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The output charge density is recognized as the most important parameter to characterize the performance of
triboelectric nanogenerators (TENGs). In this paper, we report a multichannel driving TENG (MTNG) through
utilizing the external electric field outside the friction layers pair (Eex) to drive the flow of electrons in multiple
channels and generate multiple outputs simultaneously, which is different from the past TENGs that drive them
flowing in a single channel. Through increasing the number of driving channels and decreasing the thickness of
dielectric layers in the driving channels, the output charge density of MTNG is increased to 5.35 mC m™~2, which

is the highest reported value of TENGs by now. This work provides a new path to increase the output perfor-

mance of TENGs.

1. Introduction

The continuous developments in triboelectric nanogenerators
(TENGs) have demonstrated their substantial potential as a high-
efficiency, low-cost and easy fabrication mechanical energy harvesting
technology [1-4]. In particular, it provides a long-life and environ-
mentally friendly power source for small-size electronic devices in
different scenarios such as portable electronic devices, implantable de-
vices and wireless monitoring system [5-12]. Since the invention of
TENG in 2012 [13], a series of efforts have been made to improve its
output performance including the output voltage, current, power and
charge density [14-19]. Among them, the output charge density is
gradually recognized as a key important parameter to evaluate the
performance of TENGs for the following reasons. First, the output
voltage and current of TENGs vary with the changes of the driving force,
but the output charge density remains basically constant under different
driving force and reflects the intrinsic performance of TENG itself.
Hence, the output charge density could accurately assess the perfor-
mance of TENGs. Second, in practical applications, as the load re-
sistances are usually much lower than the optimum load resistance of
the TENGs, most of the generated energy is consumed by the inner
resistance of the TENGs. Under this circumstance, the actual power
actted on the loads mainly depends on the output current of a TENG,
which mainly depends on its charge density and driving frequency.
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Since the driving frequency is determined by the environmental vibra-
tions, the output current especially the average current is intrinsically
determined by the charge density. Therefore, the output charge density
can reflect the TENG’s ability of exporting energy to the loads.

In order to increase the output charge density of TENG, many tech-
nique ways have been explored and developed, which could be divided
into two categories. The first one is to increase the essential performance
of TENG itself through materials selection, structure optimization,
charge injection and so on [20-26]. It is essentially to increase the
charge density of the friction layers pair. By exploring these methods, a
TENG with a multigap-structured friction layer exhibits a maximum
output charge density of 2.94 mC m~2 [27]. Besides the above methods
to enhance the essential performance of the TENG, a series of intensifier
circuits including charge pumping circuits and step-down circuits are
developed as the second category of methods to increase the TENG’s
output charge density to the external circuits under circumstance of
limited essential output performance of TENG itself [28-33]. For the
TENG with the charge pump circuit, a maximum output charge density
of 4.76 mC m™2 is obtained [34]. At present, although the output charge
density of TENGs has been increased to a fairly high value, it is still not
enough for the killer applications of TENGs and is the key challenge in
this field. Further increasing the output charge density is of key point for
the development and applications of TENGs.

For the past TENGs, there are three characteristics: 1. Changes of the
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inner electric field between the friction layers pair (Ej,) is used to
generate the induced potential in electrodes pair which drives the
moving of electrons in external circuit; 2. An electrodes pair surrounding
the friction layers pair is the only way to use the Ej, since the friction
layers contact with each other in some stage of a TENG’s working cycle.
3. As the electrodes pair shields the electric field outside it, it is
impossible to add another electrodes pair outside the existed one to
increase the output charge density. These characteristics determine, for
the designs used in past TENGs, their friction layers pair’s charge density
is the extremum of their output charge density. However, besides Ejp,
there also exists an external electric field outside the friction layers pair
(Eext)- Eext has the following characteristics: 1. Eey¢ also changes with the
moving of friction layers pair to generate the induced potential in
electrodes pair and drive electrons moving. That is to say, it could also
be used to generate electricity; 2. As the space of Eey is open, many
electrodes pairs could be set in Eex at the same time; 3. The electrodes
pair in Eey only shields the electric field in the electrodes pair. In the
space outside the electrodes pair, Ecx still exists. Thus, multiple elec-
trodes pairs existing in Eex could simultaneously generate electricity. So,
if Eext is used, it is possible to fabricate a new kind of TENG with multiple
driving channels, and its total output charge density could be increased
well above the friction layers pair’s charge density.

