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Abstract

Triboelectric nanogenerators (TENGs) have proven to be a robust power source for efficiently converting environmental
mechanical energy into electricity. Triboelectric technology experienced substantial growth in the past few years, especially
in the field of green wearable power sources as the Internet of Things develops. However, it is still difficult to overcome some
remaining bottlenecks for wearable TENGs, such as limited choice of materials, unsafe metal electrodes, complex structures,
and finally an insufficient electrical output. In this work, we present a simply structured wearable TENG that delivers usable
electric power based on human motion. The form of TENG, which combines a friction material of silk and an electrode
material of carbon nanotube (CNT) in liquid phase to achieve a biodegradable conductive mixing friction layer is new and
unique. A series of delicate investigative experiments were conducted to clarify the impacts of various parameters and their
optimal values in the fabrication. Then the special mixing layer was attached to a glove and tested with various daily actions,
showing high potential as a power source for wearable electronics and as a motion sensor itself. This new form of CNT-silk
TENG will push the field’s development toward actual use, with lower cost and less burden for both of production and usage,
with the advanced features of high softness, high sensibility, light weight, and simple structure.

Keywords Triboelectric nanogenerator - Wearable power supply - Silk fibroin - Carbon nanotube composite - Simple
structure

1 Introduction

Electronic devices and systems have experienced exponen-
tial growth during the past decades while gradually becom-
ing a part of people’s daily life. With the development of
“top-down” manufacturing technologies, the dimensions
and power consumption of autonomous electronic devices
and systems have decreased significantly. In the same time,
electronic devices become more diverse, offering more com-
prehensive and vital functions, and requiring for increased
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power consumption [1, 2]. In particular, wearable sensors
and electronics, which provide convenience and security to
society, are facing the issue of power supply [3, 4]. Batter-
ies are always the first choice. However, they cause severe
environmental problems, and lack the required properties of
flexibility, comfort, lightweight, convenience and uniform
specification for wearability. Energy harvesting technolo-
gies that convert ambient power into electricity are prom-
ising solutions for relieving the burdens of environmental
safety and physical comfort. As different mechanisms of
piezoelectricity, thermoelectricity, photoelectricity and the
electromagnetic effect focused on wearables rapidly devel-
oping [5-9], an emerging mechanism of triboelectricity has
attracted a lot of attention in recent years.

The triboelectric nanogenerator (TENG) equips outstand-
ing properties of high efficiency, environmental friendliness,
economic universality and widespread availability [10, 11].
By combining contact charging and electrostatic induction,
TENG is able to convert irregular and low-frequency human
motion into electrical charges, and then to generate current
when connected with external circuits [12]. The output of
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TENG device has fundamentally high electric potential even
with low current (pA level). Such characteristics make it
have a strong sensitivity, and even a very slight movement
can produce a visible electrical output, and the weak current
will not pose a threat to the human body [13]. In the weara-
ble field, although many micro-sensors consume little power,
they need to be used very frequently and may even be used
in real time to monitor human conditions [14, 15].With the
high applicability and security, by employing several work-
ing modes and structures, TENGs have acted as many kinds
of motion sensors on different parts of the body, thanks to
their soft friction materials, and the fact that pulse signals
are readily discernible [16—18]. TENGs are now gradually
becoming the first choice among contenders as a wearable
power supplying source [19, 20], because a power source
that can release a small amount of available electrical energy
frequently would be more practical than a power source that
has large energy storage but a burden on the human body
and a difficulty of charging quickly. TENGs’ advantages of
being easy to integrate, economical to fabricate and process,
able to efficiently and safely deliver usable output are bring-
ing more and more broad application prospects in various
forms [21-23].

