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Wearable triboelectric nanogenerators based on
hybridized triboelectric modes for harvesting

mechanical energy+

Yu Qiu, @ *2¢ Dechao Yang,*® Bing Li,* Shuai Shao® and Lizhong Hu?®

In this paper, we demonstrate a newly designed hybridized triboelectric nanogenerator (TENG) fabric
incorporating multiple working modes, which can effectively harvest ambient mechanical energy for
conversion into electric power by working in a hybridization of a contact—separation mode, a sliding mode
and a freestanding triboelectric layer mode. The power generation of each mode of the TENG fabric was

systematically investigated and compared along different directions, under different frequencies and at

different locations. Owing to the advanced structural design, the as-fabricated TENG fabric could be
switched between multiple working modes according to its real working situation. High output voltage and
current of about 140 V and 0.6 pA, respectively, were obtained from a larger size of TENG fabric, which
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could be used to light up 120 LEDs in series. Compared to the previously reported TENGs, such

a hybridized TENG fabric based on hybridized modes has much better adaptability for harvesting energy
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1. Introduction

Wearable electronic devices have received great attention due to
their promising applications in a vast range of fields such as
health monitoring, wearable smart phones, artificial skin
sensors and motion tracking. Typically, any of these elec-
tronic devices need an external power source to operate.
However, traditional rigid batteries as power sources remain
a bottleneck hindering the practical and sustainable uses of
wearable electronics, due to their heavy weight, bulky volume,
and limited capacity and lifetime. In order to improve the
flexibility of the battery, the development of new technologies
that can harvest energy from the environment as sustainable
self-powered sources has become a newly emerging field."*"
Triboelectric nanogenerators (TENGs) have been invented as
an effective way to harvest energy from our living environment
(such as human motion, flowing water and airflow) based on the
coupling of contact-electrification and electrostatic induc-
tion."° Since 2012, TENGs have been successfully demonstrated
as promising energy-harvesting technology for self-powered
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(such as human walking, running, and other human motion) in different directions. This work presents the
promising potential of hybridized TENG fabric for power generation and self-powered wearable devices.

devices, such as motion tracking systems, velocity sensors,
biosensors and so on,””* due to their cost-effectiveness, high
efficiency, low-cost, environmental friendliness, and universal
availability.** Very recently, attempts have been made to fabri-
cate fabric-based TENGs for promising applications in self-
powered wearable electronics.”**® For example, Zhou et al.*® re-
ported a woven structured TENG based on a freestanding
triboelectric-layer mode for scavenging energy from human
motion, which showed a stable output voltage and current of
about 10-30 V and 0.5-1 pA, respectively. Pu et al”® have
demonstrated a wearable fabric TENG by using a grating-
structure which could convert low-frequency human motion
energy into high-frequency electrical outputs. However, these
structural designs of TENGs can only work in 1D or 2D directions,
and are unable to harvest mechanical energy from arbitrary
directions, which largely limits their versatility and applicability
in wearable electronics, because of the variability of human
movement. Further research is still urgently required to design
fabric-based TENGs that have 3D motion energy scavenging
abilities for maximizing energy harvesting. Meanwhile, integra-
tion of fabric-based TENGs that incorporate different modes
(including a contact mode, a sliding mode and a freestanding
triboelectric mode) has seldom been found in literature, though
several works have been reported of TENGs integrated with other
energy harvesters (such as solar cells). It is desirable to incorpo-
rate two or more modes that can be integrated together, giving
the device the ability to collect either sliding movement or
separation movement according to the actual conditions, which
has much better adaptability in wearable electronics.
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Herein, we demonstrate a hybridized TENG fabric incorpo-
rating different working modes (including a contact-separation
mode, a sliding mode and a freestanding triboelectric-layer
mode), each mode of which can be used effectively and in
a complementary manner. The working principles were analyzed
in order to fully understand the power generating process of each
TENG fabric. The output performance of each mode was
systematically investigated under different directions, frequen-
cies, and locations. Additionally, the TENG fabric was also
employed in applications for lighting up commercial LED bulbs.

2. Experimental section

2.1 Fabrication of the grid-patterned Au-coated fabric (G-
fabric)

Here, a piece of nylon fabric (60 x 60 mm?) and a PMMA board
were used as the starting substrates. The detailed fabrication
process of the grid-patterned electrode is shown in Fig. 1a. First,
laser-scribing equipment was utilized to obtain a PMMA laser-
scribed mask, with the size of a single square window of about
8 x 8 mm?; for fabricating the grid-patterned electrode coated
fabric, the scribed PMMA mask was covered onto the reverse side
of the prepared nylon fabric, and a 50 um-thick Au layer was
deposited onto the nylon fabric by ion sputtering equipment.
Then, two conducting copper wires were connected to each of the
Au electrodes by aluminum tape, serving as the electrodes A and
B, respectively. Finally, a PVC layer was covered on the back grid-
patterned side of the Au electrode, acting as a protective layer.

