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Triboelectric nanogenerator can scavenge mechanical energy from environ-
ment to power sensor networks, becoming increasingly important in fields like
healthcare and infrastructure. However, due to its impedance coupling with
sensor networks, stimuli-induced impedance changes of sensor networks will
result in an inconstant output of triboelectric nanogenerator, leading to a poor
real-time powering performance for sensor networks as compared with a
constant voltage source; designing triboelectric nanogenerator with high
powering performance to real-timely power sensor networks faces great
challenges. Herein, an impedance decoupling strategy is proposed to enhance
the real-time powering performance of triboelectric nanogenerator by
decoupling impedances of triboelectric nanogenerator and sensor network. A
shunt circuit composed of a small fixed resistor is introduced to stabilize the
whole impedance of the shunt circuit and the sensor network, making the
output voltage of triboelectric nanogenerator on sensors almost unchanged,
and thus cut off the impedance coupling. Our results show that the strategy
highly enhances the real-time powering performance of triboelectric nano-
generator for sensor networks, and achieves multi-mode sensing with relative
errors as low as -4.6%, comparable to that powered by a commercial power
source. This work provides useful guidance for designing triboelectric nano-
generator for multi-mode sensing, and contributes to its practical applications.

The rapid development of the Internet of Things and artificial
intelligence'” has immense impacts on various aspects of wearable
sensing™*, skin electronics®®, environmental monitoring’, in which
sensing technology plays an important role. Seeking of a suitable
power source for sensor networks composed of widely distributed
sensors is becoming increasingly important. The current powering
technology for widely distributed sensors still relies on batteries.
Because batteries need to be replaced, recharged and recycled reg-
ularly, increasing maintenance costs, and a large number of battery
nodes are prone to environmental pollution, powering widely

distributed sensors with batteries is a challenge or even impossible®. In
order to meet this challenge, self-powered sensing technology’* was
proposed that utilizes triboelectric nanogenerator (TENG) to scavenge
high-entropy energy widely distributed in the environment to power
the widely distributed sensors (Fig. 1a) without the need for external
batteries, which has received worldwide attention in the past years.
For real-timely powering sensor networks, the traditional strategy
(TS) is to connect TENG directly with sensors (Fig. 1b). The biggest
advantage of TS is that the self-powered system composed of TENG
and sensor networks has a simple structure and strong universality
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da Multi-mode self-powered sensing system

1
: |
i Ly el B
! [T — |
= \; R i 2 T | Light Smart home
N\ N\ i :Multi-channel Real-time Signal !
Rain drop | acquisition _ _____sensing _ ___ __J process |
Wind SGON *t
Mechanical 2 ’Oce;i Ry i b Mn
vibration "9 " Sensor  Temperature Environment
g networks
Soort ul
[%e Relative humidity NW
ﬂwﬂﬂﬁ-‘ . Intelligent farm
Vehicle movement Re: small resistor
Rms: resistance of the m-th sensor (m=1, 2, ..., n)
b Traditional strategy (TS)
r— — — — — — @ off state on state
VoulRsngn) E
| £
S stimulus : ®
< signal
‘ é 9 | 2 Vout(RS-h\gh) 7\/0‘:;"?87'0‘”)
stimulus signal = VoulRsiow) : - Rs-tigh Slow
| \ (UV, T, RH etc.) Vo, : e—
| = Electrode  Vou(Rsou) & Rsuow (0N state) | R, Reion ' Rergn
— ) T T T U T . _ Ison _ Vou(Rsiow) Rsuign - R high
| wm Triboslectric layer N 10* 10° 10° 107 100 100 onfoffratio =77 = VorRen) Rom =~ Rorn
- — — — — Rs (Q)
C Impedance decoupling strategy (IDS)
r— " rR.__. 1 é off state on state
| ' | Vou(RE) E
| o T j T “t;"
| Ronan (of state) o = Vu®
I — Vou I,
| —_})_ L | .= : signal : . Rs-nign \Q)L(R)
L Q\ " 3 S-low
\ | > ! ‘ Time (s)
v \ \ Re- Re
Vou(R) & Rs-ow (ON state) | | Vout (R) = Vou ( RIR ) = Vou (Re)
‘ Rs*Rr Re<<Rs ‘ ; Rsio  Reign ST Re<<Rs
f T RetRe — R=Re— Vou(R) = O“[(RF)J 10°  10° 10" 10° 10° 10" on/off ratio = Is.on _ Vou (Rr) Rstign _ Rsign
- —  —/  —/ Rs (Q) Isot  Vout(Re) Rsiow Rsiow