In this work, we developed a multichannel driving triboelectric
nanogenerator (MTNG) through utilizing Eey to present a new way to
further increase the output charge density of TENGs. The total output
charge density of a MTNG is many times that of a normal TENG (N-
TENG) also working in the contact-separate mode with the same friction
layers pair. The highest total output charge density of MTNG reaches
5.35 mC m 2, which is about 20 times that of N-TENG, 1.82 times of the
highest reported value of TENG’s essential output charge density and
even 0.59 mC m ™2 higher than the highest reported value of TENGs with
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the help of intensifier circuits. MTNG can also effectively avoid crosstalk
noise between multiple devices driven at the same time and improve
their working efficiency. Furthermore, through collecting the output
energy in capacitors, a rather high energy consuming device could be
driven.

2. Results and discussion
2.1. Design of the MTNG

Fig. 1a shows the calculated result of the electric field generated by
the friction layers pair, the electric field in the whole space can be split
into two parts: Ej, and Eey. Compared with Ej,, Eex exists in a much
larger space. At the same time, considering that the electrodes pair in
Eext will not shield the electric field outside itself, in the space outside
this electrodes pair, Eex still exists. So, it is possible to set a mass of
electrodes pairs in it to realize multichannel driving in a TENG. How-
ever, to utilize the multiple electrodes pairs setting in Eey to effectively
generate electricity, there are still two requirements to be met: 1. The
electrodes pairs should work simultaneously; 2. Because the intensity of
Eext is much lower than that of Ej,, new design should be developed to
increase Eey's intensity to get higher output charge density from each
electrodes pair.

For the first requirement, as Fig. 1b I-III show, if a short-connected
electrodes pair is put in the electric field (intensity is E), positive and
negative charges will respectively move to the two electrodes and shield
the electric field between the electrodes. The charge density on the

electrodes (&.) could be calculated with the following equation [35]:
6, = €&o&E

In this equation, ¢, is the permittivity of the vacuum and &, is the
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Fig. 1. Design of the MTNG. (a) Simulated result of the potential and electric field intensity distribution generated by the friction layers pair. (b) Changes of the
electric field and distributions of charges after put one or more short-connected electrode pairs in the electric field. (c) Schematic illustration of the MTNG. (d)

Moving behavior of charges in the circuit in the working process of the MTNG.
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permittivity of the medium. As a result, the electric field is divided into
two parts (intensities are E; and E»), if the boundary effect is ignored, the
intensities fit the equation: E; = E; = E. That is to say, the added elec-
trodes pair influences little to the electric field out of it. So, if multiple
electrodes pairs are set in the electric field, the inductive charges existed
on all of them. Therefore, the many pairs of electrodes pair parallel with
each other could work simultaneously in Eeyt.

For the second requirement, an electric field restriction mechanism is
introduced to improve the electric field intensity. As Fig. S1 shows, a
pair of restriction electrodes is short circuit connected and added in Eey;.
One electrode at the back of bottom frictional layer and the other
electrode is set above the top frictional layer with a gap between them.
Statistical results in Fig. Sla and b show, after adding the restriction
electrodes, Eqx is restricted in the gap and its intensity is remarkably
increased, the value along the arrows is about 5 times that of without
restriction electrodes (Fig. S1c).

Fig. 1c shows the structure of MTNG, electrospinning polyvinylidene
fluoride (PVDF) and polyamides (PA) nanofibers film (scanning electron
microscopy (SEM) images shown in Fig. S2a-b, Fig. S3 shows their sur-
face potentials after rubbing are about — 2210 V and 1580 V, respec-
tively) are used as the friction layers pair, a series of electrodes pairs
with dielectric layers between them (sectional SEM image shown in
Fig. S2¢) are placed at the top of the PA friction layer as driving chan-
nels, the restriction electrodes are placed at the top of the driving
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channels and at the bottom of the PVDF friction layer and connected by a
copper wire. So, in the MTNG, all driving channels are placed in the
restricted Eey. (Fabrication process of the MTNG is given in the Material
and methods.).

