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ABSTRACT: To date, quite a few wearable electronics have entered the market, which are
changing the life pattern of consumers. However, the limited lifetime and energy storage
capacity have made rechargeable batteries the bottleneck in wearable technology, especially
with the increase of number of wearable devices and their large distribution. To solve this
problem, we demonstrate a woven-structured triboelectric nanogenerator (W-TENG)
using commodity nylon fabric, polyester fabric, and conductive silver fiber fabric. With the
advantage of being flexible, washable, breathable, wearable, and able to be triggered by a
freestanding triboelectric layer, this W-TENG can move freely without any constraint and
is suitable for wearable electronics. To demonstrate the potential applications of the W-
TENG, the W-TENG is integrated into shoes, coats, and trousers to harvest different kinds
of mechanical energy from human motion. This work presents a new approach in applying
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1. INTRODUCTION

In recent years, the concept of “wearable electronics”* has
brought a significant paradigm shift in consumer electronics
because they can fulfill a variety of functions that are related to
our every moment needs, such as taking photos, making phone
calls, surfing the Internet, listening to music, monitoring
physical health, and so forth.> Wearable electronics is likely to
open up a new life pattern for consumers, since they can be
integrated with clothes,*® eye glasses,6 wristwatches’ and even
skin sensors,®” all of which can be integrated with a cell phone
to form a local network using the cell phone as the hub,
through which the local network can be linked with Internet.
To date, quite a few wearable electronics have entered the
market, for example Google Glasses, Apple Smart Watch,
Adidas MiCoach, “Hi-call” Bluetooth enabled phone glove, and
Cute-circuit Galaxy LED Dress.'® One common characteristic
of these electronics is that they must be powered by
rechargeable batteries, which largely limit their lifetime and
sustainable operation.'"'* The situation becomes worse if the
number of mobile electronics and their distribution are rather
huge, making the replacement or charging of batteries almost
impossible. Therefore, we anticipate to make these devices, or
some of them at least, self-powered by harvesting energy from
human body motions, which is ideally suited for wearable
electronics.

The most abundant energy from a human motion is
mechanical energy. The recently invented triboelectric nano-
generator (TENG) aims at harvesting human motion energy,
with the advantages of high efficiency, hi§h reliability, low cost,
and environmental friendliness.”>™'" It operates by a
conjunction of triboelectrification and electrostatic induction."
By now, many applications have been demonstrated, such as a
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kind of power-generating shoe insole’®*' to harvest energy

from human walking, a TENG built inside clothes® to harvest
energy from body motion, and a fiber-based generator® to
detect human motion, all of which are based on the relative
position change between the two triboelectric materials.
Generally, these generators choose metal or carbon as the
electrodes and polymer film as the triboelectric materials,
making them unwashable, stuffy, and incompatible with clothes.

Herein, we developed a woven-structured triboelectric
nanogenerator (W-TENG) based on a freestanding tribo-
electric-layer mode® to scavenge energy from human motion.
In the proposed W-TENG, the positive and negative electrodes
are woven together; a freestanding triboelectric layer that
moves on the surface of the W-TENG is used to generate
electricity. In order to make the W-TENG flexible, wearable,
and air permeable enough, commodity nylon fabric and
polyester fabric are selected as the two triboelectric-layers,
and homemade conductive silver fiber fabric is chosen as the
electrodes. At first, the working principle of a textile based
freestanding triboelectric-layer TENG (FTENG) is analyzed in
order to fully understand the power generating process of the
W-TENG. Then, the W-TENG is tested under different
conditions (deformation and nondeformation mode) to analyze
its electrical output performance. At last, the W-TENG is
applied in wearable electronics to harvest different kinds of
mechanical energy from human body (walking, movement of
joints, shaking, or deformation of clothes, etc.).
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Figure 1. Structure and fabrication of the woven-structured triboelectric nanogenerator (W-TENG). (a) Schematic diagram illustrating the
fabricating process of a W-TENG. (b) Digital photography of a 16 X 16 W-TENG. (c—e) Electron optical microscope images of the (c) nylon fabric,
(d) polyester fabric, and (e) silver fiber fabric.
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Figure 2. Structure, working mechanism, and electrical outputs of the textile based freestanding triboelectric-layer TENG (FTENG) under vertical
contact-separation mode. (a) Structure and working process of the FTENG, where acrylic works as the freestanding triboelectric-layer. (b)
Schematic working principle of the FTENG. Electrical outputs of the FTENG: (c) short-circuit current (Isc), (d) open-circuit voltage (Vo).
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Figure 3. Structure, working mechanism, and electrical outputs of the textile based FTENG under lateral sliding mode. (a) Structure and working
process of the FTENG, where polyester fabric works as the freestanding triboelectric-layer. (b) Schematic working principle of the FTENG.
Electrical outputs of the FTENG: (c) short-circuit current (Igc), (d) open-circuit voltage (Vc).