Fig. 1| Working mechanism of impedance decoupling strategy (IDS).

a Conceptual framework for the application of sensor network based on the multi-
mode self-powered sensing system. b, ¢ Mechanism diagrams of traditional strat-
egy (TS, b) and IDS (c). Due to triboelectric nanogenerator’s impedance-dependent
output voltage characteristics, the on/off ratio of sensor measured by TS is much

smaller than the on/off ratio of the actual. The purpose of the IDS is to stabilize the
voltage at both ends of the sensor: the output voltage V,«(R) is unchanged before
and after the sensor is stimulated, and the value is equal to Vo, (Rf), so the on/off
ratio of sensor measured by IDS is almost equal to the on/off ratio of the actual.

suitable for various sensing scenarios, and can provide real-time power
source for sensors” ™, However, TS will degrade the real-time power-
ing performance of TENG compared to a constant voltage source
(CVS), resulting in poor real-time sensing performance (i.e., on/off
ratio) of the self-powered system. The main reason of this degraded
real-time powering performance of TENG mainly comes from the load
impedance-dependent output characteristics of TENG, which more
fundamentally results from the impedance coupling between the
TENG and the sensor networks (as loads). Under a stimulus (e.g., light,
temperature, and force) to be detected, the sensor resistance will
decrease (or increase), and simultaneously results in a decrease (or
increase) of the TENG output voltage; as a result, these two variations
together lead to the sensing on/off ratio of self-powered system being
much smaller than its intrinsic sensing on/off ratio, i.e., poor powering
performance of TENG and poor sensing performance of self-powered
system. This challenge remains unsolved for a long time; until recently,
a second-best solution of synchronous switching strategy was pro-
posed by us', in which a synchronous switch was introduced to phy-
sically disconnect TENG and sensor during the process of charge

accumulation, and connect them during instantaneous discharge, thus
to decouple their impedances. Although this synchronous switching
strategy provides a guidance to achieve a load-independent output
voltage to highly enhance the real-time powering performance of
TENG, it currently only suitable for instantaneous discharging TENG,
and more importantly, relies on signal acquisition with an ultra-high
sampling rate as high as 10° sps (unit: sample per second), and in fact
has poor universality and poor scenario adaptability. Up to now,
finding universal strategies to make TENG has higher powering per-
formance to real-timely power sensor networks is one of the most
pressing challenges in the field.

In this work, a simple but universal impedance decoupling strat-
egy (IDS) is proposed to enhance the real-time powering performance
of TENG. IDS only needs to introduce a shunt circuit composed of a
small fixed resistor to stabilize the whole load impedance and thus to
cut off the impedance coupling between TENG and sensor network.
This strategy is almost as simple as TS, but simultaneously, it has no
relation with the instantaneous discharging TENG, in other words, it is
a universal high performance powering strategy for all types of TENG.
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Our theoretical, computational and experimental results show that IDS
enables TENG to real-timely power various commercial sensors, such
as temperature sensors and opto-sensors, and achieve relative errors
as low as -4.6%. Moreover, a self-powered system based on IDS is
successfully constructed for multi-mode sensing that can simulta-
neously monitor temperature and light intensity without any crosstalk
from each other, and achieves sensing performance (i.e., on/off ratio)
comparable to that powered by a commercial CVS. This work greatly
increases the real-time powering performance of TENG, which is
expected to promote the practical application of TENG.