Fig. 1d shows the transfer behavior of charges in the circuit. When
the friction layers pair is brought into physical contact, a lot of tribo-
electric charges will generate on the two friction layers surfaces. Then,
when the MTNG at the contact state, the friction layers pair contacted,
which will not generate electric field in the space, and no charge will be
induced in the driving channels. And when MTNG is releasing, the
friction layers pair will generate electric field in the space, and the Eex
induced charges in the electrodes of the driving channels, and driving
charges moving in the circuit along the marked direction. At the sepa-
rated state, E.y reaches it maximum value, and the induced maximum
charges is obtained in the driving channels. Then, when the MTNG is
pressing, intensity of Eey decreasing, and charges move back in the
circuit. Thus, when the MTNG is pressing or releasing, the charges will
transfer through the external circuit connected to each driving channel.
So, in the working cycle of the MTNG, charges move alternately in the
circuits to generate electricity in external circuits.

2.2. Output performance of MTNG with 3 driving channels

A MTNG with 3 driving channels (MTNG-3) was designed and
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fabricated to check the working mechanism and characterize the per-
formance of the MTNG. Fig. 2a, Fig. S4 and S5 show the simulated result
of the potential distribution in MTNG-3. When the driving channels are
open circuit connected, the potential decreases linearly in the driving
channels along the direction away from the friction layer and the electric
field is almost uniform. And when the driving channels are short circuit
connected, two electrodes of each driving channel have equal potential
and the electric field intensity in each driving channel is zero, which
indicates that all driving channels shield the electric field inside simul-
taneously. In other words, the charges move along same direction in all
driving channels simultaneously. This result indicates, all driving
channels could work in the meantime. As Fig. 2b shows, the calculated
charge densities of the driving channels are very close to that of the
restriction electrodes, and a little less than that of the friction layers pair.
This result implies that output charge density of each driving channel is
close to the charge density of the friction layers pair.

Fig. 2c-d and Fig. S6 show the output performance of a MTNG-3
(optical image of the MTNG-3 is shown in Fig. S7). We can see,
though output current, voltage and output charge density of one channel
of the MTNG is lower than that of the N-TENG (structure of the N-TENG
is shown in Fig. S8), total output current and output charge density in-
creases to approximately 2.5 times of the N-TENG. The V-Q plots [36] of
the MTNG-3 (shown in Fig. S9) with different load resistances show,
when the load resistances are lower than 10 MQ, MTNG’s output energy
is higher than that of the N-TENG. As the resistances of most devices
powered by TENGs are not very high, for most applications, MTNG could
provide more energy than the N-TENG. Fig. 2e shows the voltage of
capacitors charging with MTNG-3 and N-TENG. In 1 min, three 4.7 pF
capacitors charged simultaneously by the MTNG are respectively reach
7.5V,7.6 Vand 7.2V, the total charge quantity (statistical result shown
in Fig. 2f) and energy of the capacitors charged by the MTNG-3 are 2.3
times and 1.8 times that of the N-TENG. This result further proves that
all the driving channels of the MTNG could work simultaneously to
supply more energy to the circuit. As shown in Fig. S10, the stability of
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MTNG is also excellent. After continuously working for about 58,000
working cycles, there is no attenuation in the output currents of the
driving channels, and the output currents even increase slightly, which
caused by the increase of friction charge after long-time work.
Furthermore, as the stability of the MTNG mostly depends on the sta-
bility of the friction layers pair, the MTNG has the same stability with
the N-TENG, which could be proved by the phenomenon that the in-
crease rates of the driving channels and the N-TENG are almost the
same.

2.3. Further increment of MTNG’s output charge density

From the above results, the performance of MTNG-3 is significantly
improved compared with the N-TENG. Next, we will explore if there is
still enormous potential to further improve its performance. According
to the working mechanism of MTNG, there is an apparent method to
further increasing the total output current and output charge density of
the MTNG through increase the number of driving channels as each
driving channel could generate almost the same amount of charge.

