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Abstract: With the rapid advancement in wearable electronics, energy harvesting
devices based on triboelectric nanogenerators (TENGs) have been intensively
investigated for providing sustainable power supply for them. However, the fabrication
of wearable TENGs still remains great challenges, such as flexibility, breathability and
washability. Here, a route to develop a new kind of woven-structured triboelectric
nanogenerator (WS-TENG) with a facile, low-cost, and scalable electrospinning
technique is reported. The WS-TENG is fabricated with commercial stainless-steel
yarns wrapped by electrospun polyamide 66 nanofiber and poly(vinylidenefluoride-co-
trifluoroethylene) nanofiber, respectively. Triggered by diversified friction materials
under a working principle of freestanding mode, the open-circuit voltage, short-circuit
current and maximum instantaneous power density from the WS-TENG can reach up
to 166 V, 8.5 pA and 93 mW/m?, respectively. By virtue of high flexibility, desirable
breathability, washability and excellent durability, the fabricated WS-TENG is
demonstrated to be a reliable power textile to light up 58 light-emitting diodes (LED)
connected serially, charge commercial capacitors and drive portable electronics. A
smart glove with stitthed WS-TENGs is made to detect finger motion in different
circumstances. The work presents a new approach for self-powered textiles with
potential applications in biomechanical energy harvesting, wearable electronics and

human motion monitoring.
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1. Introduction

In recent years, flexible and wearable electronics have attracted tremendous interests
owing to their widespread application potential in flexible circuits[ 1-3], wireless sensor
networks[4—6], roll-up displays[7-9], healthcare monitoring[10-12], human-machine
interface (HMI)[13,14], internet of things (IoTs)[15,16], artificial electronic skins (E-
skins)[17—-19] and so on. Meanwhile, with rapid advancement in wearable electronics,
the demand for corresponding flexible and sustainable power supply units is
continuously growing[20,21]. However, traditional chemical batteries, which are still
the most widely used portable energy source so far, cannot meet the requirements of
wearable electronics due to their inherent limitations of rigid complex structure, heavy
weight, bulky volume, persistent recharging/replacement, and limited lifetime[22]. To
address these challenges, one of the most promising solutions is to develop self-
powered energy harvesters to scavenge waste biomechanical energy from human
movements, which is ubiquitously available and can be generated continuously and
inexhaustibly without ambient environment restriction[23,24]. To date, based on
piezoelectric[25], electromagnetic[26], and triboelectric mechanisms[27-30], a variety
of novel generators have been actively explored. Among them, the newly developed
triboelectric nanogenerators (TENGs) with the advantages of simple configuration,
light weight, high energy-conversion efficiency and flexibility in material selections,
have become a burgeoning focus as the most promising candidates for efficiently
harvesting biomechanical energy from various body motions[31-33]. TENGs are
developed based on the coupling effects of triboelectrification and electrostatic
induction, which causes charge transfer at the contact interface between two different
materials with different electron affinities[34,35]. Up to now, numerous research
endeavors have been committed to improve the performance of TENGs by a variety of
approaches to broaden their application fields, which include selecting optimized
friction materials[36,37], designing reasonable device structure[38,39], improving

effective contact area[40], modifying surface structure[41,42] or chemical



compositions[43,44]. To develop high-performance TENGs, constructing
micro/nanostructure on the surface of triboelectric materials has been demonstrated as
an effective strategy to enlarge the friction area and enhance the triboelectric charge
density[45]. However, commonly used techniques to design and fabricate
micro/nanoarchitectures such as photolithography[46], nanoimprinting lithography[47],
laser interference lithography[48] and reactive ion etching[49] are complicated, time-
consuming and expensive. In this regard, manufacturing the surface
micro/nanostructure of triboelectric materials with a simple, cost-effective and scalable

fabrication method is still highly desired.