Results
Working mechanism of IDS
Figure 1a illustrates the important application scenarios of self-
powered system composed of TENG and sensor networks in smart
home, environmental monitoring and intelligent farm, et al. TENG
harvests mechanical energy from environment for powering sensor
networks and captures multi sensing signals. Due to the impedance
coupling between TENG and sensor (as load), the output (Vou(R),
Ioue(R)) of TENG strongly depends on the sensor impedance (R)"™".
In TS, the TENG is directly connected to the sensor (Rs) as shown
in Fig. 1b. Taking the case that Rs decreases under stimuli as an
example, when the sensor is unstimulated (off state, Rs.nign) and sti-
mulated (on state, Rs.ow), the output voltage of TENG is Vou(Rs.nigh)
and V,u(Rs.10w), respectively. Then, the on/off ratio obtained by TS can
be expressed as:

S—on

on/off ratio= / — l/out (RS—Iow)/RS—Iow
S—off  Voue (RS—high) /Rs_high
_ Vour(Rs_tow) _ Rsnigh _ Rshign
Vout<RS—high) Rs_tow  Rs_iow

where /s, and /s represents the current flowing through the sensor
when the sensor is on state and off state, respectively. Because
Vout(Rs-1ow) is not equal to Vou:(Rs-hign), the obtained on/off ratio by TS
is not equal to the intrinsic one (Rs.hign/Rs.1ow), resulting in inaccurate
sensing. As can be seen, it is the impedance coupling between TENG
and sensor that fundamentally leads to the poor sensing performance,
which means that the powering performance of TENG in TS is poor.

To solve above problem, as shown in Fig. 1c, when a shunt circuit
composed of a small fixed resistor (Rf) is introduced in IDS to cut-off
the impedance coupling between TENG and sensor, the whole load
impedance R = Rs « Rg/(Rs + R), calculated by the parallel resistance of
Rs and Ry, is approximately equal to R when R « Rs. In this case, the
output voltage of TENG can be expressed as:

@

R<eR
VouR) =V oy <ﬁ> ~ Vour (RF)~ 2)

The on/off ratio obtained by IDS can be expressed as:

Rs_1ow*Re
on)/off ratio=15=on Vour (57 ) Rs 1w

Rs_nign®R
S—off Vout (RSS,,:;:‘H{F) /RS—high (3)
~ Vout (RF) . RS—high — RS—high
Vout (RF) RS—low RS—low

This formula shows that the impedance coupling between the
TENG (internal impedance Z;) and the sensor (Rs) is cut off by R, so the
on/off ratio obtained by IDS is equal to intrinsic on/off ratio. In theory,
accurate sensing stimuli can be measured by IDS rather than TS.

It should be noted that the above derivation and analysis are
based on, but not limited to sensors whose resistance decreases with
stimulus, they are also suitable for sensors whose resistance increases

with stimulus. Moreover, the above theoretical results are also
applicable to the case of simultaneously powering multi-mode sensing
by TENG in IDS (Supplementary Note 1 and Supplementary Fig. 1). It is
worth noting that in IDS, there is no crosstalk between multiple sen-
sors, conducive to promoting high-level applications of TENG in self-
powered system for multi-mode sensing.

Dynamic simulations of TENG in TS and IDS

To verify the validity of IDS, a dynamic finite element simulation model
was constructed by a ‘moving mesh’ method™ to simulate the self-
powered sensing performed in TS (for comparison) and IDS. The
powering performances of TENG in TS and IDS with various sensor
resistances (Rs) are respectively simulated in Fig. 2a, b. In TS, Vou(Rs)
increases with increase of Rs and becomes stable at about 10° Q, which
means that the accurate on/off ratio can be obtained by TS when R is
greater than 10° Q. It is worth noting that this is limited to the Z; of
TENG is about 5x10%Q, while the Z of TENG in actual experiments
ranges from about 10° to 108 Q*°?, which is much higher than the Z; of
TENG in simulation, so it is difficult to have a sensor matching TENG
and obtain their accurate on/off ratio by TS. For comparison, in IDS,
Vout(Rs) remains stable after Rs is greater than 10 Q when R is 10 Q.
This indicates that when Rs is greater than 10> Q, the accurate on/off
ratio can be obtained by IDS, and indicating that IDS is suitable for a
large Rs range. The relationship between Rr and TENG output (V. (R),
lout(R)) is shown in Supplementary Fig. 2 (Supplementary Note 2).