2.2 Fabrication of the woven-structured triboelectric fabric
(W-fabric)

The fabrication process of the woven-structured triboelectric
fabric (W-fabric) is illustrated in Fig. 1b. Here, nylon fabric and
PTFE film were chosen for the W-fabric. First, they were cut into
strips (8 mm in width and 25-60 mm in length), then laser-
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scribing masking and ion sputtering equipment were reused
to fabricate patterned conductive circuits on the PTFE strips as
shown in Fig. 1b. The W-fabric was woven by using Au-coated
PTFE and nylon strips as longitudes and latitudes, respec-
tively. Last, a lead wire was connected to the Au-coated PTFE
strips by aluminum tape, which served as electrode C.

2.3 Measurement of the TENG fabric

The surface of Au-coated nylon fabric was characterized by
using scanning electron microscopy (SEM; FEI Nova Nano-
SEM). For convenience of measurement, the as-fabricated G-
fabric, with the Au electrodes side facing down, was adhered
onto a large piece of acrylic plate (15 x 15 cm?) that acted as
a supporting substrate. The short-circuit current of the TENG
was measured using a low noise current preamplifier. And the
open-circuit voltage was measured by using a Keithley 4200
semiconductor characterization system.

3. Result and discussion
3.1 Structure design of the hybridized TENG fabric

The hybridized TENG fabric was structurally composed of two
parts: one part was the woven-structured fabric (W-fabric); and
the other part was the nylon fabric with a grid-patterned back
electrode (G-fabric), as shown in Fig. 1c. In general, the
hybridized TENG fabric had two basic structures: one was a free-
standing TENG (named FS-TENG), in which the structured grid-
patterned electrodes A and B were chosen as the terminals, and
the top W-fabric acted as the freestanding triboelectric layer.
The other structure was a contact-separation type TENG
(named CS-TENG) where electrodes A and B were connected
together and acted as one of the terminals, and electrode C
acted as another terminal. The photograph and corresponding
scanning electron microscopy (SEM) image of the grid-
patterned Au electrode on nylon are shown in Fig. 1d and e,

(2)

laser tip

G-fabric

laser-scribing masking

Fig. 1

(a and b) Schematic diagrams that illustrate the process for fabricating the grid-patterned Au-coated fabric (G-fabric) and the woven-

structured triboelectric fabric (W-fabric). (c) A schematic illustration of the as-fabricated hybridized TENG fabric. The inset is the optic image of
the W-fabric. (d) Schematic and photo (inset) of the grid-patterned Au electrode on nylon fabric; (e) SEM images showing the surface of the Au

coated nylon fabric.
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demonstrating its flexibility and electrode continuity. The
proposed hybridized TENG could be easily integrated to human
clothes, because of its flexibility, wearability, and air
permeability.

3.2 Working mechanisms and output performances of the
TENGs

Because of the complexity of human motion, both FS-TENG and
CS-TENG have at least two modes of movement, one being
pressing and the other sliding. In order to harvest mechanical
energy in different directions, our TENGs were designed to work
in both a contact-separation mode and a sliding mode simul-
taneously. To fully understand the power generating process of
the TENG fabrics, each mode of the TENG fabrics was carefully
analyzed.

Fig. 2a shows the scheme of the FS-TENG fabric in a contact-
separation mode motion. For the sliding mode, as the top W-
fabric contacts with the G-fabric, because PTFE and nylon
fabrics have different abilities in attracting electrons, there are
positive triboelectric charges on the nylon surface and negative
ones on the PTFE surface (Fig. 2a stage I). When the W-fabric
starts to slide toward the right-hand side, the induced nega-
tive charges on the top triboelectric layer (PTFE) result in an
instantaneous electron flow from electrode B to electrode A,
finally reaching equilibrium when the W-fabric stops on the
right side of the nylon (Fig. 2a stage III). Once it moves back
from the right side to the left side, the electrons flow back from
electrode A to electrode B, until another equilibrium is ach-
ieved®*** (Fig. 2a stage IV). For the contact-separation mode,
when they are separated, an electric potential difference is
produced, driving electrons to flow from electrode B to
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electrode A through an external circuit in order to balance the
generated triboelectric potential (Fig. 2b stage II). As the sepa-
ration between the W-fabric and the G-fabric is maximized, the
flow of electrons is stopped because an electrostatic equilibrium
is reached (Fig. 2b stage II); once the W-fabric is driven to
contact with the nylon layer again, electrons flow from electrode
A back to electrode B, until another equilibrium is achieved
(Fig. 2b stage II).