2. EXPERIMENTAL SECTION

2.1. Fabrication of the W-TENG. The source materials for the W-
TENG are commodity nylon fabric (50 ym-thick), polyester fabric (80
um-thick), and homemade conductive silver fiber fabric (135 m-thick).
Electron optical microscopy images of them are shown in Figure l1c—e.
Silver fiber fabric that served as the electrodes is a kind of mixed textile
made of Ag fibers and cotton fibers (Figure le). Since it is washable,
flexible, and highly conductive (0.3 /cm?), silver fiber fabric is more
suitable for wearable TENGs than conventional metal electrodes or
carbon electrodes. Figure 1a shows the detailed fabrication process of
the W-TENG. First, the nylon fabric and polyester fabric are cut into
strips (7 mm in width and 29 cm in length), and silver fiber fabric is
cut into S mm X 27 cm strips (Figure 1la I). Second, the pretreated
silver fiber fabric strip is pasted onto the center of the nylon fabric strip
using acrylic double-sided adhesive (Figure 1a II). Third, a lead wire is
connected to the silver fiber fabric by aluminum tape (Figure la III).
Fourthly, another nylon fabric strip is pasted onto the silver fiber fabric
strip, which forms a nylon electrode (360 ym-thick) with silver fiber
fabric inside and nylon fabric outside, as shown in Figure 1a IV. Here,
the width and length of the silver fiber fabric is less than that of nylon
fabric so that it can be fully wrapped by nylon fabric, avoiding the edge
leakage of electricity. The fabrication process of the polyester electrode
(460 pm-thick) is similar to that of nylon electrode (Figure la II-IV).
Then, the prepared nylon electrodes and polyester electrodes are
woven together (Figure la V); suppose the numbers of the nylon
electrodes and polyester electrodes are M and N, respectively. At last,
the nylon electrodes are connected in parallel and the polyester
electrodes in parallel, too; then; a M X N W-TENG is completed
(Figure 1 a VI). Figure 1b shows a digital photography of a 16 X 16
W-TENG.

2.2. Measurement of the TENGs. The short-circuit current of the
TENGs was measured by a low noise current preamplifier (Stanford
Research Systems, SR570). The open-circuit voltage and transferred
charge were measured by an electrometer with very large input
resistance (Keithley, 6517B). A mechanical linear motor (Linmot,
E1100) was employed to drive the TENGs at different velocities,
accelerations, and displacements, as illustrated in Supporting
Information (SI) Figure S1.
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3. RESULT AND DISCUSSION

In order to fully understand the working mechanism of the
proposed W-TENG, a textile based FTENG is analyzed at first.
In the FTENG, nylon fabric (5 cm X S cm) and polyester fabric
(5 cm X 5 cm) act as the two triboelectric surfaces, and two
pieces of silver fiber fabric (S cm X S cm) act as the electrodes.
These materials are adhered onto a piece of acrylic plate (5 cm
X 11 cm), which works as the supporting substrate (Figures 2a
and 3a). According to previous research, there are two workin
modes for the FTENG: vertical contact-separation mode'®™"
and lateral sliding mode.'®'*?*