In addition, the sensing performance of self-powered system
respectively based on TS and IDS are also simulated. Here, we take an
opto-sensor as an example, set R of 10 Q and assume that Rs are
5x10*Q, 5x10°Q and 5x10?Q under dark, weak and strong illumi-
nation, respectively. As shown in Fig. 2c, the on/off ratio obtained by
TS after weak and strong illumination is respectively about 6.6 (weak
illumination) and 17.0 (strong illumination), which are much lower
than the actual ones (10 for weak illumination, 100 for strong illumi-
nation); while, the on/off ratio obtained by IDS is about 10.0 (weak
illumination, ~ 10) and 98.1 (strong illumination, ~ 100) under same
light conditions. This indicates that the sensing performance of self-
powered system based on IDS is better than TS. To further find out the
application scope of IDS, the on/off ratios obtained by TS and IDS as
functions of the off-state Rs with intrinsic on/off ratio of 10, 10%, 103,
10*,10° are shown in Fig. 2d and Supplementary Fig. 3 (Supplementary
Note 3). Compared with TS, IDS is suitable for sensors with a wider
resistance range. This further indicates that the powering performance
of TENG is enhanced by IDS.

Moreover, the relationship between Rr and on/off ratio is also
simulated in Fig. 2e and Supplementary Fig. 4 (Supplementary Note 4).
When R is much smaller than Rs, the on/off ratio obtained by IDS is
much closer to the intrinsic on/off ratio; while, with the increase of R,
formula (3) is not valid due to Vou(R) # Vou:(RE), and the on/off ratio
obtained by IDS is inaccurate. As a result, the on/off ratio decreases
with the increase of Rf, and the off-state R becomes larger, and Rg
becomes smaller. This also shows that, from another perspective, R¢
should be properly selected according to the sensor characteristics
(i.e., off-state Rs, and intrinsic on/off ratio), and the on/off ratio reaches
higher than 90% of the intrinsic on/off ratio when Rs.min = 10Rg (Sup-
plementary Fig. 5, Supplementary Note 5 and Supplementary Table 1).
The stability measurement of IDS is also simulated in Fig. 2f. The on/off
ratio obtained by TS increases with the increase of approaching fre-
quency (f) of two triboelectric layers, and the on/off ratio obtained by
IDS is always around 9.9, which is the same as the intrinsic on/off ratio
10.0. So, IDS can enhance the powering performance of TENG not only
working at low frequency but also at high frequency. (Supplementary
Fig. 6 and Supplementary Note 6). In addition, the on/off ratio by IDS as
functions of surface charge density and dielectric constant of tribo-
electric layers are both investigated in Supplementary Fig. 7 (Supple-
mentary Note 7). In brief, the on/off ratio obtained by IDS is not
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Fig. 2 | Dynamic simulations of triboelectric nanogenerator (TENG) in tradi-
tional strategy (TS) and impedance decoupling strategy (IDS). a, b Output
voltage and output current of TENG in TS (a) and IDS (b) with different sensor
resistance Rs. ¢, d Simulated off and on real-time sensing signals (c) and on/off
ratios (d) of sensors powered by TENG in TS and IDS. IDS is suitable for a wider Rs
range than TS. Inset: enlarged detail of the output current. e On/off ratios obtained

by TS and IDS under different fixed resistor (Rg). Compared with Rs, the smaller the
Ry, the better to achieve high-precision sensing. f On/off ratios obtained by TS and
IDS under different contact frequencies of TENG triboelectric layers. g, h Simulated
dynamic current (/s; and /sz) of multi-mode sensing in TS (g) and IDS (h). Two
sensors influence each other in TS, and works independently in IDS. The sensors in
simulations have an intrinsic on/off ratio of 10.

affected by approaching frequency, surface charge density, and
materials of triboelectric layer, indicating that IDS is a universal strat-
egy for TENG that does not influence by special driving modes or
materials.

