
Available online at www.sciencedirect.com
journal homepage: www.elsevier.com/locate/nanoenergy

Nano Energy (2013) 2, 1019–1024
2211-2855/$ - see fro
http://dx.doi.org/1

nCorresponding a
Engineering, Georgi
0245, USA.

E-mail address:
1These authors co
RAPID COMMUNICATION
Triboelectric nanogenerator built inside
clothes for self-powered glucose biosensors

Hulin Zhanga,b,1, Ya Yanga,1, Te-Chien Houa, Yuanjie Sua,
Chenguo Hub, Zhong Lin Wanga,c,n
aSchool of Materials Science and Engineering, Georgia Institute of Technology, Atlanta,
GA 30332-0245, USA
bDepartment of Applied physics, Chongqing University, Chongqing 400044, China
cBeijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing, China
Received 21 March 2013; accepted 28 March 2013
Available online 6 April 2013
KEYWORDS
Triboelectric nano-
generator;
Self-powering;
Glucose biosensor
nt matter & 2013
0.1016/j.nanoen.2

uthor at: School
a Institute of Tec

zlwang@gatech.ed
ntributed equally
Abstract
A triboelectric nanogenerator (TENG) based on the contact-separation mode between
a patterned polydimethylsiloxane (PDMS) film and an Al foil was fabricated between clothes
for harvesting body motion energy. Under the generally walking, the maximum output of
voltage and current density are up to 17 V and 0.02 μA/cm2, respectively. The TENG with
a single layer size of 2 cm� 7 cm� 0.08 cm sticking on the clothes was demonstrated as
a sustainable power source that not only can directly light up 30 light-emitting diodes (LEDs),
but also can charge a lithium ion battery by persistently clapping clothes. The electric energy
stored in the lithium ion battery was used to power a biosensor for detecting glucose. The
detection of bioactive chemicals in our body using the energy harvested from body motion is
demonstrated. Moreover, due to the sensitivity and desirable stability to periodic vibration, the
TENG was used to measure stride frequency as well.
& 2013 Elsevier Ltd. All rights reserved.
Introduction

In the recent years, attention has been paid to technologies
of how to convert ambient energy, such as light [1], heat [2],
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wind [3] and vibration [4], into electric energy to meet
the needs of independent and maintenance-free power
sources widely applied in personal electronics, implantable
sensors, environmental monitoring, etc. It is known that
mechanical motion/vibration is everywhere and at all time in
our life. Several approaches aiming at harvesting mechanical
energy in our living environment have been demonstrated
[5–7]. At the earliest, piezoelectric nanogenerator was
invented by Wang's group using ZnO nanowire arrays in 2006.
Subsequently, many nanogenerators based on the piezo-
electric effect are fabricated using various piezoelectric
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materials [7–14]. Recently, triboelectric nanogenerator
(TENG) is another type of mechanical energy harvestor
invented by Wang's group [15]. It can convert mechanical
energy into electricity based on triboelectric effect, and the
output power is sufficient to drive some conventional por-
table/mobile electronics [13,16].

Due to the advantages of high performance, easy fabrica-
tion, cost effective and green process, research on TENG is
attracting a lot of attention, and many significant achieve-
ments are reported [17–20]. In this paper, we demonstrate
the first application of TENG for harvesting body vibration/
movement energy by integrating TENG on layered clothes.
The electricity generated by clapping clothes can directly
light up commercial white LEDs or can be stored in a lithium
ion battery to subsequently power a biosensor [21], demon-
strating a self-powered glucose sensor for biomedical
diagnosis. Furthermore, TENG is also used as an active
sensor for detecting the stride frequency of a person.
Experimental section

A. Fabricating TENG in layered clothes

The TENG consists of a Cu film, a Polydimethylsiloxane
(PDMS) film and an Al foil, where the Cu film served as the
electrode layer of the PDMS film. In a typical process, the
elastomer and the cross-linker (Sylgard 184, Dow Corning)
were mixed in a rate of 10:1 (w/w) and then coated on
a homemade anodic aluminum oxide (AAO) substrate. After
vacuum process for 30 min, the unformed PDMS is trans-
ferred into a furnace at 85 1C for 1 h to get cured. After
cooled down, the cured PDMS was peeled off from the AAO
substrate. The surface without patterns was closely pasted
on the copper film. The Al foil was pasted on the outside
surface of the inner shirt, while the unit of PDMS and copper
film was stuck onto the inside surface of the external
clothes with the patterned PDMS surface outward to the
Al foil.
B. The measurement of the TENG

