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ABSTRACT: A cloth-base wearable triboelectric nanogenerator
made of nylon and Dacron fabric was fabricated for harvesting
body motion energy. Through the friction between forearm and
human body, the generator can turn the mechanical energy of an
arm swing into electric energy and power an electroluminescent
tubelike lamp easily. The maximum output current and voltage
of the generator reach up to 0.2 mA and 2 kV. Furthermore, this
generator can be easily folded, kneaded, and cleaned like a

common garment.
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B INTRODUCTION

With the fast development of portable and mobile electronics,
the corresponding convenient and portable power source must
be further developed to power them. In recent years, harvesting
different kinds of wasted tiny mechanical energies such as small
vibration ener%y,l_3 sound-wave energy,4 and body motion
energy (BME)> has drawn increasing attention because of its
huge potential in powering more and more widely used micro/
nanodevices. Among all kinds of mechanical energies, BME has
the unique advantages and properties. On the one hand ,
average-sized person stores much energy in fat equivalent to the
capacity of 1000 kg battery.” And about 25% of these stored
chemical energy can be converted into positive mechanical
energy.” From this, an average mechanical power output of 100
W can be obtained from a pedestrian.® Compared to energy in
the human body, the power consumption of the portable and
mobile electronics is rather weak. Take an iPhone 5S, for
example, the output power is about 0.66 W in talking mode and
only 0.026 W in standby mode. Even if only a small part of this
mechanical energy can be harvested into electricity, it is enough
to power most of the portable and personal micro/nanodevices.
On the other hand the world population has reached 7 billion
today and it continues to increase with a speed of more than 78
million per year. Such a large population provides a rich
resource of BME. With these two factors, the BME is expected
to be an important mobile energy in the near further.
Meanwhile, as the portable and mobile electronics become
more and more popular, the demand for mobile power source
is consequently growing, which further makes it necessary to
develop new techniques to harvest BME into electricity.

For powering some portable function devices,” " a kind of
wearable energy-harvesting technology is desirable. Tribo-
electrification is a common phenomenon in our daily life.
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Inspired by this, a triboelectric generator that is based on the
coupling between the triboelectric effect and the electrostatic
effect has been developed for harvesting small mechanical
energy. Through the periodic process of contact and separation
between two materials with opposite polarized triboelectric
charges, electrons can be driven to flow back and forth in the
external circuit between the electrodes.'* By now, the
triboelectric generator has made great progress on structure
design,™*' performance enhancement,'”**™>* and applica-
tion.”>~*’ Although some researchers have begun to work on
how to harvest the BME through piezoelectric/triboelectric
generators,27_30 until now, these triboelectric generators seem
more like an accessory of clothing rather than a cloth with the
characters of softness, flexibility, foldability, or washability. And
their performance needs to be further increased high enough to
power portable electronic devices. Therefore, it is highly
desirable to develop a truly wearable BME harvesting technique
that meets above requirements.

In this work, a novel wearable triboelectric generator with
improved performance and the characters of real wearable
clothes is developed. Utilizing the friction between clothes of
this triboelectric generator, it can convert the mechanical
energy of body motion into electrical energy naturally. The
short-circuit current and the open-circuit voltage reach a peak
value of 0.2 mA and 2 kV, respectively. The charging rate of the
device reaches 69 ;C/s. And this wearable generator can easily
power an electroluminescent (EL) tubelike lamp.
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Figure 1. (a) Schematic diagram of the cloth-based wearable triboelectric generator. (b) SEM image of the microstructure of nylon cloth’s surface.
(c) Photograph of half part of the fabricated wearable triboelectric generator. (d) Fabrication process of the wearable triboelectric generator.

@) r——

£ @

N
i

(b)
(c)

-—

RS

2d |

=

\ 4

@

Figure 2. Working mechanism of the wearable triboelectric generator. (a) The slide and friction between Nylon and Dacron make nylon cloth carry
positive triboelectric charges and Dacron cloth carries negative charges. The potential difference drives current from Nylon side to Dacron side. (b)
The inductive charges screen the triboelectric charges to form a static equilibrium state. (c) When the slide continues to make the relative
displacement S increase, the static equilibrium state is broken, and the current flows in a reversed direction. (d) When the relative displacement
reaches one cycle, the static equilibrium state forms again by the positive and negative triboelectric charges screen each other.