In comparison, electrospinning is a versatile, extremely simple and cost-effective
technique to produce ultrathin fibers with a number of unique features and properties,
including extraordinary length, large surface areas, hierarchically porous structures and
intrinsically porosity[50,51]. In previous studies, electrospinning has already proved to
be a suitable method in the field of TENGs for fabricating diverse membranes with
nanofibrous surface microstructures from economically viable materials, such as
nylon[52], poly (vinylidene fluoride) (PVDF)[53], polytetrafluoroethylene (PTFE)[54],
ion gel[55] and so on. With the advantages of lightweight, softness and high porosity,
nanofiber membranes are superior to dense film/rubber in wearable devices[56].
However, there still remain challenges for electrospun nanofiber based TENGs. First,
most of the nanofiber-membrane-based TENGs have sandwich-like multilayer
structure (including triboelectric layers, spacer, electrodes, supporting substrate,
protective/ encapsulation layer, etc.), which are complicated to fabricate. Secondly, a
majority of nanofiber-based TENGs need two individual triboelectric membranes to
implement contact-separation motion, which limits the application of nanofiber-based
TENGs. Thirdly, the materials used in the assembly of nanofiber based TENGs,
including metal plate electrode, binder/tape, PET supporting substrate, silicone
protective/encapsulation layer, seriously decrease the flexibility and breathability of the
device. Finally, the multilayer planar structure cannot effectively sustain complex

deformations caused by body movement, which is uncomfortable enough to be used in



wearable devices.

Herein, a novel nanofiber-based TENG with woven structure (WS-TENG) was
introduced to address the issues mentioned above. The proposed WS-TENG was
fabricated by using core-shell yarns composed of commercial stainless-steel yarn as the
core and electrospun PA66 or P(VDF-TrFE) nanofibers as the shell through a simple
electrospinning and scalable weaving method, which overcomes the complicated
fabrication process, high cost, poor breathability, and discomfort of the previous
reported nanofiber-based TENGs. Benefitting from the rational material pairs and
surface nanostructure of nanofibers, a WS-TENG with the size of 5 x 5 cm? exhibits an
excellent output open-circuit voltage with a peak-to-peak value of ~ 166 V, a short-
circuit current of ~ 8.5 puA and a high instantaneous power density of ~ 93 mW/m? at a
load resistance of 10 MQ. With advantages of the all-fiber components, substrate-free,
binder-free and interlaced woven structures, the WS-TENGs show high flexibility,
desirable breathability, good washability and excellent durability. The prominent output
power performance of WS-TENGs, together with combinatorial merits of nanofiber
and textiles, makes them suitable for biomechanical energy harvesting and self-

powered senor applications.
2. Experimental Section
2.1. Materials

PA66 (EPR-27) was purchased from Shenma Group Co., Ltd., China. P(VDF-TrFE)
(Piezotech® FC25) was purchased from Arkema S.A., France. Stainless steel yarns
(SSL, Bekaert Bekinox® VN AISI 316L) were purchased from N.V. Bekaert S.A.,
Belgium. Formic acid (88-91%, ACS reagent), N, N-Dimethylformamide (DMF,
>99.8%, ACS reagent), acetone (>99.5%, ACS reagent) and absolute alcohol (>99.5%,
ACS reagent) were purchased from Sigma-Aldrich. All the materials were used as
received without any further purification. Copper/nickel-coated polyester fabric (CNF)
were bought from the 3M company. Polytetrafluoroethylene (PTFE) film was provided
by Jiangxi Aidmer Seal & Packing Co., Ltd., China. Plain-weave cotton fabric (120



g/m?, yarn count: 40 S x 40 S) and polyester (PET) fabric (140 g/m?, yarn count: 150
D x 150 D) were bought from a local textile company. The cotton fabric and PET fabric
were cleaned with a commercial detergent aqueous solution and water successively