Although there already exist many remarkable results for
the field of wearable TENGs [24-27], certain bottlenecks are
still difficult to overcome. First, synthetic materials such as
nylon [28], polyester [29, 30], silicon rubber [31-33], and
polydimethylsiloxane (PDMS) [34, 35] are generally used.
Most of them are not soft nor breathable enough, leading to
a low wear comfort. Second, metals such as copper, silver,
gold and nickel have always been the researcher’s choices for
TENG electrodes, but such metals impose the risk of allergy,
and are not suitable for clothing that is in direct contact with
human skin [36]. More importantly, conventional TENGs
usually needed a long and complicated fabrication proce-
dure to achieve wearability, because their metal electrodes
and synthetic, inflexible friction materials were originally
hard to wear [37]. This processing induces high cost and
difficulties for widespread application, and restricted further
development of TENG use in daily life. Last, the output of
the TENGs needs to be high enough to meet wearable elec-
tronics’ specifications as a qualified power source.

In this work, a simply structured wearable TENG that
delivers usable electric power based on human body motion
is proposed, utilizing natural skin-friendly silk as the friction
material and non-metallic carbon nanotubes (CNTs) as the
electrode material. This form of a TENG, which combines
a friction material (silk) and electrode material (CNT) in the
liquid phase to achieve a biodegradable CNT-silk composite
is very unique. Compared to the other existed composite-
based TENG [38, 39], equipping both usable electrical con-
ductivity and good power generation performance is another
crucial innovative point of the proposed device. Herein, we

show in-depth and systematic experiments to elucidate the
influence of various processing techniques, as well as the
parameters on the power generation performance. Our pro-
posed CNT-silk composite is capable to reach high output
power as shown by using a dedicated vibration platform for
quantitative power generation assessment, as well as random
human body motion (i.e. finger typing). The later will sup-
port the exploration of lower cost and less burden for both
of production and use, with the advanced features of high
softness, light weight, and simple structure.

2 Methods
2.1 Preparation of CNT-Silk TENG
2.1.1 Material Selection of Silk and CNT

This paper aims to make a TENG from materials that are
truly wearable and that can be easily afforded. Silk is very
light in weight, comfortable to wear, moisture absorbing
and breathable, and is widely used for weaving into various
satin and knitwear. Moreover, silk is easy to be positively
charged during friction, being proved already to be suitable
for triboelectric power generation [40]. Because silk fibroin
is a natural animal protein, it is very easy to process and
mix with other substances. Other materials that have bet-
ter power generation performance (“+” positive side) are
inferior in terms of softness and workability. Therefore, silk
is a promising material for a low cost and highly available
wearable TENG device.

As for electrode material, metals have danger to cause
metal allergy, and need much efforts to be processed into
thin and fine fibers, leading to high cost and complicated
procedures. Multi-walled carbon nanotube is one of the most
inexpensive choice for non-metallic conductive material.
The component is simple and pure, and the commercialized
powder provides much convenience in the following meter-
ing and mixing experiments.

The combination of the two materials is highly control-
lable, and the single layer structure equips high adaptability.
As shown in Fig. 1a, the CNT-silk layer is connected to the
ground through electronics, showing that it does not need
to form a loop with other friction side, greatly reducing the
burden of wear. Any object from the outside can freely form
a friction pair with it.

The CNT-silk membrane has a unique microstructure.
The silk is wrapped with carbon nanotubes like a layer of
shell, as shown in Fig. 1b, c, making the surface of the over-
all film smooth, dense and tight. The carbon nanotubes act as
electrode, connect with each other, and form a microscopic
porous structure for the mixing film, which increases the
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Fig.1 a The schematic view of the CNT-silk mixing layer based
TENG. The CNT-silk mixing layer is easily to be positively charged
during frictions with other cloth materials and external objects such
as air. The potential drops between the two friction layers will drive
electrons to flow from the CNT-silk layer to the ground, powering
up electronics connected in between. b The SEM view of the surface

friction efficiency. The whole piece of solid film is shown
in Fig. 1f.