Therefore, we fabricated MTNGs with more driving channels.
Fig. 3a-c and Fig. S11 show the output of a MTNG with 10 driving
channels (MTNG-10). It can be observed that the output current and
output charge density of each driving channels are a little less than that
of the N-TENG, which is similar to the phenomenon of MTNG-3. The
average output current (20.9 pA) and average output charge density
(186 uC m™2) of each channel of MTNG-10 are respectively 65.7% and
70.7% that of the N-TENG (31.8 pA and 263 pC m’z). From the statis-
tical results shown in Fig. 3c, the total output charge density of the
MTNG-10 is increased to 1.86 mC m~2, which is about 7.1 times that of
N-TENG. Through further increasing the number of driving channels,
the total output charge density of MTNG could be further increased. As
shown in Fig. 3d, Fig. S12 and S13, for an MTNG with 20 driving
channels (MTNG-20), the total output charge density is increased to
2.50 mC m’z, and for an MTNG with 30 driving channels (MTNG-30),
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Fig. 3. Increasement of the performance of MTNG through increase the number of driving channels. (a) and (b) respectively show the output currents and charges of
the N-TENG and the driving channels of the MTNG-10. (c) Statistical result of the output charge densities of the N-TENG and the MTNG-10. (d) A bar graph shows the
relationship of the output charge densities ranges with the number of driving channels in the MTNG.
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the total output charge density is increased to 3.88 mC m™2. As shown in
simulated result (Fig. S14), output charge density of the MTNG increase
rapidly with the number of driving channels in the range of 30-180.
These results indicate that adding the external output channels of MTNG
is an effective way to improve its performance.

Comparing with the MTNG-3, two differences could be found for
MTNGs with more driving channels, the output current and output
charge density of the channels at the top and bottom sides of the device
are obviously higher than that at the middle of the channels, and the
average output of the channels decreases with the increase of its quan-
tity. These changes are caused by the boundary effect which existed
widely in the electric field generated by two parallel charged layers. The
boundary effect could be briefly described as follows: As well known,
two infinite parallel layers with opposite charge will generate a uniform
electric field in the space between them. But if the layers are finite, at the
boundary of the layers, the electric field lines curve outward, which
leads to the decrease of the electric field’s intensity especially at the
boundary of the layers. Theoretically, if the layers are placed in mate-
rials with uniform dielectric constant, the degree of the boundary effect
mainly depends on the ratio of the layers’ width and the layers’ distance.
For charged layers with the same width, the degree of the boundary
effect increases with the layers’ distance, which is exhibited clearly by
the simulated result shown in Fig. 4a and b. Comparing with that
generated by the layers with smaller distance (marked as II), the electric
field generated by the layer with larger distance (marked as I) decreases
both at the boundary and the center of the layers. As the charge density
of the driving channels depends on the intensity of the electric field
surrounding them, the boundary effect leads to the decrement of the
driving channels’ output charge density.

Consequently, decreasing the boundary effect is another way to in-
crease MTNG’s performance, which could be realized by decreasing the
thickness of dielectric layers. Fig. 4c shows the simulated result of the
charge densities of the driving channels of MTNG-30 s with different
dielectric layers’ thickness. It can be obviously observed that the charge
densities of the driving channels with thinner dielectric layers are
higher, especially for the channels in the middle of the device. The above
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results indicate that, decreasing the thickness of dielectric layers could
increase the MTNG’s output charge density.

Since the dielectric constant of the dielectric layers is different from
the air surrounding the MTNG, the dielectric constant of the dielectric
layers always influences the boundary effect and the performance of the
MTNG. Theoretically, increase of the dielectric constant will lead to the
aggregation of electric field lines in the dielectric layers and the decrease
of boundary effect, which helps to increase the total output charge
density of MTNG. Here, we present a simulated result of the driving
channels’ charge densities of the MTNG-30 with the dielectric constant
ranging from 1.5 to 6 (shown in Fig. S15). When the dielectric constant
increases, the charge densities of the channels also increase. Therefore,
replacing the dielectric layer with materials with higher dielectric con-
stant is another way to decrease the boundary effect and increase the
total output charge density of the MTNG.