before use.
2.2. Electrospinning

Prior to electrospinning, a solution of PA66 (15 wt %) was prepared by dissolving
PA66 pellets in formic acid by continuous stirring for 2 h at a temperature of 70 °C.
Electrospinning process, schematically illustrated in Fig. 1a, was conducted on an
electrospinning machine setup (TL-Pro, TONGLI Co. Ltd, China). During the
electrospinning, a 10 mL plastic syringe with an 18 G metal nozzle was continuously
fed by a syringe pump at a flow rate of 1 mL/h. Positive electrode of the high-voltage
supply was connected to the metal nozzle, and a high voltage of around 25 kV with a
distance of 25 cm between the nozzle tip and aluminum foil collector was applied. The
aluminum foil collector was fixed on a rotating drum with diameter of 10 cm, which
was rotated at a rate of 500 rpm, corresponding to a surface linear speed of 2.6 m/s.
Environmental temperature and relative humidity were 22 + 2 °C and 65 = 5%,
respectively. The electrospinning process was conducted for 4 h under the above-
mentioned conditions. For fabrication of P(VDF-TrFE) nanofiber mat, P(VDF-TrFE)
powders were firstly dissolved in a mixed solvent system of DMF and acetone with a
weight ratio of 3:7 by magnetic stirring for 8 h at ambient temperature to obtain a 20
wt% solution of P(VDF-TrFE). Then, the electrospinning was carried out at a voltage
of 25 kV over a distance of 14 cm from nozzle tip to the collector surface. All other

experimental parameters and conditions were kept the same as stated above.
2.3. Fabrication of the WS-TENG

Stainless-steel yarns (SSY), with the advantages of excellent flexibility and high
conductivity (210 S/cm), was suitable for serving as electrodes in wearable TENGs.
Fig. 1b-f show the detailed manufacture process of the WS-TENG. Firstly, the

electrospun PA66 nanofiber mat and P(VDF-TrFE) nanofiber mat were cut into strips



with dimension of 1 cm x 10 cm (Fig. 1b), and SSY was cut into short ones with a
length of about 12 cm (Fig. 1¢). Second, PA66 or P(VDF-TrFE) nanofiber strips were
immersed into ethanol and wrapped onto the SSY to obtain PA66-SSY and P(VDF-
TrFE)-SSY core-sheath yarns, respectively (Fig. 1d). Third, the prepared PA66-SSY
and P(VDF-TrFE)-SSY core-sheath yarns were woven together to obtain a M x N
woven structure textile (Fig. le), where M and N are the numbers of PA66-SSY and
P(VDF-TrFE)-SSY core-sheath yarns, respectively. At last, all electrodes of the same
core-sheath yarns were connected in parallel and a M x N WS-TENG was obtained (Fig.
1f). Fig. 1g shows a digital photo of a 60 x 60 WS-TENG.

2.4. Characterizations and measurements

The morphologies of the SSY, PA66-SSY and P(VDF-TrFE)-SSY core-sheath yarns
were examined by scanning electron microscopy (SEM) (TESCAN VEGA3) operating
at 20 kV, and the samples were coated with a thin layer of gold (around 2 nm) prior to
the observation. The air permeability of the obtained WS-TENG was measured by Air
Permeability Tester (SDL International M021S) according to standard (EN ISO
9237:2001). The water vapor transmission (WVT) rate of the obtained WS-TENG was
tested according to the standard (GB/T 12704.1-2009). For comparison, commercial
CNF, cotton and PET fabrics, which were used as friction materials, electrospun PA66
and P(VDF-TrFE) nanofiber mats, which served as friction layers, and a traditional
sandwich-structured triboelectric nanogenerator (SS-TENG) using corresponding
electrospun nanofibers were also tested, respectively. The electrical output performance
of as-prepared WS-TENG under different applied forces and frequencies was evaluated
on a Keyboard Life Tester (ZX-A03). The force signal was monitored by DAQ
(Dewetron, Dewe-2600 DAQ system) at the same time. The open-circuit voltage and
short-circuit current signals were recorded by an electrometer (Keithley 6514). For the
washability measurement, WS-TENG were firstly washed for 20 min in a beaker
containing 800 mL of aqueous detergent solution (1mg/ml) and a magnetic rotator
(rotation speed: 200 rpm). Afterward, the WS-TENG was taken out and flushed with

deionized water, dried in an oven at 80 C for 4 h and measured. The above-mentioned



washing and measurement processes were repeated 5 times.
3. Results and discussion
3.1. Design and fabrication of the WS-TENG