2.1.2 Preparation of CNT-Silk Mixing Solution

100 mg of multi-walled CNT powder (Sigma-Aldrich,
> 98% carbon basis, 6-13 nm X 2.5-20 pm) was added to
20 g of formic acid (Sigma-Aldrich, 88-91%), and the mix-
ture was then shaken for 3 h in an ultrasonic bath to obtain a
CNT-formic acid mixing solution of 4 mg/ml. On the other
hand, an aqueous solution of silk fibroin was prepared using
the method presented by Refs. [41-43], and is briefly sum-
marized as follows. Bombyx mori cocoons that are bound
together by sericin were boiled in 0.02 M sodium carbonate
(Na,CO3) solution for 45 min to be degummed. The obtained
silk fibres were then rinsed by distilled (DI) water and put
to air dry at room temperature for 24 h. Then the silk fibres
were dissolved in 9.3 M lithium bromide (LiBr) solution at
60 °C and kept at this temperature for 3 h to be completely
dissolved. Next, the LiBr was removed by dialysis (3.5 K
MWCO, Slide-A-Lyzer Dialysis Cassette, Thermo Fisher
Scientific Inc.) for 72 h. Next, the silk fibroin solution was
purified by twice of 20 min centrifugation step, then fol-
lowed by microfiltration (5 pm, Millipore Inc.). In our case,
4.2 wt% (40 mg/ml) silk fibroin solution was obtained when

Multi-walled
Carbon Nanotube

of the CNT-silk layer. ¢ The combining structure of CNT and silk
fibroin. The inner core of the tube-shaped structure is consisted by d
multi-walled carbon nanotubes, which is the electrode of the TENG;
and the outer cover is formed by e silk, which acts as the triboelec-
tric material. f The optical image of a piece of the proposed CNT-silk
mixing membrane

using a 13 wt% silk-LiBr solution. In order to avoid the pro-
tein denaturation, the silk fibroin solution was stored at 4 °C
and was used within 1 week after preparation. Finally, the
silk fibroin solution was added to the CNT-formic acid solu-
tion, and then shaken for 2 h in an ultrasonic bath to obtain
the silk fibroin-CNT-formic acid mixing solution.

2.1.3 Fabrication of PET-Substrate CNT-Silk TENG

In this study, in order to verify the effectiveness of this
new structure of a mixing layer, polyethylene terephthalate
(PET), which is a very common and inexpensive material
with excellent performance in triboelectric energy harvest-
ing, was used to simulate the external friction materials (i.e.
clothing) during friction.

Here, the design of the PET-substrate testing TENG
device follows an arch-shaped geometry, as shown in Fig. 2a,
which has been proven to function as an efficient mechani-
cal structure for a reliable-performance TENG [44]. This
vertical-contact mode is simple in structure, convenient to
manufacture and repair, less harmful to the friction surface,
and can be well used on a vibrating shaker to test power gen-
eration performance. In this case, two 200 pm PET/Indium
tin oxide (ITO) foils (Thorlabs, OCF2520) were utilized as
the supporting structures, with the PET films bent into an
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Fig.2 a The optical image of the PET-substrate testing TENG. This
device was used to simulate the friction condition with CNT-silk
membrane, in order to test its power generation capability. b The
circles of power generation waveform under the repeated patting of
vibrational shaker. ¢ The schematic view of the shape and working

arch shape and affixed by elastic tapes, with the 300 Q/C]
ITO layers serving as PET’s electrodes. One of the PET sur-
faces was treated with 5 min of oxygen plasma with 30 W of
RF power (YHS-R/Sakigake Semiconductor Co., Ltd.). Sub-
sequently, the CNT-silk mixing solution was coated tightly
onto the PET surface, and the mixing layer itself served as
its electrode. In this way, the CNT-silk mixing layer and the
other side of the PET constituted the triboelectric pair of the
designed testing TENG.