B RESULTS AND DISCUSSION

The wearable triboelectric generator has a layered structure
with two parts, as schemed in Figure la. The purple and orange
striped surfaces are the internal friction surfaces of the device
which are composed of nylon cloth and Dacron cloth,
respectively. Figure 1b shows the details of the surface
microstructures on the cloth. These microstructures are
naturally knitted with numerous threadlike fibers. The

abundant microstructures on the surface of nylon and Dacron
cloth play an important role to enhance the output. A photo of
half part of the fabricated generator is shown in Figure 1c. And
the details of the fabrication process can be summarized into
three steps as sketched in Figure 1d. First, two pieces of cotton
cloth are selected as the substrate for the generator. Then, ten
strip electrodes are prepared to form a grating structure clinging
to the cotton cloth by the adhesive. The size of the electrode

DOI: 10.1021/am5071688
ACS Appl. Mater. Interfaces 2015, 7, 18225—18230


http://dx.doi.org/10.1021/am5071688

ACS Applied Materials & Interfaces

Research Article

()

24

Voltage (kV)

0
-

87

81 84
Time (s)

_—
~
S

2 4
P
= 14
S
=
2 o,
=
=]
~ 14
100 200 300
Time (ms)
()
200
“ 150
=2
S
= 100
o
=
5 S0
o
0- T T
0 100 200 300
Time (ms)

(b) 200

<
E:um-
o
g o
-
T
=]
J-100+
34 36 38
I'ime (s)
2001
-
ﬁ_mu
g
o 0
b
e
=
O-100+
0 100 200
(f) Time (ms)
_
Q:'L Charging rate
-~ 69 nCls
< 104
g
]
o —|
o
£ s
E
-
£
2 01 : - :
2 0 90 180 270
Time (ms)

Figure 3. (a) Open-circuit voltage and (b) short-circuit current at an average sliding velocity of 1.7 m/s. (c) Enlarged view of the voltage output
signal and (d) current output signal. Inset: an EL lamp lighted by the generator. (e) One current wave packet of rectified short-circuit current by a

full-wave bridge. (f) Charging curves of the triboelectric generator. Via
capacitor of 100 uF.

a full-wave bridge the electrons of one wave packet are pumped into a

strip is 2 cm X 28 cm X 0.05 mm, and each of them is separated
with the others by a 1 mm gap. After that, all of these electrodes
are covered by five nylon strips and five Dacron strips
alternately. The size of these cloth strips is 2.1 cm X 28 cm
X 0.045 mm, and each of the cloth strips is bonded with the
corresponding electrode by the double-side tape. Finally,
connect the strip electrodes covered by Dacron cloth in
parallel to form the positive electrode of the generator, and
connect the strip electrodes covered by Nylon cloth in parallel
to form the negative electrode of the generator.

The working mechanism of the wearable triboelectric
generator is shown in Figure 2. When the relative sliding
occurred between the two contact surfaces of the device, nylon
cloth and Dacron cloth rubbed with each other. According to
the triboelectric series’' that ranks materials’ tendency to gain
or lose electrons, Nylon is more likely to lose electrons than
Dacron. So, as shown in Figure 2a, the electrons will be injected
from nylon to Dacron, which leads to the periodically arranged
nylon and Dacron carrying the positive and negative charges
respectively. When continued the relative sliding, the Dacron
strip moves from the position Al to the position B2. This
causes the matched area between the nylon/Dacron strips on
the two parts increases and the Dacron strips possess a lower
electric potential than the nylon strips. This potential difference
drives electrons to flow through external circuit and screens the
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triboelectric charges which are trapped on the nylon and
Dacron surfaces. When the relative displacement S reaches the
width d of one grating unit shown in Figure 2b, the positive and
negative charges which are retained on nylon and Dacron cloth
are completely separated in lateral direction. And the
triboelectric charges on the nylon and Dacron strips are
completely screened, leaving an equal amount of opposite
inductive charges on the rear electrodes (Figure 2b). As the
relative sliding continues, the Dacron strip in the position Al is
close to the position B3, and the matched area decreases which
results in an electric potential difference with reversed polarity
between the nylon and Dacron strips. Consequently, electrons
flow in a reversed direction, as shown in Figure 2c. As the
relative displacement S reaches 2d, the matched area between
the nylon/Dacron strips on the two parts decreases to zero;
meanwhile, the positive charges on nylon are completely
compensated by the negative charges on Dacron (Figure 2d).
Through above description, a pair of alternate current peaks
will be generated in one period that the relative displacement
achieves two grating units 2d. So we obtain an equation of the
peak number