Fig.la-f schematically illustrate the detailed construction process of the WS-TENG
through electrospinning and traditional weaving technologies. Firstly, PA66 and
P(VDF-TrFE) nanofiber mats were prepared by electrospinning (Fig.1a), respectively.
Secondly, the nanofiber mats were cut into strips and wrapped onto SSY to obtain
PA66-SSY and P(VDF-TrFE)-SSY core-sheath yarns (Fig.1b-d), respectively.
Subsequently, a woven-structure textile was fabricated by weaving PA66-SSY as weft
and P(VDF-TrFE) as warp with a handloom (Fig.le). Finally, a WS-TENG was

obtained by connecting all the electrodes of weft/warp yarns in parallel (Fig.1f).

Fig.1g shows a digital photo of a 60 x 60 WS-TENG with a dimension of about 5
cm x 5 cm. Owing to the softness of the electrospun nanofiber surface and the flexibility
of SSY core electrodes, the WS-TENG maintains the advantages of comfort and
biocompatibility. As shown in Fig.1h, the commercial two-ply SSY was used as the
conductive electrode because of its excellent conductivity (210 S/cm), good flexibility
and tactile comfort. Fig.li-1 show the SEM images of the P(VDF-TrFE)-SSY (Fig.1i-j)
and PA66-SSY (Fig.1k-1) surface, respectively. Electrospun nanofiber layers were
chosen as the dielectric material materials of the WS-TENG, owing to their nanofibrous
surface microstructures, good softness, robust mechanical properties, excellent
flexibility and good biocompatibility. According to the cross-section SEM images of
P(VDF-TrFE)-SSY and PA66-SSY (insets of Fig.1i and k), the two-ply twisted SSY
was approximately located in the center of core-sheath yarns, which suggests the
uniform wrapping of nanofibers. In order to evaluate the flexibility of the fabricated
yarns and WS-TENG device, flexibility measurements were conducted (as shown in
Fig.S1 in the Supporting Information). As shown in Fig.S1 (a-f), both P(VDF-TrFE)-
SSL and PA66-SSL yarns could be easily knotted without damaging the polymer

nanofiber structures, suggesting their good flexibility. In addition, the fabricated WS-



TENG was capable of enduring various deformation states such as folding (Fig.S1g),
rolling (Fig.S1h) and twisting (Fig.S1i), demonstrating its promising usability in

wearable applications.
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Fig. 1 (a-f) Fabrication process of the ESTENG. (g) Photographic image of the ESTENG. (h) SEM
image of the SSL. SEM images of electrospun P(VDF-TrFE)/SSL surface at (i) low and (j) high
magnifications; inset of (i) is the cross-section image. SEM images of electrospun PA66/SSL surface
at (k) low and (1) high magnifications; inset of (k) is the cross-section image.

3.2. Working mechanism of the WS-TENG

In order to elucidate the power generation mechanism, working principle of the WS-