2.2 Tests and Measurements

A vibration platform was set up for systematic study of the
electrical properties and energy harvesting efficiency of
the fabricated CNT-silk testing TENG. Firstly, a functional
generator (SG-4105, IWATSU Electric Co., Ltd) was used
to generate a 7 Hz electrical signal with an amplitude of
1.3 V, which was subsequently enlarged by an amplifier
(MA1, IMV Corp.) Then the amplified signal was utilized
to drive a vibrational shaker (m060, IMV Corp.), and then
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mode of the PET-substrate testing TENG. One side of the friction
pair is the CNT-silk layer, which acts as friction material and elec-
trode simultaneously. The other side is the PET/ITO film, wherein
PET acts as friction material, and ITO acts as electrode

a 7 Hz periodic vibration with the amplitude of 35 mm was
obtained. An aluminium mass was tightly fixed onto the
shaker to provide the vibrational external force to the test-
ing TENG placed underneath the mass. More details are
shown in the supporting information section. The optical
properties of the fabricated CNT-silk/PET/ITO layers were
studied using a UV-Vis-NIR spectrophotometer (V-670,
JASCO International Co., Ltd.). The surface morphology
was tested by a Laser Scanning Microscope (VK-8700
Keyence Corp.)The sheet resistance was tested using a
4-point sheet resistance tester (0.01 m€/C0-5000 kQ/O.
K-705RS Kyowariken Corp.). Additionally, a digital
oscilloscope (TDS2024, Tektronix Inc.) with a probe of
100 MQ (100:1 probe, Hioki 9666) was used to measure
the generated output voltage and current of the TENGs.
All experimental data were collected after the output of
TENG stabilized to avoid deviations due to separation dis-
tance and initial charge on the device. All our experiments
were carried out in ambient air, at room temperature of
22 °C under the relative humidity of ~ 30%.
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3 Results and Discussion
3.1 Power Generation Mechanism

The output cycle is shown in Fig. 2b, when the device was
directly connected to oscilloscope with a matched load of
30 MQ. With random contact between CNT-silk film and
PET, charges are generated and trapped on the PET surfaces.
When the PET is pulled away from the mixing film, the elec-
trical field balance due to the surface charges is destroyed,
causing a change in the potential difference. This potential
difference drives electrons to flow through external circuits
to form an electric current. When the PET approaches the
mixing membrane again, the potential difference will drive
the electrons to flow in the opposite direction to achieve
equilibrium.

In the case of the PET-substrate testing TENG, the poten-
tial drop generated during friction will drive electrons to
flow between CNT-silk film and ITO electrode layer, as
shown in Fig. 2c. This mode is less affected by external
noise and was therefore used to test the power generation
performance of the mixing layer. And the case of the pro-
posed single-electrode mode was adopted in the later appli-
cation section. In that case, the CNT-silk film is connected
directly to the ground, allowing the same potential drop to
drive electrons to flow in between. With this mechanism,
the CNT-silk film together with PET forms a power source,
turning the mechanical energy into electricity.

3.2 Effect of Different Weight Ratios Between Silk
and CNT

The CNT-silk solution consisted of the two components of
silk fibroin and CNT with formic acid solvent and little DI
water. Different weight ratios of the two components of silk
and CNT were used in each solution sample, as follows:

Ment © Mgifibroin =9 0 L3 01,1 0 1,1 :3,1:5

Because the microstructure of CNT and silk fibroin are
completely different, and they neither react nor agglomer-
ate with each other, the two components tended to separate
from each other and group together with particles of the
same kind as the solvent evaporated. This phenomenon of
agglomeration has always occurred during difficult CNT’s
dispersion in previous researches [45], as shown in Fig. 3c.
Agglomeration phenomenon has a negative impact on the
conductivities and final performance of the CNT-silk layer.
This effect can be intuitively reflected in the testing with
CNT-silk droplets. As shown in the Fig. 3a, drops of the
solutions with different weight ratios showed different mor-
phology after drying naturally. Of these dried residues, only

the samples with ratios 5:1, 3:1, and 1:1 were conductive.
The other samples 1:3 and 1:5 contained more silk fibroin,
leading to severe agglomeration of CNTs and poor conduc-
tivity, and were not able to achieve any conductivity to serve
as an electrode and triboelectric layer simultaneously.