Based on the above discussion, we aim at decreasing the boundary
effect by decreasing the thickness of the dielectric layer. Experimentally,
we fabricated a series of MTNG-30 with dielectric layers’ thicknesses of
30 pm and 21 pym and compare the performance with the MTNG-30 with
60 um thick dielectric layer used before. As Fig. 4d, Fig. S13, Fig. S16
and Fig. S17 show, with the decrease of the dielectric layers thickness,
the total output charge density of the MTNG increases. For the MTNG-30
with 21 um thick dielectric layer, the output charge density is increased
to 5.35 mG m~2, which is the highest output charge density of TENGs by
now (Table S1 shows the output charge densities of reported high output
TENGs) and this value could be further increased through adding more
driving channels, using thinner dielectric layers or dielectric layers with
higher dielectric constant.

2.4. MTNG'’s ability to avoid crosstalk noise

Usually, if we use a single general electrical source such as N-TENG
to power multiple devices, these devices are easy to work with large
errors, low working efficiency and even damage since the branch
voltage or current will change with all devices. Excitingly, MTNG shows
its excellent ability to avoid the crosstalk noise and supply stable voltage

Fig. 4. Increasement of the performance of
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and current for each device simultaneously and independently. Fig. 5a
shows the schematic of how to use MTNG to power multiple devices, in
which each device is powered by one driving channel of MTNG. Using
the circuits shown in Fig. S18 and Fig. 5a, 10 light sensors are simul-
taneously driven by a N-TENG or a MTNG-10. In the experiment, 10
sensors are divided into two groups containing 5 sensors each, one group
(Group-1) keeps working under white light illumination of 420 lux, and
the other group (Group-2) working in dark or disconnected. Output
signals of the sensors are tested, and the output signals of Group-1
corresponding to Group-2 working in different states are compared to
evaluate the crosstalk among the sensors. As Fig. 5b (the output signals
of sensor-3 (one sensor of Group-1)) and Video S1 show, using the N-
TENG as power source, when the state of Group-2 changes from light to
dark and disconnected, though sensor-3 works in a stable light, its
output signal ranges from about 1.4-2.0 pA and 3.1 pA, which caused by
crosstalk among the sensors. Relatively, using the MTNG-10 as power
source, when the state of Group-2 changes in the same manner, the
output signal of sensor-3 is almost stable (change<2%). At the same
time, as Fig. S19 shows, the output signals of all sensors of Group-1 show
similar characteristic with Sensor-3. That is to say, using the MTNG-10
as power source, output signals of the sensors are not influenced by
the other sensors, and the crosstalk noise is effectively avoided.

2.5. Increment of the working efficiency of MTNG driven devices

Except for the ability to avoid the crosstalk noise as a multi-channel
power source, MTNG could also increase the working efficiency in some
applications, as the output charge density of the MTNG is increased to a
very high value. As Fig. S20 and Video S2 show, an MTNG-10 is used to
power 10 electrochemical deposition equipments, and the N-TENG is
used to power one equipment as the control group. Output currents of
the MTNG and the N-TENG are rectified to direct current before pow-
ering the electrochemical deposition equipment (the rectified currents
are shown in Fig. S21a). As shown in the optical images and atomic force
microscope (AFM) images of Fig. 5c, after 1 h deposition, 10 MnO,
patterns were deposited on the patterned ITO electrodes simultaneously

MTNG

c-1 [:[:] Sensor-1

(a)

All in light =

Nano Energy 98 (2022) 107272

powered by the MTNG-10. According to the line thickness tracks in AFM
images (Fig. S21b), the average thicknesses of the patterns are calcu-
lated (Fig. 5d). It is clear that, though the thicknesses of one pattern
deposited with MTNG-10 are a little thinner than that deposited with N-
TENG, the total thickness of ten patterns is about 3.6 times that of
deposited with the N-TENG, which means MTNG greatly improves the
electrochemical deposition efficiency.

