ 20 ]  By narrowing the width or 
diameter of the woven belts or wires into the microscale, it is 
promising to further improve the output of the TENG-cloth 
under rubbing mode.  

 Thanks to the above-demonstrated versatility, the TENG-cloth 
can be worn at nearly every position of human body as long as 
there is relative motion (either C–S or rubbing) of TENG-cloth 
with TENG-cloth, common cloth, or human skin. As shown in 
Figure  3 e, the TENG-cloth was worn under foot, under arm, and 
at the elbow joint (see photos in Figure  3 e). The peak rectifi ed 
short currents (see plots in Figure  3 e) generated by foot pressing, 
arm swinging, and elbow bending are ≈20, 2, and 0.8 µA, 
respectively. The TENG-cloth worn under foot and arm can also 
light 37 and 17 green light-emitting diodes (LEDs), respectively 
(see insets in photos in Figure  3 e). Video S1 (Supporting Infor-
mation) records that 37 LEDs were lit by the TENG-cloth worn 
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 Figure 3.    Harvesting mechanical energy of different human motions by the TENG-cloth. a,b) Scheme of mechanisms of the TENG-cloth working at 
different modes. c) The rectifi ed short-circuit current and corresponding optical images (insets of c) of TENG-cloth at different modes. d) The voltage 
profi le of a capacitor (100 V and 1 µF) charged by the TENG-cloth at different modes. e) The optical images and corresponding short currents when 
the TENG-cloth was worn at different positions of human body, from top to bottom: under foot, under arm, and at elbow joint. The inset also shows 
37 and 17 LEDs lit by the TENG-cloth when being worn under the foot and arm, respectively.
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under arm, further confi rming the viability of energy genera-
tion by the TENG-cloth. 

 Considering the discontinuity of human motion and the 
pulse output of TENG-cloth, wearable energy-storage devices 
are still necessary so that the energy generation and storage can 
be integrated to achieve our goal of self-charging power unit 
for wearable electronics. As discussed above, the key to fabri-
cating a highly fl exible LIB is to utilize soft or fl exible current 
collectors and battery packages. In our design, the conductive 
Ni-coated polyester textile (i.e., Ni-cloth) was utilized as cur-
rent collectors in both the cathode and the anode, and a fl ex-
ible pouch cell was assembled, as shown in  Figure    4  . Active 
slurries of LiFePO 4  and Li 4 Ti 5 O 12  were coated on the Ni-cloth 
as the cathode and the anode, respectively (see Figure  4 a). The 
microscale woven feature of the textile (see Figure  1 d) and the 
nanoscale roughness of the Ni coating (see Figure  1 e) promote 
the intimate contact and adhesion of active layers with the con-
ductive Ni fi lm. Meanwhile, the excellent fl exibility of the textile 
electrode is retained, as demonstrated by facile 180° bending 
of one electrode in Figure  4 b. Even after a complete folding 
of the textile electrode, no peel-off of the active materials can 
be observed, as indicated by the white strap in Figure  4 c, con-
fi rming the intimate adhesion between the active materials and 
the textile current collectors. Figure  4 d shows a fi nally assem-
bled belt-type pouch cell with textile LiFePO 4  cathode, textile 
Li 4 Ti 5 O 12  anode, and a soft Celgard separator.  

 Figure  4 e shows the charge/discharge profi les at 0.5 C rate 
(1 C = 170 mA g –1  of LiFePO 4 ) of the LIB belt folded at different 

angles ranging from 0° to 180°. At the original state (i.e., 0° 
bending), the LIB shows a discharge voltage plateau of ≈1.8 V, 
a charge voltage plateau of ≈1.9 V, and a discharge capacity of 
81 mA h g –1  normalized by the weight of cathode LiFePO 4 . 
Upon bending at 30°, 90°, and 180°, no degradation of bat-
tery performances can be observed. In contrast, the capacity 
is slightly increased comparing with that at original state, pre-
sumably because that the anode and cathode are pressed closer 
during bending. At 180° bending, the LIB belt is actually folded 
completely (see the inset in Figure  4 e). After 30 times of 180° 
complete folding, the LIB belt still exhibits highly stable cycling 
performances, achieving 85.4% capacity retention in the subse-
quent 60 cycles of charge/discharge at 0.5 C rate (see Figure  4 f). 
A residual line can be clearly observed in the LIB belt after the 
severe deformation for 30 cycles, as indicated in the inset in 
Figure  4 f. The excellent fl exibility and stable electrochemical 
performances of the LIB belt is because that all components 
in the pouch cell are fl exible, which ensures the feasibility of 
wearing this LIB pouch belt as wrist straps, a waist belt, etc. 