Before and after the TENG stuck onto the clothes, the
output performance of the TENG was measured using
Stanford Research Systems. SR560 and SR570 low noise
current amplifiers were used to record voltage/current,
respectively.
C. The fabrication of glucose sensor

Nanoscaled CuO was prepared by the composite molten salt
method [23]. In a typical reaction, 6 g of mixed (LiNO3/
KNO3=1/2) was put in a 25 mL Teflon-lined autoclave, and
1 mmol CuSO4 � 5H2O and 2 mmol KOH were added into the
mixed nitrates. The vessel was sealed and then kept at
200 1C for 24 h, and then let cool down naturally. The final
products were washed with deionized water and absolute
ethanol. Subsequently, the nanostructures were character-
ized by XRD (Paralytical XRD-660) and SEM (SEM, LEO 1550)
and EDS, which is shown in Figure S4.
The graphite electrode was polished and cleaned with
deionized water. After dried, the graphite electrode was
coated by 50 μL dispersed CuO ethanol solution, and dried
under an infrared lamp. Then, 10 μL of 0.5 wt% Nafion was
dropped on the surface of the electrode in order to
immobilize the CuO nanocrystals on the graphite electrode
and to improve the anti-interferent ability. Finally, the CuO
catalyst modified electrode was obtained after covering the
electrode with epoxy resin leaving an open area of 5 mm�
4 mm. For comparison, a pure graphite electrode covered
with 10 μL of 0.5 wt% Nafion on its surface was fabricated.
Results and discussion

The TENG is based on the contact electrification between a
patterned PDMS film as the top plate and an Al foil as the
bottom plate. The schematic diagram of the TENG is shown
in Figure 1a. A Cu film, as the electrode layer, is closely
pasted on the smooth surface of the PDMS film, with the
patterned surface outward. The friction is induced between
the patterned surface of PDMS and the Al foil. The
patterned surface of PDMS film (Figure 1b) was made to
enhance the triboelectric charging and characterized using
scanning electron microscopy (SEM). The uniform arrays are
made of the patterned surface of PDMS film.

To explore the performance of the TENG, a home-made
motor system was employed to apply periodical compressive
force onto the TENG. As triggered by a force with controlled
frequency and amplitude, an open-circuit voltage and a
short-circuit current density were generated, as shown in
Figure 1c and d under the forward connection to the
measurement system, respectively. The output voltage is
up to 83 V and the corresponding output current density can
research 0.32 μA/cm2. Figure 1e and f reveal the output
signal of the TENG under the reversed connection. More-
over, the alternating electric output signal can be rectified
by a full-wave bridge circuit for the further usage, as shown
in Figure S1. The mechanism of the polymer-metal TENG is
based on that the electrons flow through an external load as
driven by the potential difference between the two elec-
trodes induced by triboelectric effect [19].

To harvest the mechanical energy from a human walking,
the TENG was stuck onto the clothes. Specifically, the PDMS
film pasted on the Cu electrode layer was stuck on the
inside surface of the outer clothes with the Al foil on the
outside surface of the shirt. Then the outer clothes was
buttoned, the photograph is present in Figure 2a with the
details of the TENG revealed in the bottom half. The output
voltage and current density produced during a general
walking can easily reach 10 V and 0.01 μA/cm2, respectively.
Meanwhile, the output signal under reversed connection is
shown in Figure S2b and c. When walking, a positive output
signal with a subsequent negative output signal are gener-
ated alternatively. Specifically for a human walking, when
one leg stepped forward, a positive signal was generated;
then. a negative signal was received with the other leg
followed up with the previous one. In this process, the
vibration/swing of the cloth generated from walking can
drive the two plates of the TENG to switch from contact
to separation periodically. Video 1 (see the supporting



Figure 1 (a) Schematic diagram of the fabricated TENG. (b) SEM image of the PDMS nanostructure array. The output voltage and
current density of the TENG under the forward connection (c,d) and the reversed connection (e,f) to the measurement.