More importantly, the multi-mode sensing performance of self-
powered system based on TS and IDS is further investigated in
Figs. 2g, h, respectively. Sensor network for multi-mode sensing made
of opto-sensor (Rs;) and temperature-sensor (Rs) is taken as example,
and the stimulus applied is shown in the upper of Fig. 2g. In TS, when
only light is applied, the current of opto-sensor (/s;) increases by 3.4
times, and the current of temperature sensor (Is,) decreases. Is; and /s,
increase with thermal and light stimuli are applied simultaneously, and
the on/off ratio of two sensors is 2.0, which is less than the actual value
10.0. It shows that multiple sensors in TS will influence each other,

resulting in inaccurate sensing for the stimulus. On the contrary, inIDS,
Is; increases by 9.8 times, and /s, is unchanged, with only light is
applied. When thermal and light stimuli are applied simultaneously,
both /s; and /s, have increased 9.7 times, approximately equal to the
intrinsic on/off ratio 10.0. A detail should be noted: two sensing signals
have no crosstalk with each other; in other words, they are decoupled.
These results further indicate that IDS can cut off the impedance
coupling between TENG and sensor network by Rg, enhancing the real-
time powering performance of TENG for multi-mode sensing, which is
not possible in the past.

Enhanced powering performance of TENG by IDS
The powering performance of TENG in IDS is also investigated by
comparing the output characteristics of TS and IDS in Fig. 3. In TS, the
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current of TENG in traditional strategy (TS, a) and IDS (b) with different sensor
resistance (Rs). ¢ output voltage and output current of TENG in TS and IDS varies
with Rs summarized from a and b. Voltage measured by IDS stable with increasing
Rs and current decreases. d Normalized on/off ratios measured by IDS under dif-
ferent fixed resistors (Rg). When the ratio of Rs.min to Rr exceeds 10, the on/off ratio
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of sensor measured by IDS is accurate. e, On/off ratio of sensors measured by TS
and IDS varies with on-state Rs (10>-10° Q). On/off ratio of sensors measured by IDS
is accurate when Ry is selected properly. f, On/off ratios obtained by TS and IDS
under different contact frequencies (f) of TENG triboelectric layers. On/off ratios
measured by IDS is insensitive to f, and while on/off ratio measured by TS varies
with f and is smaller than that measured by IDS.

dynamic voltage (Vs) and current (/s) across the sensor, also equal to
the TENG output, as a function of Rs are shown in Fig. 3a. It can be
observed that, with the increase of Rs, /s first remains stable and then
decreases, and Vs keeps increasing. As a contrast, in IDS, when R are
10*, Vs and /s as functions of Rs are shown in Fig. 3b. A universal
characteristic is that with the increase of Rs, /s continuously decrea-
ses, while Vs increases first and then remains stable. It is worth noting
that the voltage across Rs is stabilized to ~50 mV. The Vs and /s across
the sensor measured by TS (Fig. 3a) and IDS (Fig. 3b) are summarized
in Fig. 3c. In IDS, when R is 10* Q, the voltage remains stable when Rg
is between 10°Q and 10’ Q, and the current flowing through the
sensor varies almost linearly with increasing Rs. In other words, the
accuracy on/off ratios of Rs obtained by IDS when Rs is between 10°
and 107 Q. Additionally, R are 2.5 x10% 5x10? and 2 x10*, Vs and /s as
functions of Rs are shown in Supplementary Fig. 8 (Supplementary
Note 8). A universal characteristic is that with the increase of Rs, /s
continuously decreases, while Vs increases first and then remains