TENG is shown in Fig. 2a-f. Driven by a vertical impacting force, an external object
(such as a rubber film) will periodically contact and separate from the WS-TENG
(Fig.2a-b). Firstly, the freestanding rubber film is fully contacted with the WS-TENG
under an applied force. Since the rubber film, P(VDF-TrFE) and PA66 have different
clectron affinities, the triboelectrification effect will render PA66 nanofiber surface
with positive charges, while the part of rubber film that contacts with PA66 with
negative charges. Meanwhile, P(VDF-TrFE) nanofiber surface will become negatively
charged, and the part of rubber film that contacts with P(VDF-TrFE) is positively
charged, as shown in Fig.2c. When the freestanding rubber film starts to move apart
from the WS-TENG, an electric potential difference between PA66 and P(VDF-TrFE)
layers is produced, which drives electrons to flow from the inner electrode of P(VDF-
TrFE)-SSY to the inner electrode of PA66-SSY through an external circuit to equilibrate
the triboelectric potential (Fig.2d). When the separation distance (d) between the
freestanding rubber film and the WS-TENG increases to the maximum, a state of
electrostatic equilibrium is reached and the electrons flowing is stopped (Fig. 2e).
Subsequently, when the freestanding rubber film is driven to contact with the WS-
TENG again, the former electrostatic equilibrium state is broken and then electrons
flow back from the inner electrode of PA66-SSY to the inner electrode of P(VDEF-
TrFE)-SSY (Fig. 2f). When the freestanding rubber film moves to contact with the WS-
TENG again, all of the induced charges become neutralized again (Fig.2c). As a result,
aperiodical alternating current signal can be generated under a freestanding-layer mode.
Fig.2g-k demonstrate the versatility of WS-TENG in scavenging energy with different
friction materials such as cotton fabric (Fig.2g), polyester fabric (Fig.2h), PTFE film
(Fig.21), CNF (Fig.2j) and rubber (Fig.2k).

3.3. Breathability

It is well known that breathability is one of the most important properties of wearable
nanogenerator for various applications, which will influence the comfort of wearing
such devices. As shown in Fig.2l, due to the low air permeability of CNF (38.3 + 2.8
mm/s), electrospun PA66 mat (18.7 = 1.5 mm/s) and P(VDF-TrFE) mat (23.2 =+ 1.6),



the traditional sandwich-structured TENG (SS-TENG) showed inferior air permeability
(12.4 £ 1.3 mm/s). While the obtained WS-TENG using corresponding electrospun
PA66 and P(VDF-TrFE) mats exhibited excellent air permeability of 164 + 5 mm/s,
which was comparable with commercial cotton (103 £ 4 mm/s) and PET fabric (144 +
5 mm/s). The measured results show that the WS-TENG is more suitable for wearable
device when compared with the recently reported sandwich-like TENGs based on

nanofibers.

In addition, water vapor permeability of the obtained WS-TENG, another key factor
in breathability comfort of wearable devices, was also studied. As shown in Fig.2m,
with the existence of interspace between the interlaced yarns, the water vapor
permeability of the as-made WS-TENG was as high as 712 + 16 g/m?-24h, which was
superior to commercial CNF (531 + 17 g/m?-24h), cotton (517 + 18 g/m?-24h) and PET
fabrics (478 + 15 g/m?-24h). As expected, the corresponding SS-TENG had a much
lower water permeability of 281 =+ 14 g/m*24h due to the decreased moisture
transmission of multilayers structure. Furthermore, compared with other nanofiber-
based TENGs in the previous published works (shown in Table S1 in the Supporting
Information), the developed WS-TENG also exhibits superior breathability. Therefore,
it was believed that the new design idea of WS-TENG is more promising in comfort
than recent sandwich-like nanofiber-based TENGs in self-powered wearable

electronics applications.
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Fig. 2 (a-b) Schematic illustrations and (c-f) power generation mechanism of the WS-TENG
contacted with rubber film. (g-k) Photographic images of the WS-TENG contacted with different
freestanding-layer materials. (1) Air permeability and (m) water vapor permeability of the obtained
WS-TENG, traditional SS-TENG and different fabrics. Insets of (1) are digital photos of each type
of device/fabric with a dimension of 5 cm x 5 cm.

3.4. Output performance evaluation of the WS-TENG

The output performance of the WS-TENG in freestanding-layer mode is

systematically studied. Fig.3a-b show the corresponding open-circuit voltage (Vo) and



short-circuit current (/i) when using different-friction materials to flap the WS-TENG,
respectively. In comparison, under a given impact force of 200 N and a frequency of 3
Hz, Vo and I of the fabricated WS-TENG were optimized to ~ 96 V and ~ 8.5 pA
when using rubber as external friction material, respectively. Owing to the superior
output performance, rubber was chosen as the external friction material in the following

sections unless otherwise specified.