Figure 2 (a) Photograph of a working TENG (2 cm� 7 cm� 0.08 cm in size) stuck onto the clothes with the shirt buttoned.
(b) The output voltage of the TENG when walking. (c,d,e,f) The output voltage signals at different stride frequency, 0.05 Hz (c),
0.1 Hz (d), 0.2 Hz (e) and 0.5 Hz (f).
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information) recorded that the output signals were gener-
ated by human walking in a real-time manner.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.nanoen.2013.03.024.
Owning to the sensitivity and stability of output voltage
of the TENG on clothes to body movement, the TENG was
employed to measure the walking frequency. The output
voltage signals with different frequencies are represented
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Figure 3 (a,b) Output voltage (a) and current density (b) of the TENG stuck onto clothes when clapping. (c) Photograph of the
working TENG stuck onto the clothes with the shirt unbuttoned. (d) Snapshots of several white LEDs connected in series before (left)
and while (right) clapping the clothes.
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in Figure 2c, d, e and f, which is corresponding to different
walking frequencies (0.05, 0.1, 0.2, and 0.5 Hz).

To improve the output performance of the TENG, a larger
force was applying on the TENG by clapping it with
hands. Figure 3a illustrates the output voltage and current
density, as shown in Figure 3b, indicating that the largest
output voltage and current density can be up to 100 V and
1.35 μA/cm2, respectively. The output signal under reversed
connection is given in Figure S3, showing the TENG together
with several LEDs attached on the body. A close-up photo
illuminates the structure of the TENG before buttoned, as
shown in the bottom half of Figure 3c. As expected, 30 LEDs
were lighted up when clapping the corresponding part of
the clothes, which is represented in Figure 3d. It can be also
seen in the movie 2 in the supporting materials.

Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.nanoen.2013.
03.024.

Usually, the alternating current pulse generated by the
TENG can not directly drive biosensors due to the require-
ment for a stable direct current or higher power consump-
tion. It is necessary to store the energy in a lithium ion
battery so that the power to the biosensor can be regulated.
A glucose sensor was fabricated as follows. A graphite
electrode modified by CuO nanostructures and a pure
graphite electrode were prepared. To confirm the stability
of the sensor, we first used a DC voltage power source to
drive its operation for detecting glucose. Figure 4a shows
the current response of the two electrodes to successive
additions of 0.1 mM glucose to 0.1 M NaOH at an applied
potential of 0.8 V, indicating that the electrode modified by
CuO nanostructure shows a highly enhanced response to the
change of glucose concentration, which is in contrast to the
low response of the pure graphite electrode. The corre-
sponding calibrated sensitivity plot of CuO modified elec-
trode is illustrated in Figure 4b, showing a good linear range
from 0.1 mM to 1 mM. The improved performance is asso-
ciated with the larger surface area, higher surface energy
and enhanced electron transfer ability of the CuO nano-
structures [22].

To fabricate a self-powered detecting system, a lithium ion
battery was charged by the TENG continuously driven by
clapping the clothes for many times. The schematic diagram
of self-powered glucose biosensing system is shown in
Fig. S5a. Figure 4c shows the charging and the subsequent
constant-current discharging curves of the lithium ion battery.
After more than 2 h of clapping at a frequency of about 2 Hz,
the battery was charged from 440 to 800 mV. By repeating the
same procedures, the battery was recharged and used to
power the glucose biosensor based on the CuO nanostructure
modified graphite electrode. The response curve is presented
in Figure 4d, indicating that the biosensor can be powered by
using the electricity supplied by the charged battery. As a
result, the detection of the bioactive chemical in our body
can be carried out using the energy from the movement of our
body although further improvement is clearly necessary for
biological detection based on the TENG.
Conclusions

In summary, a simple TENG based on the contact electrifica-
tion has been fabricated based on clothes to harvest body
motion energy. The TENG is demonstrated as a power source
that not only can directly light up 30 LEDs connected in
series, but also can charge a lithium ion battery by clapping
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Figure 4 (a) The amperometric response of the CuO modified electrode and a pure graphite electrode to successive additions of
0.1 mM glucose to 0.1 M NaOH solution as it is driven by a standard DC power of 0.8 V. (b) The corresponding calibrated sensitivity
plot of CuO modified electrode. (c) The charging and the subsequent constant-current discharging curves of the lithium ion battery.
(d) The response curve of the CuO modified electrode powered by the TENG charged battery.
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the clothes, which later is used to power a biosensor for
detecting glucose. The fabricated TENG has the potential
applications in harvesting the wasted biomechanical energy
from our bodies for self-powered biosensors.
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