stable. Moreover, the relationship between Ry and Rs is further
investigated when IDS can obtain accurate on/off ratio of sensor
(Fig. 3d). These results prove that on/off ratio measured by IDS can
exceeds 90% of the intrinsic on/off ratio when Rs.min/Rr =10, which is
consistent with the simulations in Supplementary Fig. 5. With the
increase of Rs.min/RF, an abnormal phenomenon appears, that is, the
on/off ratio measured by IDS is not accurate. A reasonable explana-
tion is that, with the increase of Rs, the current gradually drops to
10 A, and /s measurement is not easy to be accurate, resulting in
inaccurate sensing (Supplementary Fig. 8 and Supplementary Note 8).
In short, R is not the smaller the better, its optimal value is one-tenth
of Rs.min. These observations indicate that IDS can effectively enhance
the powering performance of TENG. Since most kinds of sensors have
Rs in the range of 10*-10% Q* %, the powering performance of TS and
IDS were studied over a larger sensor resistance range (10>-10° Q) in
Fig. 3e. The on/off ratio measured by TS keeps constant (-1) with the
increase of Rs, increases gradually when Rs exceeds 10° Q, and almost
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Fig. 4 | Practical demonstration of impedance decoupling strategy (IDS). a/-V
characteristics of a commercial opto-sensor powered by a constant voltage source
(CVS). b Dynamic current /s of the opto-sensor measured by traditional strategy
(TS), IDS and CVS with light intensity switched between dark and 1.9 mW/cm?

¢ Summarized on/off ratios of opto-sensor measured by TS, IDS and CVS from (b).

d, e On/off ratios of commercial opto-sensor powered by TS, IDS and CVS under
different light intensities and different contact frequencies of TENG triboelectric
layers, respectively. f, g Comparison of on/off ratios measured by TS, IDS and CVS
using 20 commercial opto-sensors (f) and 20 commercial temperature sensors (g),
respectively. h Summarized relative errors from (f, g).

equal to the actual when Rs is about 10° Q. On the contrary, the
accuracy on/off ratio measured by IDS at whole Rs range (10°-10%° Q).
These results show that IDS is suitable for sensors with a wide range of
resistance than TS. In addition, the on/off ratio measured by TS and
IDS as functions of fis shown in Fig. 3f. Compared with TS, the on/off
ratio in IDS is insensitive to f, indicating that the enhanced powering
performance of TENG by IDS not influenced by frequency f. Also, the
triboelectric layer materials, contact force of the triboelectric layer,
environmental relative humidity, and the long-term operation of the
TENG were investigated, as shown in Supplemental Figs. 9-11 (Sup-
plemental Notes 9-11). The results show that the IDS has strong anti-
interference capabilities, can enhance the powering performance of
the TENG and achieve accurate sensing. Meanwhile, IDS is insensitive
to the structure of TENGs (Supplementary Fig. 12 and Supplementary
Note 12). It is worth noting that similar investigations are also carried
out to evaluate the multi-mode sensing performance of a self-
powered system composed of TENG and multiple sensors based on
TS and IDS, and verify the validity of IDS on enhancing the powering
performance of TENG for multi-mode sensing (Supplementary Fig. 13
and Supplementary Note 13).

Practical demonstration of IDS

To demonstrate IDS’s availability in practical applications, the sensing
performance of self-powered system composed of TENG and sensors
is further investigated in Fig. 4. Here, we take commercial opto-sensors
as an example. The /-V characteristic of the opto-sensor powered by a
constant voltage source (CVS) is shown in Fig. 4a, indicating that the
sensor is a kind of resistive sensor, and the resistance of the opto-
sensor (Rs) is about 14.63MQ and 0.17MQ under dark and light
(3.1mW/cm?), respectively. Following the summarized criterion
(Rs-min = 10RE) from Fig. 3, Rr of 10 kQ is selected here. A dynamic light
response measured by IDS, TS and CVS under eight cyclic tests swit-
ched between dark and light (1.9 mW/cm?) are shown in Fig. 4b. An
expected phenomenon was observed that /s measured by TS hardly
fluctuated, and /s measured by IDS and CVS changed significantly. The
on/off ratios of opto-sensor measured by IDS, TS and CVS are plotted
in Fig. 4c. The on/off ratio measured by IDS is about 46.1, almost equal
to that 49.1 by CVS, much higher than that 1.1 by TS. In addition, the
sensing performance of sensor powered by IDS, TS and CVS under
different light intensities is also measured in Fig. 4d. It can be found
that TS performs poorly under different light intensities ranging from
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Fig. 5 | Practical demonstration of self-powered system for multi-mode sensing
based on impedance decoupling strategy (IDS). a, b Dynamic current (/s; and /s)
of multi-mode sensing measured by traditional strategy (TS, a) and IDS (b). Sche-
matic diagram of applied light and temperature stimulus in the upper part of (a,b).
Is; and Is; fluctuation in IDS is consistent with the stimulus, while /s; and /s in TS is

significantly different from the stimulus. c-e Light and temperature sensing in
stimuli (1I) were measured by TS (c), constant voltage source (CVS, d), and IDS (e).
Inset in c is an enlarged response curve. Light and temperature sensing measured
by IDS is consistent with CVS, which indicates light and temperature sensing
influence each other in TS, while in IDS they do independent.