The structure of the FTENG under vertical contact-
separation mode is shown in Figure 2a, where a piece of
acrylic plate (S cm X 11 cm) is chosen as the freestanding
triboelectric-layer. Driven by a vertical force, the freestanding
acrylic plate will contact and separate from the FTENG
periodically and thus generate alternating-current in the load.
At first, the freestanding acrylic plate is brought into full contact
with the FTENG (Figure 2b Stage I). Supposing the
freestanding acrylic plate and the FTENG are uncharged
beforehand, the triboelectric effect will render nylon surface
with positive charges, the part of the acrylic that contacts with
the nylon fabric with negative charges, polyester surface with
negative charges, and the part of the acrylic that contacts with
the polyester fabric with positive charges, as shown in Figure 2b
Stage 1. When the freestanding acrylic plate starts to move apart
from the FTENG, an electric potential difference is produced,
which drives electrons to flow from the polyester electrode to
the nylon electrode through an external circuit in order to
balance the generated triboelectric potential (Figure 2b Stage
II). When the separation between the freestanding acrylic plate
and the FTENG is maximized, the flow of electrons stopped
because an electrostatic equilibrium is reached (Figure 2b Stage
III). Subsequently, the freestanding acrylic plate is driving to
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Figure 4. Structure and electrical outputs of the W-TENG under nondeformation mode. (a) Structure and working process of the W-TENG, in
which acrylic is chosen as the freestanding triboelectric layer. (b—d) The measured short-circuit current (Isc), open-circuit voltage (Voc) and
transferred charge density (Acgc) of a 16 X 16 W-TENG under different distance (d = 2, 4, 6, 8, 10, 12 mm).

contact with the FTENG again, breaking the former electro- and maximum speed of the linear motor were 30 m/s* and 30
static equilibrium. In consequence, electrons flow from nylon m/s.

electrode back to polyester electrode, reducing the amount of A woven structured TENG (W-TENG) is proposed in order
induced charges (Figure 2b Stage IV). When the freestanding to apply the above textile based FTENG in wearable devices
acrylic plate and the FTENG contact with each other again, all and harvest energy from human motion. The structure and
of the induced charges are neutralized (Figure 2b Stage I). To fabrication process of the W-TENG have been described in
measure the electrical outputs of the FTENG, the displace- Experimental Section. The proposed W-TENG could be easily
ment, acceleration, and maximum speed of the linear motor integrated to clothes, shoes, gloves, and carpets, because it is
were set as 40 mm, 10 m/s* and 20 m/s, respectively. In this flexible, wearable, washable, and air permeable enough. In
situation, the FTENG could generate a short-circuit current general, the W-TENG has two basic working modes:

deformation and nondeformation mode. In the nondeforma-
tion mode (Figure 4a), the W-TENG is adhered onto a piece of
acrylic plate, which works as the supporting substrate. Another
piece of acrylic plate that acts as the freestanding triboelectric
layer is driven by a vertical force to contact with and separate
from the W-TENG periodically. The working mechanism of
the W-TENG under nondeformation mode is similar to Figure
2b. To analyze the output capability of the W-TENG, a linear
motor with a acceleration of 50 m/s* and a maximum speed of
1.2 m/s is employed to trigger the 16 X 16 W-TENG, wherein
the maximum distance (d) between the freestanding acrylic
plate and the W-TENG is purposely set at 2, 4, 6, 8, 10, and 12
mm. As shown in Figure 4b—d, when d varies from 2 to 12 mm,

(Isc) up to 1 pA and an open-circuit voltage (V) about 90 V
(Figure 2c and d). The inset in Figure 2c is an enlarged view of
the Isc in one cycle that validates the working principle
described in Figure 2b.