N=S/d (1)

f=v/2d @)
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Figure 4. (a) Photograph of a working wearable generator sewn on the clothes. (b, c) Rectified output voltage and output current of the generator

when swing arm.

Origina Folding ™ Screwing up 2
I state unfolded unfolded
(b)1so (c)
- ~90;
WL L
E - - ~ ~ - = (4+—F— - - +
| 1] A
k. &
=904
Lils Original state o % 1*t unfoldec
39 42 45 18 2 24
Time (s) Time (s)
(d) (e)
-9
g- l l l I l Z150 3 <= Original state
- =
5 ‘ z
@ 1004
Al 1R
Ol 20 unfolded| 3
4 27 30 0 4 6 8 10
Time (s) Operatmn number

. || - ‘Original state

lli l...\'.f-.—

(2) * After 10% operation

Figure S. (a) Flexible performance test of the wearable triboelectric generator. (b) Output current of the generator in the original state. The output
currents of the generator after unfolded operation at the (c) first time and (d) second time. (e) Average current peak values of the generator after
each operation. (f, g) SEM images of the device surface before and after the flexible performance test.

Where S is the relative displacement between the two parts, d is
the width of one grating unit, N is the peak number of the
output signal, f is the frequency of output signal, and v is the
relative sliding speed of the device.

To trigger the generator, by pushing the top part of the
device with two hands, the top part will slide on the bottom
part, which is fixed on the table, just like Guang Zhu’s work."”
The open-circuit voltage (V,.) and short-circuit current (1) are
measured under the condition with the average sliding velocity
of 1.7 m/s, average pressure of 505 Pa and the relative
displacement S between the two parts is 32 cm. The relation
between output and pressure is shown in Figure S1 in the
Supporting Information. Panels a and b in Figure 3 show the
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V. and I, respectively; and each packet of the output signal is
generated by a one-way sliding motion of the device. And the
peak values of the V. and I reach 2 kV and 0.2 mA. In the
testing process, the output voltage is too large to use our
common voltmeter. To reduce the voltage, a voltage division
circuit is added. With the help of this circuit, only one two-
hundredth of actual voltage needs to be measured. As shown in
Figure 3¢, d, the wave packet is composed of 16 current peaks
and the frequency is 43 Hz, which meets eqs 1 and 2 well. It
means that the frequency of the output current can be exactly
controlled and adjusted by changing the width of grating unit d
and the sliding speed v easily.
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Figure 6. Washing process of the generator: (a) washing with detergent and (b) washing with water. (c) The output current of the generator after

washing.

A tubelike electroluminescence (EL) lamp with a length of
80 cm and 2.5 mm in diameter, which works under alternating
current (AC) with high frequency and high voltage, is utilized
as the operating load to demonstrate the capability of our
device as a direct power source. As seen in the inset of Figure
3¢, directly powered by the generator, the EL lamp emits bright
green light. And the whole driving process is shown in the
Supporting Information, Video 1. On the other hand, the AC
output could be transferred to direct current (DC) pulse output
by simply using a full-wave rectifying bridge (Figure 3e). The
rectified current can be easily gathered by a capacitance. As
demonstrated in Figure 3f, this curve represents a wave packet
of the output current from a one-way sliding motion. During
this process the charging rate, the ratio of the charge quantity
and acquisition time, reaches 69 ;C/s; and the corresponding
charging rate per unit area of the generator is 1.23 mC/(m” s.)