0.2 to 3.1mW/cm?; while IDS performs well and can be comparable to
the commercial CVS. Due to the change of mechanical energy fre-
quency fin the environment, the powering performance of TENG in TS
and IDS at different f (1 to 8 Hz) was studied. The on/off ratio measured
by TS and IDS are presented in Fig. 4e. Surprisingly, as fincreases, the
on/off ratio measured by IDS remains stable, with a value almost equal
to the intrinsic on/off ratio of the sensor. The experimental results
show that IDS highly enhances the real-time powering performance of
TENG, and has the ability to real-timely power the sensor with accurate
sensing performance.

To further ensure the reliability of the evaluation, the on/off ratios
of 20 commercial opto-sensors were measured by IDS, TS and CVS are
shown in Fig. 4f. The on/off ratio of sensors powered by TENG in IDS is
almost identical to that by CVS and much higher than that by TENG in
TS. Inaddition, IDS is also applied to self-powered temperature sensing
to evaluate its universal nature. Similar to light sensing, 20 commercial
temperature sensors were also used for demonstration, and the sensor
characteristic is shown in Supplementary Fig. 14 (Supplementary
Note 14). As shown in Fig. 4g, the response (numerically equal to the
on/off ratio minus 1) obtained by IDS and CVS are consistent with each
other. The relative errors of temperature sensing and light sensing in

IDS follow normal distributions (IDS: mean+SD = -4.6% + 14.1%,
N=40; TS: mean = SD = -97.7% + 1.2%, N =40, SD represents standard
deviation) as summarized in Fig. 4h. These evaluations regarding light
sensing and temperature sensing show that IDS enables accurate
sensing with overall relative error as low as -4.6%, much lower than TS
(- =97.7%). This indicates that IDS can enhance the real-time powering
performance of TENG, comparable to commercial CVS. Moreover,
commercial piezoresistive sensor, self-made ZnO piezoelectric strain
sensor and self-made ZnO ultraviolet sensor are measured by IDS. This
experiment results show that IDS can enhance the powering perfor-
mance of TENG and obtain accurate sensing information, which is
comparable to commercial CVS (Supplementary Figs. 15-17 and Sup-
plementary Notes 15-17). It is worth nothing that, although IDS is only
applied to five types of sensors as demonstration here, it is a universal
strategy applicable to enhance real-time powering performance of
TENG for other types of sensors.

Practical demonstration of self-powered system for multi-mode
sensing based on IDS

As shown in Fig. 5, a self-powered system for multi-mode sensing based
on IDS was further constructed for simultaneously sensing light
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intensity and temperature. Dynamic current of opto-sensor (/so) and
temperature sensor (/st) of multi-mode sensing measured by TS and
IDS are shown in Fig. 5a, b, respectively. The programed stimuli are
shown in the upper part of Fig. 5a, b, which are divided into three parts:
only light without heat (I), only heat without light (II), and both heat
and light (Il). In TS, when the stimulus is (I), it can be clearly observed
that Iso increases under light stimulus, while /st decreases without
thermal stimulus, which should ideally not change. Similar problems
also occur in stimuli (II) and (lII). The main reason for the above pro-
blems is that, taking stimulus (I) as an example, the resistance of opto-
sensor (Rso) decreases under light stimulation, resulting in a decrease
in voltage (Vso) across the opto-sensor. At the same time, the resis-
tance of temperature sensor (Rst) remains unchanged, and /st
decreases with the decrease in voltage-drop across the temperature
sensor (Vst, Vso = Vst). In other words, the opto-sensor and tempera-
ture sensor in TS show strong crosstalk with each other, resulting in
inaccurate sensing. In short, TS cannot be used for self-powered multi-
mode sensing. In contrast, IDS don’t show above problems. No matter
it is an opto-sensor or a temperature sensor, the current changes are
consistent with the applied stimulus, and two sensors work without
any crosstalk. Moreover, the on/off ratio of opto-sensor and the
response of temperature sensor measured by TS, CVS and IDS under
stimulus (IlI) are summarized in Fig. 5c-e, respectively. As can be seen,
the on/off ratio (response) measured by TS is smaller than IDS and
CVS, and completely inconsistent with applied stimulus; as a com-
parison, the on/off ratio (response) measured by IDS is consistent with
the applied stimulus and the on/off ratio (response) by CVS. Therefore,
IDS indeed enhances the real-time powering performance of TENG, it is
even also comparable to CVS for multi-mode sensing.