The same volume of each conductive solution was then
evenly drop-coated by syringe on a PET substrate of 8 cm?,
as described in the former section, to fabricate the test-
ing TENGs, as shown in Fig. 3b. As the ratio changed, the
degree of agglomeration also varied. In this study, evalua-
tions were performed by measuring the surface roughness,
surface sheet resistance and power generation effect of
different samples. Surface roughness and sheet resistance
were used to evaluate the severity of the agglomeration phe-
nomenon—the more even the surface, the less severe the
agglomeration, and the better conductive performance would
be achieved. Together with the results shown in Fig. 3d, e,
when the ratio was 1:1, the CNT-silk film has the best mixed
dispersion state and sufficient conductivity to achieve the
requirements. The sheet resistance of the mixing film has
the same order of magnitude (€/C]) as the sheet resistance
of ITO, so its conductivity is within an acceptable range.
And the results shown in Fig. 3f indicated that the weight
ratio of Mnp:Mg;y of 1:1 performed best in generating elec-
tric power under the same conditions, which preferentially
affected the choice of the optimal ratio. Combining all the
test results, 1:1 was set as the optimal and default ratio dur-
ing the following tests.

3.3 Effect of Different Coating Methods
of the Mixing CNT-Silk Solution

In this research, different coating methods will cause dif-
ferent durability and electric performance of the CNT-
silk films. Here, several different coating methods were
employed to coat the same amount of mixing solutions on
PET substrates of the same size. The first method was using
a syringe to conduct drop coating, according to the sche-
matic shown in Fig. 4a. The second way was using a wire
bar coater to conduct slide coating, as shown in Fig. 4b. The
third way was to combine the above two methods to con-
duct the two methods alternately—using a bar coater to coat
0.5 ml of solution firstly, and then after the surface was fully
dried, conducting drop coating with a syringe to coat another
1 ml of solution. The reason for not using spin coating was
to avoid much waste of the solution, and multiple times of
conduction leading to much lower efficiency.

Figure 4c shows the samples’ surface morphologies
when using drop coating and bar coater coating. It is obvi-
ous that drop coating resulted in higher surface roughness
than bar coater coating, as shown in Fig. 4d. This rough-
ness is different from the roughness in Sect. 3.1 that indi-
cates the dispersion of solutes, but has proved to be one
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Fig.3 a The image of drop testing of the mixing solutions in different
weight ratios. Each drop has the volume of 2 pl. b Based on the con-
ductive results from (a), the conductive solutions were coated on PET
substrate, to fabricate the testing TENGs. ¢ The surface morphology
shows the agglomeration phenomenon of pure carbon nanotube layer.
The right upper smaller view shows the surface morphology of mix-

of the key parameters improving the output performance
of TENGs, as shown in Fig. 4e. When this surface rough-
ness increases, the effective friction area will be larger due
to more surface patterns. On the other hand, the flat and
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ing solution in the ratio of 1:1. d The surface roughness, e the sheet
resistance and f the output voltage of different TENGs fabricated with
mixing solutions in different weight ratios, are the standards for com-
prehensive evaluation of the optimal ratio. It can be seen from the fig-
ures that 1:1 is the optimal choice for the best of three worlds

tight surface coated by the wire bar coater had much better
durability according to the photos shown in Fig. 4e. There-
fore, conducting the two methods alternately was chosen
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ing layers coated by different coating methods. e The electric output

as the proper choice, to achieve a stable bottom layer and
a rough upper layer for better performance.

3.4 Electric Properties of PET-Substrate CNT-Silk
TENG

According to the above experiments, the optimal values of
certain parameters/conditions were obtained and verified.
Therefore, the TENG used in the following tests were all
based on the determined parameters/conditions to make
sure of its best power generation performance. The electric
properties of the fabricated CNT-silk testing TENG were

of the mixing layers coated by different coating methods. Although
the power generation performance of the drop-coating layer and mix-
coating layer was similar, the difference of durability could be seen
from the sample’s photos shown in e

systematically investigated by using both a vibration plat-
form and body motion (i.e. finger pressing).