To test the generator’s energy harvesting ability from human
activity, two parts of the device are attached on one
experimenter’s inner forearm and waist, respectively. By
adjusting the positions of the two parts, they are kept to
contact face to face when the arms droop naturally, as shown in
Figure 4a. In this way, enough friction of these two parts can be
guaranteed from the swing arms. The computer screen in
Figure 4a real-time shows that the rectified current output
signal generated by the experimenter’s arm swinging.
Supporting Information Video 2 records the working process
of the device. The output voltage and current easily reach 0.7
kV and 50 pA, and each wave packet of the output signal
accompanies a swing of the arm.

Comparing to other kinds of function devices, the wearable
devices have strong demands for the flexibility and comfort of
the power source. Herein, we characterize the performance of
the wearable generator under some irregular deformations
similar to the conditions of wearable clothes. First prepare one
part of the generator on the table (Figure Sal), and then fold it
in half for five times into a small square of S cm X 8 cm (Figure
Sall). After unfolding the device (Figure Salll), the integral
structure of the generator is still intact as the original state.
Testing the output performance of the first unfolded generator,
we find that the generator can still work well with a small decay
(Figure Sc). After that, we screw up this device into a ball
casually, as shown in Figure 5alV, hold the kneaded device for
several minutes and unfold it again. Figure SaV shows that the
device is still intact after it was unfolded after the second
unfolding. As shown in Figure S5d, the generator generates
almost the same output current as before. To demonstrate the
robustness of this device, we continuously screw up and unfold
the generator for ten times and test the output current of the
generator after each unfolding. The output current signals are
shown in Supporting Information, Figure S2. Figure Se shows

the average currents of the device after different cycles of
folding and unfolding. After folding and unfolding the
generator for the second time, the output current starts to
level off. The result shows that current signals reduce obviously
in the first two cycles. The reason for above phenomenon can
be attributed to the wrinkles introduced by the operations of
folding and kneading. These wrinkles decrease the contact area
of the two parts. When new wrinkles cannot be produced, the
contact area is unchanged, which leads to the stable output
current. Besides, comparing the SEM images of the device
surface before and after the experiments (Figure Sf, g), it
appears that folding, kneading, and friction have very little
impact on the surface microstructure of the generator. Besides,
we add a durability test to verify that the generator is also
suitable for long-term use. Figure S3 in the Supporting
Information shows output current of the device after 90 min
continuous work at a frequency of 60 cycles per minute. It can
be easily seen that even after 5400 cycles of continuously
working of the generator, the output signal is still as large as
that at the beginning,

In addition, to check if the wearable triboelectric generator
could be washed just like our clothes, it was washed with
detergent and water (Figure 6a, b). After the washing process,
there is no obvious damage to the device structure.
Interestingly, the output current of the device after washing
displays higher value (90 pA) than before washing (see the
Supporting Information, Figure S2j). It may be attributed to
that the wrinkles and dirts on the friction surfaces after washing
are less than that before washing.

B CONCLUSION

In summary, we invent a new type of cloth-based wearable
triboelectric generator that can be attached on the surfaces of
the clothes to harvest the mechanical energy of body motions.
The generator not only has high output current and voltage of
0.2 mA and 2 kV, but also has a high charging rate of 69 uC/s.
With the high voltage and high frequency characteristics, the
generator can easily light an EL lamp. Furthermore, like the
common clothes, this generator can be folded, kneaded and
washed optionally with little impact on the performance of the
device, which makes it possible to be integrated into clothes as
a real wearable generator. With these virtues, the wearable
triboelectric generator has a great potential to be developed
into a new power source for the increasingly popular portable
electronic devices and form a unique energy supply network.

B ASSOCIATED CONTENT

© Supporting Information
Additional figures about the voltage and current output under
different pressures, figures about the output current signals after
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folding and unfolding, figure about the durability test of the
device, video showing the EL tubelike lamp lit by the wearable
generator and video showing the driving process of the
generator. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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