Similarly, the structure of the FTENG under lateral sliding
mode is shown in Figure 3a, where polyester fabric (5 cm X §
cm) acts as the freestanding triboelectric-layer.”>** At first, the
freestanding polyester fabric is brought into contact with the
nylon electrode (Figure 3b Stage I). Because polyester is much
more triboelectrically negative than nylon, electrons will
transfer from nylon into the freestanding polyester fabric.
When the freestanding polyester fabric slides toward the

polyester electrode (Figure 3b Stage II), electrons will flow the maximum short-circuit current (Igc), open-circuit voltage

from polyester electrode to nylon electrode. The electrons stop (Voc)and transferred charge density (Acgc) increased from
flow when the freestanding polyester fabric completely overlaps 0.8 A, 48 V, 4.7 uC/m? to 2.5 pA, 95 V, 9.6 uC/m> In other

with the polyester electrode (Figure 3b Stage III). Here, we words, the increase of d is favorable for the magnitude of Iy,

suppose that the static charges on the freestanding polyester Voc and Aogc. The influence of acceleration on the outputs of

fabric will not transfer to the surface of the polyester electrode W-TENG under nondeformation mode is shown in SI Figure
in order to simplify the working principle. Subsequently, a S2a—c.

backward sliding of the freestanding polyester fabric from the In the deformation mode of the W-TENG (Figure 5a), a
polyester electrode to the nylon electrode drives the flow of pieces of polyester fabric is selected as the freestanding
electrons in the opposite direction (Figure 3b Stage IV). When triboelectric layer and is pasted onto the supporting substrate
the freestanding polyester fabric overlaps with the nylon made of acrylic. Then, the left margin of the W-TENG is fixed
electrode again, the flow of electrons stopped (Figure 3b Stage to the aforesaid freestanding polyester substrate; meanwhile,
I). As shown in Figure 3c and d, the maximum Iy and V¢ of the right margin of the W-TENG is fixed to the linear motor
the FTENG is about 0.35 pA and 45 V where the acceleration that could provide a lateral force to stretch and compress the
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Figure S. Structure and electrical outputs of the W-TENG under deformation mode. (a) Structure and working process of the W-TENG, where
polyester fabric is chosen as the freestanding triboelectric layer. (b—d) The short-circuit current (Is:), open-circuit voltage (Vc), and transferred
charge density (Aogc) of a 16 X 16 W-TENG under different deformation speed (0.2, 0.4, 0.6, 0.8, 1.0, 1.2m/s). (e—g) The short-circuit current
(Isc), open-circuit voltage (Voc), and transferred charge density (Acgc) of a 16 X 16 W-TENG under different displacement (2, 4, 6, 8, 10, 12 mm).
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Figure 6. Applications of the W-TENG to harvest different kinds of mechanical energy from human body. (a) A power generating shoe (P-shoe)
that could harvest energy from footsteps and light up about 9 LEDs. (b) The current generated by the P-shoe. (c) A W-TENG integrated in a coat
harvesting energy from the shaking of clothes. (d) The current generated by the coat. (¢) The W-TENG harvesting energy from leg joints bend. (f)
The current generated by the leg joint. (g) The W-TENG harvesting energy from arm joints. (h) The current generated by the arm joint.
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W-TENG periodically, forming a lateral deformation of the W-
TENG. During the process of the deformation, the factual
contact area between the W-TENG and the freestanding
polyester substrate will decrease and increase alternatively,
generating an alternating current in the load. The working
principle of the W-TENG under deformation mode can refer to
Figures 2b and 3b for understanding where the freestanding
triboelectric layer is polyester rather than acrylic. In order to
adequately study the factors that affect the outputs of the W-
TENG, the 16 X 16 W-TENG is tested under different
conditions. First, the W-TENG is measured under different
deformation speed. Namely, the acceleration and displacement
of the linear motor are set as 50 m/s> and 10 mm; the speed of
the linear motor is set as 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 m/s. As
shown in Figure Sb—d, when the speed increases from 0.2 to
1.2m/s, Vo and Acgc almost remain the same (25 V and 2.4
uC/m?), while the amplitude of I increases dramatically from
0.6 A to 1.2 pA, which means that the increase of speed has no
influence on V¢ and Aoy, but it leads to an increase of Igc.
Second, the W-TENG is measured under different deformation
displacement. The acceleration and speed of the linear motor
are set as 50 m/s* and 1.2 m/s, and the displacement of the
linear motor is set as 2, 4, 6, 8, 10, and 12 mm.