  Figure    5   demonstrates the self-charging power unit by inte-
grating the TENG-cloth as energy generation device and the 
LIB belt as energy storage device. A prototype of the power 
system is shown in Figure  5 a, where a heartbeat meter strap 
worn at the chest is powered by a LIB belt, which can be further 
charged or compensated by a TENG-cloth worn under the arm. 
The heartbeat meter has Bluetooth function, so that a remote 
smart phone can record and analyze the physiological infor-
mation of human during sports or daily life. Figure  5 b shows 
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 Figure 4.    The fabrication and performances of fl exible LIB belt. a) An optical photo of pristine Ni-cloth substrate, LiFePO 4 -coated cathode, and 
Li 4 Ti 5 O 12 -coated anode. b) A photo of a bended anode. c) SEM image of an anode fi lm after a complete folding. d) A photo of a fabricated LIB belt. 
e) Voltage profi les of LIB belt bended at different angles. The inset of (e) shows the 180°-folded LIB belt during test. f) The cycling performances of the 
LIB belt before and after 30 times of 180° folding/unfolding. The inset in (f) indicates the folded line after the folding/unfolding cycles.



6 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

Adv. Mater. 2015, 
DOI: 10.1002/adma.201500311

www.advmat.de
www.MaterialsViews.com

the rear side of the heartbeat strap, confi rming that its original 
rigid coin cell is replaced by our wearable LIB belt. The equiva-
lent electric circuit of the whole system is shown in Figure  5 c. 
Video S2 (Supporting Information) records the remote commu-
nication of a smart phone with a heartbeat meter strap, which 
is powered by our self-charging and wearable power unit. This 
power unit can be easily modifi ed for many other wearable 
smart electronics, such as smart watches and smart glasses.  

 To further verify the capability and stability of the wearable 
TENG-cloth in charging LIB belt, a LIB belt was charged by the 
TENG-cloth and subsequently discharged galvanostatically (GD) 
at 1 µA constant current for 3 cycles, as shown in Figure  5 d. 
A linear motor was utilized to mimic the TENG-cloth–TENG-
cloth C–S mode motion of human at 0.7 Hz low frequency 
during the charge process. The voltage of the LIB belt increases 
rapidly to the operational voltage (≈1.9 V) upon the charging by 
the TENG-cloth. The charging time for the fi rst, second, and 
third cycle is 4, 9, and 14 h, respectively. The corresponding dis-
charge capacities are 1.3, 2.8, and 4.4 mA h m –2 , respectively, 
when being normalized by the area of the TENG-cloth. During 
sports, the motion frequency of human body is actually much 
larger than 1 Hz, and thus higher energy generation can be 
expected. This energy is enough to power many small health-
care electronics (e.g. heartbeat meter, pedometer, pulse meter, 

body temperature meter), making the self-
charging and wearable power unit possible to 
diminish or even eliminate the battery charge 
by a bulky household battery charger. 

 In conclusion, we have developed a self-
charging power unit for smart electronics by 
integrating a textile TENG-cloth as an energy 
harvester and a fl exible LIB belt as energy 
storage. The whole-textile TENG-cloth can 
be worn at many different positions of the 
human body (e.g., under the foot, under the 
arm, and at a joint), due to its versatility in 
scavenging energies of various modes of 
human motions. Excellent fl exibility and 
stable electrochemical performances of the 
LIB belt was achieved even when the LIB 
belt was completely folded at 180° for 30 
times, owing to the utilization of conductive 
Ni-cloth textile as current collector in both 
cathode and anode, and the use of Al pouch 
as package. The electric energy converted 
from the daily human motion by the TENG-
cloth was demonstrated to be able to charge 
the LIB belt, which then was able to power a 
heartbeat meter with remote communication 
with a smart phone. The stability of the power 
unit was further confi rmed by charging 
the LIB with TENG-cloth and subsequently 
galvanostatic discharging for 3 cycles. 
The viability of our wearable and self-
charging power unit provides potential solu-
tion to pave the way for the progress of wear-
able/fl exible electronics in the near future.  