2.6. Driven of high-power devices with MTNG

Furthermore, output energy of the MTNG could be collected together
to power one device which needs high power. Using the circuit shown in
Fig. 6a and b, output energy of the N-TENG and the MTNG are stored in
capacitors and then used to power a digital watch. Through controlling
the switchers, the capacitors alternate between the charging state and
the discharging state. As Fig. 6¢ and Video S3 show, the capacitors are
first charged for 7 mins, and the stored energy is used to power the
watch. As a result, the watch could work for 4 mins and 15 s using the N-
TENG, it is shorter than the charging time, which means that the watch
could not be powered continuously with the N-TENG. However, the
working time of the watch is increased to 13 mins and 15 s using the
MTNG, which is about twice of the charging time and 3.1 times of the
working time charged with the N-TENG, and the watch could be pow-
ered with the MTNG continuously. This result indicates that MTNG is
capable of powering device with rather high energy consuming.

3. Conclusions

In summary, we designed and developed a MTNG utilizing Eex: to
greatly increase the output charge density of TENGs. Through con-
structing the restricted Eey and designing a series of driving channels
inside, the multiple channels can work simultaneously driven by one
friction layers pair. The output current and charge density of each
channel is close to that of the N-TENG, and the total output charge
density is increased to many times that of the N-TENG consequently.
Moreover, increasing the number of driving channels, using thinner

Fig. 5. MTNG’s ability to avoid the crosstalk
noise and to increase working efficiency of de-
vices. (a) Schematic diagram shows the circuit
to power multiple devices with the MTNG. (b)
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Fig. 6. A digital watch powered by the N-TENG and the MTNG-10. (a) Schematic illustrations of the circuit to power the digital watch using the N-TENG. (b)
Schematic illustrations of the circuit to power the digital watch using the MTNG-10. (c) Voltages the capacitors in the circuits in the charging and discharging process,
and the insets show the optical images of the watch at the start and stop working time.

dielectric layers or dielectric layers with higher dielectric constant are
proved effective to further increase the output charge density. In this
work, the output charge density of MTNG is increased up to 20 times
that of a N-TENG with a new output record of 5.35 mC m™~2 being ob-
tained. In addition, as a power source with multiple output channels,
MTNG shows the unique ability as a stable multi-channel power source
to avoid crosstalk noise between driving devices. Comparing with
multiple devices driven by the N-TENG, their working efficiency are also
increased when they are driven by the MTNG. By storing the output
energy in capacitors, MTNG could be used to power device with higher
energy consuming.

4, Material and methods
4.1. Preparation of the PVDF solution and PA solution [37]

3.75 g PVDF powder is dissolved in 8.5 g N,N-dimethylacetamide
and 12.75 g acetone, stirred for 30 mins at 60 °C and then cooled down
to room temperature to prepare the PVDF solution. 2 g PA powder is
dissolved in 4.8 g formic acid and 3.2 g dichloromethane and then it is
stirred for 1 h to make all PA powders dissolved to prepare the PA
solution.

4.2. Preparation of PVDF and PA nanofibers [37]

PVDF and PA nanofibers are prepared via electrospinning. In the
experiment, an aluminum foil is used as the collector and the prepared
PVDF or PA solution is loaded into a syringe. The distance between the
needle of the syringe and the collector is set to 16 cm. To prepare the
PVDF nanofibers, feed rate of the PVDF solution is set to 3 mL h’l, and
the voltage between the needle and the collector is set to 15 kV. To
prepare the PA nanofibers, feed rate of the PVDF solution is set to
1 mL h™?, and the voltage between the needle and the collector is set to
16 kV. The nanofibers are collected for 10 mins and then dried at 60 °C
for 30 mins.

4.3. Fabrication of the N-TENG

First, two piece of cleaning PET films (4 cm x 4 cm, 30 um thick)
with Cr/Ag electrodes (3 cm x 3 cm) deposited on one side are pre-
pared. On the other side, PVDF or PA nanofibers is adhered on the
surface with following steps: the electrospinning nanofibers is first
peeled off from the aluminum foil and cut into square of 3 cm x 3 cm.
On the surface of the PET film, a piece of very thin double side tape is
pasted at the needed location, and then the nanofibers are pasted on the
double side tape. Eventually, copper wires were connected to the Cr/Ag
electrodes, and the films are assembled as that shown in Fig. S8 to make
the N-TENG.