The shaker introduced in Sect. 2.2 provided a stable
external force of 14.7 N with a frequency of 7 Hz to the
TENG. As shown in Fig. 5a, the output voltage of the
connecting resistor increases continuously as its resist-
ance increases from 10 to 90 MQ, but the increase rate of
the output voltage declines. Thus, the curve for the out-
put power of the connecting resistor shows a single-peak
profile in Fig. 5a, and the maximum value was achieved
when the resistance value of the resistor was 30 MQ with
an electric output of 214 V, 7.13 pA, and 190.73 pW/

cm?, respectively. The same samples were tested by hand
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patting as well. The external force provided by hand pat-
ting was about 7 Hz, 20 N, a little stronger than that from
shaker patting. As shown in Fig. 5d, f, the output reached
262 V and 8.73 pA, respectively, with a matched load of
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30 MQ. The power density reached a maximum value of

285.91 pW/cm?, which is sufficient to support many newly

developed micro/nano electronic devices [46, 47].



International Journal of Precision Engineering and Manufacturing-Green Technology (2020) 7:683-698 691

«Fig.5 The working ability of the CNT-silk testing TENG was sys-
tematically investigated by regularly patting from vibrational shaker
and randomly patting from human hand. a The output voltage and
output power corresponding to different external resistance under
shaker patting. b The output voltage and output power correspond-
ing to different external resistance under hand patting. Under shaker
patting, ¢ the output voltage and e current of fabricated testing TENG
achieved averagely 214 V and 7.13 pA, respectively, with a matched
load of 30 MQ. Thus, the output power achieved to the maximum
value of 1.53 mW with the surface area of 8 cm?. Under hand pat-
ting, d the output voltage and f current of fabricated testing TENG
achieved averagely 262 V and 8.73 pA, respectively, with a matched
load of 30 MQ. Thus, the output power achieved to the maximum
value of 2.29 mW with the surface area of 8 cm?

Then the TENG was used to directly charge a 7 nF capaci-
tor without any external circuit for a charging ability testing.
With one touch of 20 N which lasted for 0.03 s, an output
voltage of 3.0 V was generated across the capacitor as shown
in Fig. 6a, b, showing that the total amount of the charge
generated by triboelectrification was approximately 21 nC,
and an output current around 0.7 pA was generated from one
touch between the CNT-silk layer and the PET according to
the formula

_Q_/I-dt
U U

C , ey

in which C is the capacity of the external capacitor, Q is the
amount of charge generated by triboelectrification, U is the
voltage across the external capacitor, and I is the average
magnitude of the current generated by triboelectric charging
during the time of t.

The fabricated testing TENG was furthermore tested by
charging and fulfilling a 470 nF capacitor via a full-wave
rectifier bridge to see its practical charging ability. The
TENG fulfilled the capacitor within 1 min, as shown in
Fig. 6c¢, d.

The fabricated TENG also successfully lighted up 57
LEDs connected in series, as is shown in Fig. 6e. A Christ-
mas tree shape was displayed by the LED array when the
TENG was driven by fingers.

The durability of the fabricated TENG was also tested
for continuous operation by using the vibration platform
for 180 min. After 75,600-cycle of beating with an external
force, the output voltage of the TENG was almost unchanged
with a slight decrease of 16.7%, as shown in Fig. 7a. The
mixing layer after 180 min of operation was 2.3 um thinner
than that before operation, as shown in Fig. 7c.

All of the above tests were performed at a default room
temperature of 22 °C and a relative humidity of ~ 30%.
Here, the power generation performance in higher humid-
ity environments has also been tested. Figure 7b shows the
results of a test using the system shown in Fig. 7d, which
indicates that when the relative humidity exceeded 75%,

the power generation performance was greatly reduced. It
is partly because that silk fibroin is soluble in water, so the
consumption of friction material also affects the output.
However, if the mixing film is subjected to alcohol anneal-
ing, the dissolution problem can be completely solved [48].
And when the humidity was too high, the charges generated
by the friction were dispersed by the water vapor, result-
ing in very low power generation efficiency. But even in
high humidity conditions, voltage outputs exceeding 100 V
could be guaranteed. Suitable humidity for the human body
in daily life is 30-60%, which is also a good range for this
TENG’s working.