Subsequently, the output performances of FS-TENG in both
working modes were also evaluated. For the sliding mode, the
open-circuit voltage (Voc), and the short-circuit current (Iy.) are
shown in Fig. 2c and d, with peak values of around 15 V and 1
pA, respectively. Meanwhile, the output performance of FS-
TENG in the contact-separation mode was also characterized
in the sliding mode. As exhibited in Fig. 2, the values of the
open-circuit voltage (Voc), and the short-circuit current (I)
were 2 V and 0.3 pA, and were smaller than those in the sliding
mode. We can see that by having a freestanding triboelectric
layer (W-fabric), FS-TENG could move freely without any
constraint. Moreover, FS-TENG in the sliding mode also had the
capability of converting low-frequency motion into high-
frequency signals, i.e. each sliding motion generated multiple
peaks rather than one single peak, as was observed for the
previous reported TENG, which will largely expand the appli-
cations of TENGs for versatile mechanical energy harvesting,
especially for wearable devices.

Similarly, the energy-harvesting of the CS-TENG fabric is also
schematically illustrated in Fig. 3. Because of the large differ-
ences in the ability to attract electrons, the triboelectrification
left the nylon surface with positive charges and the PTFE with
net negative charges with equal density. For the sliding mode,
once the top W-fabric slides outward (Fig. 3a stage II), the
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Fig.2 The working mechanisms of the FS-TENG fabrics: (a) the sliding mode; (b) the contact—separation mode; the output performance of the
FS-TENG fabrics working in the sliding mode (c) and the contact-separation mode (d).
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Fig. 3 The working mechanism of the CS-TENG fabrics: (a) the sliding mode; (b) the contact—separation mode; the output performances of the
CS-TENG fabrics working in the sliding mode (c) and the contact-separation mode (d).

induced potential difference drives a current to flow from
electrode A(B) to electrode C through an external circuit in order
to balance the generated triboelectric potential. Subsequently,
when the W-fabric was slid backward (Fig. 3a stage IV), the
separated charges began to get in contact again, and the
redundant charge transferred electrons flowed back through an
external circuit, resulting in a current flow from electrode C to
electrode A(B)."*** For the contact-separation mode of CS-
TENG, when the W-fabric is separated from the nylon surface,
the induced potential drives a current to flow from electrode
A(B) to electrode C until the potential difference is fully offset by
the transferred charges (Fig. 3b stage II); when the W-fabric is
reverted to contact the nylon surface again, electrons flow back
from electrode C to electrode A(B), until another equilibrium is
achieved (Fig. 3b stage II).*

The output performances of CS-TENG both in the sliding
and contact-separation working modes were measured as
shown in Fig. 3c and d. For the sliding mode, the Voc was
measured to be about 120 V¢ and the I, was measured to be
about 0.6 pA. It is noteworthy that in this mode, electric signals
are only generated when the W-fabric slides out of the T-fabric;
i.e. there is little output when the W-fabric slides only inside the
G-fabric (as shown in Fig. S17), which is because there is no
polarization generated in this case.*® For the contact-separation
mode of CS-TENG, the measured V¢ and I, were about 120 V
and 0.8 pA. It can seen be that both modes of CS-TENG have
higher output performances than those of FS-TENG.

3.3 Influencing factors on the TENG fabric

Since the mechanical energy from the environment is always
irregular and varies in frequency, it is necessary to study the

26246 | RSC Adv., 2018, 8, 26243-26250

dependence of the TENGs’ outputs on motion-direction. For the
sliding mode, both output performances of FS-TENG and CS-
TENG working along three typical directions (0°, 45° and 90°)
were investigated for contrast. For FS-TENG, when the W-fabric
slid along 0° and 90°, the output voltage and current remained
unchanged (15 V and 1 pA) (as shown in Fig. 4); while when the
sliding angle was 45°, the output voltage and current were
decreased slightly from 15 V and 1 pA to 8 V and 0.5 A,
respectively. Fig. 4d-e show the corresponding output signals of
CS-TENG sliding along 0°, 45° and 90°. From Fig. 4, we can see
that CS-TENG can harvest sliding energy from all directions
with the output performance remaining almost unchanged. In
this case, the grid-patterned Au electrodes were perceived as
a whole because A and B were connected together. Therefore,
the sliding path does not have a big impact on the output
performance. For the contact-separation mode, the contrasting
output performances of FS-TENG and CS-TENG under different
contact-separation positions were measured as shown in Fig. 5.
We can see that when the W-fabric and the G-fabric changed
contact-separation points from the matched style I (where the
W-fabric matched exactly with the grid-patterned electrodes
below) to the unmatched style II (where the W-fabric was
unmatched with the grid-patterned electrodes below), both the
output voltage and the current of FS-TENG decreased greatly
from 4 V and 0.5 pA to 0.5 V and 0.1 pA, respectively. While, for
CS-TENG, the output performance was almost constant when
changing the contact-separation points, as shown in Fig. 5e
and f.