  Experimental Section 
  Preparation of TENG-Cloth : Conductive Ni-cloth textile was prepared 

by an electroless plating of Ni on common polyester cloth. Polyester 
cloth was fi rst cleaned with abundant acetone and deionized (DI) water 
by a bath sonicator. Subsequently, it was sensitized by aqueous solution 
with 10 g L –1  SnCl 2  and 40 mL L –1  38% HCl, and then activated with an 
aqueous solution with for 0.5 g L –1  PdCl 2  and 20 mL L –1  38% HCl at 
room temperature for 10 min, respectively. After rinsing in DI water, the 
seeded polyester cloth was immersed in a 0.1  M  NiSO 4  aqueous solution 
for electroless plating at 80° for 10 min. The PH was adjusted to 10 by 
10% NaOH solution. After the coating, the Ni-cloth was washed with DI 
water and then dried in vacuum oven. 

 Parylene-cloth was prepared by chemical vapor deposition of parylene 
on the conductive Ni-cloth with Dichloro-[2,2]-paracyclophane as the 
source. TENG-cloth was woven with ten Ni-cloth belts as longitude lines 
and ten parylene-cloth belts as latitude lines. All the TENG-cloth belts 
were connected together by copper wire as one electrode, and all the 
Ni-cloth belts connected as another electrode. 

  Preparation of Flexible LIB Belt : Ni-cloth was used as current collectors 
in both cathode and anode. LiFePO 4  (MTI, Inc.) and Li 4 Ti 5 O 12  (MTI, Inc.) 
were used as active materials for cathode and anode, respectively. Active 
materials, carbon black, and PVDF with the weight ratio of 7:2:1 were 
thoroughly mixed in NMP to prepare slurries, which were subsequently 
pasted onto the Ni-cloth by a doctor blade. Then, electrodes were 
annealed at 120° for 12 h in a vacuum oven. The areal weight of active 

 Figure 5.    Self-charging power unit. a) An optical image of the integrated self-charging power 
system that harvests mechanical energy of human motion with TENG-cloth, stores the energy 
with LIB belt, and then powers heartbeat meter strap, which has remote communication with 
a smart phone. b) The rear side of heartbeat meter, indicating that its original coin cell was 
replaced by the LIB belt. c) The equivalent electrical circuit of the self-charging power system. 
d) The voltage profi les of the LIB belt charged by the TENG-cloth and galvanostatically dis-
charged (GD) at 1 µA for 3 cycles.
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materials is about 4 mg cm –2  in the fi nal electrodes. The fl exible LIB belt 
was assembled using an Al pouch as package, Celgard 2325 as separator, 
and 1  M  LiPF 6  in EC:DMC (1:1 by vol.) as electrolyte. The weight ratio of 
LiFePO 4  to Li 4 Ti 5 O 12  in a LIB cell is about 1.2. 

  Characterizations and Measurements : The output short current and 
open-circuit voltage of the TENG-cloth were measured by a Stanford low-
noise current preamplifi er (Model SR570) and a Keithley electrometer 
(Keithley 6514), respectively. The TENG-cloth was attached onto a linear 
motor to mimic human motions for the measurement. The LIB belt was 
cycled at 0.5 C rate (1 C = 170 mA h g –1  of LiFePO 4 ) by a galvanostat 
(LAND CT2001A). For the demonstration of self-charging power unit, 
the charge and discharge profi le of LIB belt was recorded by Keithley 
6514 and LAND CT2001A, respectively. Scanning electron microscopy 
(SEM) was taken with a Hitachi SU8200.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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