As shown in Figure Se—g, as the displacement increases from
2 to 12 mm, Isc, Vo, and Aogc increase from 0.5 ¢A, 11V, and
1.2 uC/m? to 1.2 pA, 27 V, and 2.8 uC/m? That is to say, the
increase of deformation displacement is favorable for the
magnitude of Isc, Voc, and Aogc. The influence of acceleration
on the outputs of W-TENG under deformation mode is shown
in SI Figure S2d—f.

Being flexible, washable, breathable, wearable, and able to be
triggered by a freestanding triboelectric layer, this W-TENG
can move freely without any constraint, which will largely
expand the applications of TENG for versatile mechanical
energy harvesting, especially for wearable devices. Besides,
other than acrylic and polyester, the freestanding triboelectric
layer could also be cotton, wool, paper, polymer, the ground,
and so on. To demonstrate the potential applications of the W-
TENG, it is integrated to shoes, coats, and trousers to harvest
different kinds of mechanical energy from human body (Figure
6). To harvest energy from footsteps, an W-TENG with an
effective area of 20 cm? is pasted onto the bottom of a sports
shoe, making up a power generating shoe (P-shoe) that is
capable of instantaneously lighting up about 9 LEDs (Figure
6a). Here, a piece of acrylic plate is laid on the ground acting as
the freestanding triboelectric layer, which corresponds to the
nondeformation mode. Figure 6b shows the current generated
by the P-shoe, which reaches more than 0.3 yA. Since each
footstep can generate one cycle of current, the W-TENG could
also work as active sensor that calculates the number of
footsteps. The W-TENG could also be integrated in coats to
harvest energy from the shaking of clothes (Figure 6c). Figure
6d shows the current generated by the power generating coat,
which reaches about 0.75 yA. As we know, the movement of
legs, arms, and hands is one of the most important mechanical
energy supplied by human body. If we integrate the W-TENG
in trousers, we can harvest energy from the bending of leg
joints (Figure 6e). Here, the trousers made of polyester fabric
acts as the freestanding triboelectric layer. When one walks
around, the movement of leg joints will lead to a changing of
the contact area between the W-TENG and the trousers
generating an alternating current of about 0.9 uA (Figure 6f),
corresponding to the deformation mode. The W-TENG could
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also be integrated into coats in order to harvest energy from the
movement of arm joints (Figure 6g). Figure 6h shows that the
bending of arm can generate an alternating current of about
0.75 uA. As mentioned above, the proposed W-TENG is an
extremely promising power supply for wearable devices. Such
structure can also be extended to other applications.

4. CONCLUSION

In summary, this paper demonstrates a new woven structured
triboelectric nanogenerator based on commonly used textiles
(nylon and polyester fabrics). In order to make the TENG
washable and flexible enough, conductive silver fiber fabric is
selected as the electrodes. Different from other TENG,
electricity is generated by a freestanding triboelectric-layer
that moves relatively on the surface of the W-TENG rather
than the relative movement between the positive and negative
electrodes. The working principle of a textile-based freestanding
triboelectric-layer TENG (FTENG) is analyzed at first in order
to fully understand the power generating process of the W-
TENG. The FTENG could work under both vertical contact-
separation mode and lateral sliding mode, while the W-TENG
can work under nondeformation mode and deformation mode
that is quite suitable for wearable electronics. From both
theoretical analysis and experimental demonstration, the W-
TENG is proven to be very effective in harvesting different
kinds of mechanical energy from human body, such as
footsteps, shaking of clothes, and the bending of legs and
arms. Being flexible, washable, breathable, and wearable, the
newly designed W-TENG provides a new solution for the
power supply of wearable devices.
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Schematic diagram illustrating the TENGs (FTENG and W-
TENG) driven by a linear motor under different working
modes (vertical contact-separation, lateral sliding, deformation,
and nondeformation modes); influences of the acceleration on
the outputs of the W-TENG in both the deformation and
nondeformation mode. This material is available free of charge
via the Internet at http://pubs.acs.org.
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