From the results above, we can easily see that CS-TENG
shows more excellent advantages, not only because of its
higher output performance, but also because it is basically not
affected by the influence of movement direction, including the

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Output performance of both the FS-TENG and the CS-TENG fabrics sliding along different motion-directions. (a) Schematic illustrations
of three typical sliding paths (sliding angles: 0°, 45° and 90°). (b and c) Output voltage and current of the FS-TENG fabric sliding at different
angles. (d and e) Output voltage and current of the CS-TENG fabric sliding at different angles.

sliding path or the contact-separation point, which might mean
it has much better adaptability for harvesting energy. However,
FS-TENG also has its advantages in unique working situations.
For example, FS-TENG could have the ability of harvesting small
amplitude sliding mechanical movements; while CS-TENG can
only collect large amplitude motions, because no signal is
generated when the W-fabric slides only inside the G-fabric.
Therefore, the as-fabricated hybridized TENG fabric could be
switched between both structures, according to the real working
situation, by changing the connection.

Besides the motion-direction, another factor that could
influence the output of the TENGs is the frequency. As
a supplement, the relationship between the electrical outputs of
the TENGs and the frequency was systematically investigated as
shown in Fig. S2.1 As for the V¢, the peak value remained
almost unchanged under different frequencies (f1 < f2 < f3).

This journal is © The Royal Society of Chemistry 2018

According to the previous reports, the V¢ is independent to the
sliding velocity, and is only determined by the displacement.*
As for the I, the peak heights for the four working modes
present an obvious increasing trend with increased frequency
(f1 < f2 < £3), because higher frequency will not only result in
more transferred charges as discussed before, but also more
importantly contributes to a higher charge transfer rate.

High output performances can be achieved by the TENG
fabric with a large segment size. Here, a larger laser-scribed
mask, with a single square window with size of about 20 x 20
mm?, was also utilized to obtain a larger piece of TENG fabric
with dimensions of 5 x 5 mm?®. The performances of both the
FS-TENG and the CS-TENG fabrics were tested under both the
sliding mode for FS-TENG and the contact-separation mode for
CS-TENG. Fig. 6a and b display typical output signals of FS-
TENG in the sliding mode, which delivers a maximum output

RSC Adv., 2018, 8, 26243-26250 | 26247
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voltage of 140 V, and a maximum output current of 0.6 pA,
respectively. Through the use of a full-wave bridge rectifier, the
energy harvesting capability of the FS-TENG fabric was also
evaluated under the sliding mode for charging three commer-
cial capacitors (2.2 pF, 3.3 pF and 10 uF, respectively) in a direct
charge cycle. With a similar frequency of ~0.5 Hz, three
commercial capacitors can be charged from 0 to 850 mV (black
line), 600 mV and 400 mV (red line), respectively, within 25 s as
shown in Fig. 6¢c. Furthermore, a total of 120 commercial LED
bulbs were assembled in series on a piece of electrical circuit
board (Fig. 6d), and were connected to the TENG fabric. When

26248 | RSC Aadv., 2018, 8, 26243-26250

I 'and ). (c and d) Output voltage and current of the FS-TENG fabric
(e and f) Output voltage and current of CS-TENG working in different

manually triggered, both the FS-TENG and the CS-TENG fabrics
could directly and simultaneously light up all of these 120 LED
bulbs. (ESI Videos 1 and 27). This demonstration suggested that
the TENG fabrics have potential as sustainable power sources
for driving wearable smart electronics.

4. Conclusion

In this paper, the concept of a hybridized energy harvester
incorporating different modes (including a contact mode,
a sliding mode and a freestanding triboelectric mode) was

This journal is © The Royal Society of Chemistry 2018
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(a and b) Typical output performances of the FS-TENG fabric with a larger size working in the sliding mode. (c) Charging curves of three

capacitors (2.2 pF, 3.3 uF and 10 uF) charged by the FS-TENG fabric under the sliding mode. The inset is the equivalent electrical circuit of the self-
charging power system. (d) A snapshot of the 120 commercial LED bulbs in serial-connection directly driven by the FS-TENG fabric under the

sliding mode. (An equivalent snapshot of the CS-TENG fabric is shown

proposed, so that each mode could be used effectively and in
a complementary manner in a TENG fabric. The working prin-
ciple of each mode of the TENG fabric was analyzed in order to
fully understand the power generation process. The power
generation of each mode was systematically investigated and
compared along different directions, under different frequen-
cies, and in different locations. A typical TENG fabric with
a larger size can deliver a maximum output voltage of 140 V,
a maximum output current of 0.6 pA, which can be used to light
up 120 LEDs. Compared to the previously reported TENGs, such
a hybridized TENG fabric, based on hybridized modes, has
much better adaptability for harvesting energy (such as human
walking, running, and other human motion) in different
directions.
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