4.4. Fabrication of the MTNG

First, two piece of cleaning PET films (4 cm x 4 cm, 30 pm thick)
with Cr/Ag electrodes (3 cm x 3 cm) deposited on one side are prepared
and copper wires were connected to the electrodes. On the other side of
PET films, PVDF or PA nanofibers is adhered on the surface. The elec-
trode at the back of the PA film acts as one electrode of the driving
channels and the electrode at the back of PVDF film act as one restriction
electrode. Second, several pieces of cleaning PI films (4 cm x 4 cm,
thickness of the films depends on the needed thickness of the dielectric
layers in the driving channels) with Cr/Ag electrodes (3 cm x 3 cm)
deposited on one side are prepared and copper wires were connected to
the Cr/Ag electrodes. The PI films are pasted layer by layer on the back
side of the PET film with PA nanofibers to make the driving channels,
and the PI film and the glue formed the dielectric layer in the driving
channels. At the top of the driving channels, another film is pasted as
another restriction electrode. Eventually, the restriction electrodes are
connected with a copper wire, and films are assembled as that shown in
Fig. 1c to make the MTNG.

4.5. Measurement of the MTNG

In the actual measurement, restricted to the measurement equipment
we used. Outputs of each driving channel are measured in order, with all
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channels at the same state (all channels short-circuit connected to
measure the output current, all channels connected with a load resis-
tance same with the measurement equipment (100 MQ) to measure the
output voltage). The MTNG is driven by a linear motor with an ampli-
tude of 2 cm and a frequency of 4 Hz.

4.6. Calculation of the energy stored in the capacitors

The energy stored in the capacitors are calculated by the equation:
E = CV?%/2. Here, E is the energy stored in the capacitor, C is the
capacitance of the capacitor and V is the voltage of the charged
capacitor.

4.7. Measurement of the light sensors driven simultaneously by a N-TENG
or a MTNG-10

As Fig. S18 shows, to drive the 10 sensors simultaneously by a N-
TENG, all sensors are connected in parallel, and then connected to the N-
TENG; to drive the 10 sensors simultaneously by a MTNG, each sensor is
connected directly to one driving channel of the MTNG-10.

The sensors are divided into two groups: Group-1 contains Sensor-1,
Sensor-3, Sensor-5, Sensor-7 and Sensor-9, Group-2 contains Sensor-2,
Sensor-4, Sensor-6, Sensor-8 and Sensor-10. First, dark currents of the
sensors are measured through place all the sensors in dark. Then the
sensors are measured in the following states: (I) all sensors work in light;
(II) Group-1 work in light and Group-2 work in dark; (III) Group-1 work
in light and Group-2 is disconnected. In the experiment, 420 lux white
light is used to illuminate the sensors.

4.8. Powering electrochemical deposition devices with the N-TENG and
the MTNG-10

First, an electrochemical deposition solution was prepared by adding
0.358 g Mn(NOs)2 aqueous solution (50 wt%) and 0.425 g NaNOs to
50 mL of deionized water and stirring continuously for 30 min at room
temperature [38]. Second, patterned ITO glass and carbon electrode are
immersed in the solution as the working electrodes. The electrodes and
the solution formed the electrochemical deposition devices. Third, as
Fig. 520 shows, the N-TENG or each driving channel of the MTNG-10 is
connected to the input ends of a rectifier bridge, and the output ends are
connected to an electrochemical deposition device with the positive end
connected with the carbon electrode and the negative end connected
with the patterned ITO glass. Then the N-TENG or the MTNG is driving
with a linear motor for 1 h. After that, the ITO glasses are washed with
deionized water for several times to remove the excess electrolyte and
dried at 60 °C for 1 h.

4.9. Measurement of thickness of the deposited patterns

The deposited patterns are first imaged by AFM at the position
marked by the red square shown in Fig. 5c, and line thickness tracks (as
that shown in Fig. S21b) are then obtained from the AFM images,
thicknesses of the deposited patterns are calculated by the line thickness
tracks.
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