Compared with the other wearable TENGs developed
in recent years that similarly use the common materials in
daily life, such as cotton (about 13 pW/cmz) [29], parylene
(39.37 pW/cm?) [30] and pure silk (193.6 pW/cm?) [40], the
power generation performance of this device (285.91 pW/
cm?) is higher. Compared with other TENGs with higher
output power, the materials used in this research are more
suitable for daily consuming and wearing than PDMS
(1.48 mW/cm?) [49], silicon rubber and nickel (0.89 mW/
cm?) [36]. Although they are less vulnerable by using the
strong materials, in terms of the purpose of wearing comfort
and compatility, the practicality is relatively weak. While
having good power generation capability, the CNT-silk
TENG also equips structural simplicity, economic univer-
sality and reproducibility, simultaneously.

3.5 Application

A large-area single-layer TENG was fabricated to demon-
strate its high usability and potential application in daily life.
As shown in Fig. 8a, a piece of CNT-silk film was attached
to the glove, in order to avoid the impact of the human body
on the test results at the demonstration stage. The layered
structure is as shown in Fig. 8b. The CNT-silk layer and the
external clothes/layer formed the proposed CNT-silk TENG.
This was to test whether the proposed TENG could generate
electricity from random friction between common materials
shown in Fig. 8c, without the need of complicated mecha-
nisms and motion modes. The whole process was conducted
by hand-making without any extra processing or ultra-clean
environment.

The first test was to use the mixing-layer-glove to gently
tap a piece of polyester as shown in Fig. 9a, which is one
of the most common fabrics in daily life. Because the force
provided by a hand was as light as 0.5 N, the output tended
to be random rather than stable. The highest voltage output
was 67.2 V, as shown in Fig. 9c. Then, when the polyes-
ter was gently rubbed horizontally with the CNT-silk film,
the output reached 36.4 V, as shown in Fig. 9d. In order to
make the test more realistic, the tester grabbed the piece
of polyester with the special glove to wipe something (e.g.
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Fig.6 a The CNT-silk testing TENG was directly used to charge a
7 nF capacitor without any external circuit. b The waveform of the
output voltage across the 7 nF capacitor generated by one touch
between the mixing film and PET. ¢ The amplifier circuit to convert

screen of a mobile phone), as shown in Fig. 9e. Under these
circumstances, there was almost no rubbing between the two
friction materials, but the holding force was slightly changed
with the swing of the fingers. Even in this case, the voltage
output was obvious, reaching 14.4 V as shown in Fig. 9f.
Next, nylon was used as the second material to gener-
ate electricity. In the ranking of gaining and losing elec-
trons, nylon is more likely to become positively charged
than silk during friction. In this case, the mixing film was

@ Springer KE; E

the AC signals delivered from the testing TENG into the DC signals.
d The waveform of the amplified signals fully charging a 0.47 pF
capacitor within 1 min under hand patting. e The amplified signals
of the testing TENG directly lighted up 57 LEDs under hand patting

negatively charged. With very simple and casual pinching
and rubbing with the force of about 1 N, the proposed
TENG achieved an output voltage of 15 V, as shown in
Fig. 10a, b. Last, the tester wore the special glove to gently
flick her hair to further verify the wide applicability and
high sensitivity to everyday actions, as shown in Fig. 10c.
In a random touch on the hair, the proposed TENG reached
a maximum voltage of 14.8 V as shown in Fig. 10d.
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Fig.9 a Touching the polyester fabric by the glove with CNT-silk
film. b The schematic view of the layer structure and circuit connec-
tion shown in a. ¢ The output voltage during gently tapping by the
glove on the polyester fabric. d The output voltage during gently rub-
bing by the glove on the polyester fabric. e Using the glove to hold a