Under a given impact force of 200 N and a frequency of 3 Hz, increasing V. of 23
V, 49 V and 95 V can be obtained as the size increases from 2 x 2, 3.5 x 3.5, t0 5 x 5
cm? (Fig.3c). Similarly, I of the WS-TENG also increased gradually from 2.2 uA, 5.3
1A to 7.7 pA, by increasing the size from 2 x 2 cm? to 5 x 5 cm? (Fig.3d). The reason
might be attributed to the larger contact areas with larger size, which could produce
more charges with larger outputs. The WS-TENG with a size of 5 x 5 cm? was adopted

in the following studies.

Due to the fact that diverse magnitudes of impact forces and frequencies could be
applied to the WS-TENG in real-life application scenarios, it is essential to evaluate the
influences of impact force and frequency on the electric outputs of WS-TENG. Fig. 3e-
f show the V. and Isc of WS-TENG at various impact forces ranging from 10 to 200 N.
Measured results clearly revealed that the Vi, and . of WS-TENG were gradually
enhanced from 13 V and 1.7 pA to 87 V and 9 pA, by enhancing the applied impact
force from 10 to 200 N, respectively. Such enhancements could be attributed to the
more intimate contact between the rubber film and WS-TENG at a larger magnitude of

applied impact force.

To further assess the versatility of the fabricated WS-TENG under various
circumstances, the electrical output performance was measured at different impact
frequencies by maintaining the external impact force at 200 N. As shown in Fig. 3g,
when the impact frequency increased from 1 Hz to 5 Hz, V.. increased slightly from 64
V to 96 V. The reasons can be explained as follows: Firstly, under the same applied
external impact force, a higher impact frequency can stimulate the external electrons

flowing in a shorter time, and thus it can boost the open-circuit voltage [57-59]. In



addition, surface charges on the surface of the friction layer would not be totally
neutralized at an elevated frequency, which may also result in an increased open-circuit
voltage [59]. Meanwhile, as shown in Fig. 3h, the amplitude of I, increased
dramatically from 1.5 pA to 8.7 pA, which means that the increase of frequency has
more significant influence on /. than V.. This could be understood that, a higher impact
frequency can effectively boost charge transfer and shorten the sustained period of
current peak, which leads to a higher I, amplitude. The above results clearly
demonstrate that, along with the magnitude of impact force, the impact frequency also

shows predominant influence on the output performance of WS-TENG.

As shown in Fig.3i-j, the dependence of output performance on external load
resistances (R) has also been systematically studied. It can be seen that output voltage
(V) tends to increase with increasing load resistances, while output current (/) shows an
opposite trend. The instantaneous power density increased at first and then decreased
with increasing load resistances from 1 KQ to 100 MQ. The maximum instantaneous
power density arrived at 93 £ 6 mW/m? at a load resistance of 10 MQ (Fig. 3j). The
instantaneous power density was calculated by W = FPR/A, where A is the size of the
WS-TENG and is set as 5 x 5 cm?, R is the external load resistance, and [ is the
corresponding output current. To evaluate the performance of the designed WS-TENG
convincingly, comparisons of electric outputs between the WS-TENG and other
nanofiber based TENGs in previous published papers were displayed in Table S2 (in
Supporting Information). The results show that the designed WS-TENG exhibits
comparable electrical output performance with multilayer structured nanofiber TENGs.
However, most of the nanofiber based TENGs in the published papers cannot exhibit
outstanding breathability and washability due to their intrinsic disadvantages of
multilayer structures. Therefore, the WS-TENG device, which exhibits both good
electrical output performance and superior air/water vapor permeability, could meet
both the powering and breathable requirements of wearable TENGs during practical

applications.