Discussion

In summary, a universal impedance decoupling strategy that intro-
duces a fixed resistor to cut off the impedance coupling between TENG
and sensor network is proposed and developed to enhance the real-
time powering performance of TENG. Based on this strategy, self-
powered systems composed of TENG and various sensor network (to
monitor temperature, light, UV, force, and strain) achieves high
accurate sensing performance with relative errors as low as -4.6%, and
enables multi-mode sensing without any crosstalk, making TENG
comparable to a commercial constant voltage source in real-time
powering performance. This work provides a simple but universal
strategy to enhance the powering performance of TENG for single
node, multi-node or multi-mode sensing, which will greatly promote
TENG toward practical applications in sensing.

Methods

Preparation of PA solution and PVDF solution

PA (Polyamide) solution and PVDF (Poly vinylidene fluoride) solution
were used to respectively synthesize PA film and PVDF film, which form
the triboelectric layers of TENGs?. PA solution consisted of 2.000 g PA
and 8.000 g formic acid, which was stirred in a triangular flask for 1 h at
room temperature until the solution was homogeneous. PVDF solution
was prepared by dissolving 3.750 g PVDF powder in a mixed solution of
8.500 g N, N-dimethylacetamide and 12.750 g acetone, stirring at 60 °C
for 30 min until homogenized.

Fabrication of TENGs

Cr/Ag electrodes (3.0 cm x 3.0 cm) were deposited on one surface of
the PET (Polyethylene terephthalate) film (5.0cm x 5.0 cm, 10 pm
thick) cleaned with alcohol. Then, the PA solution and PVDF solution
were spin coated (speed: 2000 r/min for PA, 5000 r/min for PVDF) on
the other surface of the PET film, dry at room temperature. Finally,
copper wires were connected to the Cr/Ag electrodes as output lines,
and was packaged with transparent tape. The PET attached with PA film
and the PET attached with PVDF film were assembled into TENGs.

Commercial sensors

Commercial temperature sensors (MF58) and opto-sensors (5549)
were purchased from Yunyida Electronics Co., Ltd., Chuanju Electro-
nics Co., Ltd., Zave Electronics Co., Ltd., respectively. The testing range
of temperature sensors is from -40 to 300 °C, and its testing accuracy
is 0.1°C. The light intensity range of opto-sensors is 0 to 10 mW/cm?,
and its testing accuracy is 0.01 mW/cm?.

Measurements of TENGs and commercial sensors

The sensing current was measured by a data acquisition card (National
Instruments BNC-2120) together with a current amplifier (Stanford
Research Systems Model SR570). In the measurements of commercial
sensors and multi-mode sensing system, a TENG and a commercial
constant voltage source (Stanford Research Systems Model DS345)
were used to power commercial sensors and multi-mode sensing
system, and current amplifiers were used to measure the current
passing through the sensors. The commercial sensors were stimulated
by heating plates, flashlights.

Data availability

All data needed to evaluate the conclusions in the paper are presented
in the paper. Additional data related to this paper are available from
the corresponding author upon request. Source data are provided with
this paper. Source Data file has been deposited in Figshare under
accession code https://doi.org/10.6084/m9.figshare.29145461%,
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