Next, the same TENG system was used to charge a
7 nF capacitor, as shown in Fig. 11a. With one random
touch less than 1 N, the voltage across the capacitor was
tested. As shown in Fig. 11b—d, in the touch on polyes-
ter, nylon and human hair, the voltage of the capacitor
reached 1.16 V, 1.92 V, and 0.36 V, respectively. Based
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polyester fabric to wipe a mobile phone screen, and the correspond-
ing layer structure and circuit connection. f The output voltage dur-
ing the action shown in e, with the two friction materials of CNT-silk
mixing layer and polyester

on Formula (1), it was calculated that during the moment
of light contact, the amount of the generated charge were
8.12 nC, 13.44 nC, 2.52 nC, respectively. And accord-
ingly, the generated current reached approximately
0.27 pA, 0.45 pA and 0.08 pA, respectively. In daily
life, such actions may be repeated many times in a short
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Fig. 10 a Pinching and rubbing the nylon fabric by the glove with the
mixing film, and the schematic view of the layer structure and circuit
connection. b The output voltage during gently pinching and rubbing
nylon by the glove with mixing film. ¢ Gently flicking human hair by

time, or may be performed simultaneously. If a capacitor
was connected to the TENGs, when electricity was not
needed, then charges could be accumulated through the
motions in various local body places, and when electric-
ity was needed, a higher current could be discharged in
a short time to achieve more functions, such as powering
sensors with higher power consumption, or microcurrent
therapy [50].

According to the above experiments and demonstra-
tions, it can be concluded that the CNT-silk film-based
TENG has sufficient potential to act as a wearable device
to provide power, or to be used as a motion sensor during
various daily actions, with extremely high sensitivity, low
cost, easy production, and high durability.
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the glove with the CNT-silk mixing film, and the schematic view of
the layer structure and circuit connection shown in c. d The output
voltage during gently flicking human hair by the glove with the mix-
ing film

4 Conclusions

In summary, a novel, simply structured TENG with a
hybrid mix of CNT and silk is first proposed. Two natural
biodegradable materials, silk and CNT, were employed as
the triboelectric material and electrode material, respec-
tively. For the first time, the friction material and elec-
trode material were combined in liquid phase, achieving
a highly economical, accessible device which is great
easy to be manufactured and integrated into clothes and
wearable devices. A series of investigative experiments
were conducted to clarify the impacts of various param-
eters and their optimal values in the fabrication, laying
a solid foundation for further developments toward real
applications and subsequent electrospinning experiments
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Fig. 11 a Using the proposed CNT-silk TENG to charge a 7 nF capacitor, by contacting with polyester, nylon and human hair, respectively. The
voltage of the 7 nF capacitor were tested when the glove touched b polyester, ¢ nylon and d human hair once, respectively

to achieve textile/fibre structures with higher flexibility
and stretchability.

The electrical features of the presented CNT-silk TENGs
were comprehensively investigated by being fabricated into a
PET-substrate testing mode, with a well-designed vibration
platform and finger typing with a low frequency of 7 Hz.
The fabricated TENG showed impressive stability under a
756,00-cycle continuous operation condition, with merely
a 16.7% reduction in voltage. The voltage, current, and
power density reached 262 V, 8.73 pA, and 285.91 pW/cm?,
respectively, with a matched load of 30 MQ, which prove
the CNT-silk film’s capability in both biomechanical energy
harvesting and self-powered active sensing.

Moreover, the proposed CNT-silk TENG was explored
for generating power during daily actions. The experimental
results proved that the CNT-silk film based TENG has suffi-
cient potential to act as a wearable device to provide power, or
to be used as a motion sensor during daily life, with extremely
high sensitivity, low cost, easy production, and high durability.
This new structure and its’ fabrication method show attractive
potential for simplifying the TENG structure and manufactur-
ing process, thereby enhancing feasibility in further wearable

@ Springer KE;E

applications in smart clothes, healthcare sectors, portable elec-
tronics and many other fields.
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