Considering the practical applications, it is necessary to evaluate the durability and



washability of WS-TENG. As shown in Fig.3k, after 20,000 continuous contact-
separate cycles, the electric output performance of WS-TENGs was still stable without
deterioration, demonstrating their excellent durability. In addition, the washability of
WS-TENG device was also evaluated in repeated washing cycles. The output voltage
signals generated by WS-TENG after five washing cycles shows that nearly 90% of the
initial performance could be well-maintained, which ensures its washing durability in
practical applications. The reasons for the decreased output performance after washing
may be attributed to the slight shrinkage and relative position changes of the P(VDF-
TrFE)-SSL and PA66-SSL yarns upon repeated washing cycles [60]. More specifically,
a slight shrinkage of nanofiber wrapped yarns may occur during washing, which is a
typical phenomenon of textile yarns after their washes. Yarn shrinkage can alter the
relative position of weft and warp yarns as well as the effective contact between each

other [61,62].
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Fig. 3 (a) Open-circuit voltage and (b) short-circuit current of the WS-TENG with different friction
materials. (c) Open-circuit voltage and (d) short-circuit current of the WS-TENG with different
sizes. (e) Open-circuit voltage and (f) short-circuit current of the WS-TENG with different
impacting forces. (g) Open-circuit voltage and (h) short-circuit current of the WS-TENG with
different frequencies. (i) Dependence of the output voltage and current of the WS-TENG on load
resistances. (j) Dependence of the instantaneous power density of the WS-TENG on load resistances.
(k) Durability test of the WS-TENG under 20,000 continuous working cycles. () Electric
performance of the WS-TENG before and after washing for different times.

3.5. Applications of the WS-TENG

Being flexible, breathable, washable, and easy to be triggered by various
freestanding-layer materials, the fabricated WS-TENG has promising potential in

diversified wearable applications. To demonstrate its flexibility and potential to harvest



biomechanical energy and monitor human motions, the WS-TENG was fixed at various
positions of human body to harvest energy from human motions. For example, in the
palm (Fig.4a), at the elbow joint (Fig.4c), at the lateral elbow (Fig.4e), under the arm
(Fig.4g), at the knee joint (Fig.41) and under the foot (Fig.4k). The corresponding peak-
to-peak Voo value can reach about 13 V (Fig.4b), 14 V(Fig.4d), 17 V (Fig.4f), 23
V(Fig.4h), 7V (Fig.4j) and 9 V(Fig.4l), respectively. Specifically, to harvest from hands
clapping, the WS-TENG was pasted in the palm of a glove, and the skin of the other
hand acted as the freestanding layer during clapping (Fig.4a-b). As well known, the
movement of arms and legs is also one of the most important biomechanical energy
sources from human body. If WS-TENG was integrated in a coat, the energy from the
elbow joint bending (Fig.4c-f) and arm swinging (Fig.4g-h) could be harvested. Here,
the coats made of cotton fabric acted as the freestanding layer. When one swings arm
or bend elbow joints, the contact area between the WS-TENG and the coats will change,
generating an alternating-current electricity. Similarly, WS-TENG was then integrated
in trousers (made of polyester fabric to act as the freestanding layer) to harvest energy
from knee joint bending during walking (Fig.4i-j). In addition, the WS-TENG could
also be laid under the foot to harvest energy from footsteps (Fig.4k-1), during which the
sock acted as the freestanding triboelectric layer. Considering that each peak V. signal
of WS-TENG corresponded to one contact-separation process, such as arm swinging
or leg bending movement, the WS-TENG shows promising potential in human motion
monitoring by using such peaks as sensor trigger signals, which shows the wide
application prospects in personal health monitoring. To further evaluate the application
potential of the WS-TENG in sensing applications, the sensing capability was studied
comprehensively. As depicted in Fig.S2 (in the Supporting Information), the output
voltage was plotted versus the external pressure. The results show that the WS-TENG
exhibits good sensitivity of 1.824 V/kPa and 0.968 V/kPa in a wide pressure range of
0.24 to 20 kPa and 30 to 70 kPa, respectively. Compared with some previous published
papers (as shown in Table S3 in the Supporting Information), the developed WS-TENG
could obtain a balanced performance between a high sensitivity and a wide detection

range of external pressure. More importantly, most of the TENG devices in previous



works cannot exhibit outstanding breathability and washability due to their intrinsic
structures and materials. Herein, the all-fiber WS-TENG could solve the breathability

and washability problems of nanofiber based devices during practical applications.
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Fig. 4 Photographic images and open-circuit voltage of the WS-TENG fixed at different positions
of human body. (a-b) in the palm, (c-d) at the elbow joint, (e-f) at the lateral elbow, (g-h) under the

arm, (i-j) at the knee joint, (k-1) under the foot.

Furthermore, to demonstrate its application potential as a useful power source and
self-powered sensor, the energy-harvesting, charging capabilities and human motion
sensing potentials of WS-TENG were investigated. Through lightly flapping the WS-
TENG by hand, the electric energy can directly drive 58 LEDs connected serially
(Fig.5a), easily power a digital clock (Fig.5b) with a simple bridge rectifier circuit
(Fig.5d). Moreover, the rectified output signals of WS-TENG could be charged into
several capacitors with different capacitances. Fig.5e shows the voltage-charging
curves of capacitors measured by flapping the WS-TENG. The voltages of 2 uF, 4.7 uF,
22 puF and 100 pF capacitors can reach 15.2 V, 7.8V, 3.3 V and 1.7 V in 120 s,
respectively. Above results clearly reveal the WS-TENG can effectively generate

electrical output under various human motions and show promising potential for



powering wearable electronics. Finally, a smart textile glove was made by stitching
several WS-TENGs (area: ~2 cm?) onto a commercial knitted cotton glove (Fig. 5¢).

To demonstrate its potential to detect finger movements, output voltage signals under
different circumstances were investigated. Tests of bending the thumb and pressing the
index finger onto a rubber pad were carried out with the smart glove and corresponding
voltage signals were shown in Fig.5f and Fig.5g, respectively. When bending the thumb
periodically, the WS-TENG stitched at thumb position simultaneously generated a
peak-to-peak voltage of ~ 2.8 V, which could be attributed to the periodic distance
change between stitched WS-TENG and the glove. When pressing the index finger onto
a rubber pad at a frequency of 5 Hz, voltage signals with a peak-to-peak value of ~ 15
V were generated by corresponding WS-TENG stitched on index finger position. The
measured results clearly affirm that the WS-TENG based textile sensors are capable of

detecting human movements in practical applications.
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Fig. 5 Practical applications of the WS-TENG: Harvesting mechanical energy from hand flapping
for (a) directly lighting up about 58 LEDs, (b) driving the electronic watch and (c) smart glove for
finger motion sensing. (d) The equivalent electrical circuit of the self-powered system. (e) Charging
curves of 2, 4.7, 22, 100 uF capacitors charged by the WS-TENG under flapping by a human palm.
Voltage signals recorded by the smart glove when (f) bending the thumb and (g) pressing the index
finger. Insets of (f) and (g) show the corresponding digital photos.

4. Conclusion

In summary, we have designed and developed a novel all-fiber triboelectric
nanogenerator with a woven textile structure by using core-shell yarns with commercial
stainless-steel yarns as the core and electrospun PA66 or P(VDF-TrFE) nanofibers as
the shell through a simple electrospinning and scalable weaving methods. Herein, the
fabricated WS-TENG exhibits the combined advantages of nanofibrous surface

microstructures, all-fiber components, and interlaced-designed woven structure, which



avoid using breathless binder and protective/encapsulation layer, displaying a new
approach in the fabrication of nanofiber-based WS-TENG with washability, high
flexibility, desirable breathability, and excellent durability. Resultantly, the WS-TENG
exhibited an obviously superior wearable performance in comparison with nanofiber-
based TENG with sandwich-like structure. Specifically, under a working principle of
freestanding mode, a high output open-circuit voltage with a peak-to-peak value of
~166 V and a short-circuit current of ~ 8.5 pA can be obtained from the WS-TENG
with the size of 5 x 5 cm?, corresponding to a high instantaneous power density of 93
mW/m? at a load resistance of about 10 MQ. Demonstration of applications showed
that the woven-structured nanofiber TENG can be well utilized to harvest
biomechanical energy from human motions and are expected to be further employed in

self-powered devices.
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