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ABSTRACT A nanogenerator (NG) usually gives a high output voltage but low output

current, so that the output power is low. In this paper, we developed a general approach that

gives a hugely improved instantaneous output power of the NG, while the entire output

energy stays the same. Our design is based on an off—on—off contact based switching during
mechanical triggering that largely reduces the duration of the charging/discharge process, so
that the instantaneous output current pulse is hugely improved without sacrificing the output
voltage. For a vertical contact-separation mode triboelectric NG (TENG), the instantaneous
output current and power peak can reach as high as 0.53 A and 142 W at a load of 500 <2,
respectively. The corresponding instantaneous output current and power density peak even
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approach 1325 A/m® and 3.6 x 10° W/m?, which are more than 2500 and 1100 times higher 000 005
than the previous records of TENG, respectively. For the rotation disk based TENG in the lateral
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sliding mode, the instantaneous output current and power density of 104 A/m” and 1.4 x 10* W/m” have been demonstrated at a frequency of 106.7 Hz.

The approach presented here applies to both a piezoelectric NG and a triboelectric NG, and it is a major advance toward practical applications of a NG as a

high pulsed power source.

KEYWORDS: triboelectric nanogenerator - instantaneous discharging

arvesting mechanical energy from
che ambient environment and the

human body has attracted increasing
interest for large-scale energy needs and
nanoscale self-powered electronic devices.'
Approaches based on utilizing various physi-
cal mechanisms, such as electromagnetic,>®
electrostatic,”® and piezoelectric®'® effects,
have been realized to harvest mechanical
energy. Recently, a triboelectric nanogenera-
tor (TENG)"*~2 based on contact electrifica-
tion effects®*?® has been invented as a new
energy technology for efficiently converting
mechanical vibrations into electricity. Various
applications of TENG have been demon-
strated, such as self-powered chemical
sensors,?’® electrodegradation,?® and power-
ing commercial LEDs."® With the periodic
contact and separation of two triboelectric
surfaces (tribo-surfaces) with opposite tribo-
electric charges (tribo-charges), the potential
difference between metal electrodes of the
two tribo-surfaces periodically varies, which
drives the inductive charging/discharging be-
tween the two electrodes. For the traditional
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TENG, the two electrodes are directly con-
nected by metal wires; therefore, the inductive
charges are continuously charged/discharged
during the entire contact-separation process
between the two tribo-surfaces. This config-
uration of TENG is defined here as the con-
tinuous discharging (CD) TENG. Since the total
triboelectric-induced charges are constant,
the output current of the CD-TENG depends
on the working frequency."” Placing springs
between two tribo-surfaces'® and designing
a rotating disk TENG® are demonstrated as
effective methods to increase the contact-
separation speed and enhance the output
current. However, up to now, the record of
output current density of the CD-TENG is only
0.52 A/m%' and the output voltage and
power decrease sharply as the external load
is lower than 1 MQ.">*® Given that the work-
ing frequency of the TENG cannot unlimitedly
increase, it is important to explore novel
methods to enhance the electric output of a
TENG for largely expanding its applications.
In this paper, we developed an instanta-
neous discharging (ID) TENG by introducing
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a “switch” in the electrode contact, which can gigan-
tically enhance the instantaneous output power. The
electrodes of ID-TENG are connected through an elec-
tric switch triggered by the moving of the TENG, and
the inductive charges are charged/discharged instan-
taneously as the triggered switch is closed. As for both
the contact-separation mode and the sliding rotation
mode, the instantaneous output power of the TENG
has been improved by several orders of magnitude,
which largely expands the applications of TENGs.

RESULTS AND DISCUSSION

The fabrication processes of the ID-TENG with ver-
tical contact-separation mode are shown in Figure 1a.
Poly(methyl methacrylate) (PMMA) plates are chosen
to construct the device due to its low cost, light weight,
decent strength, and easy processing. First, thin layers
of Au thin film are deposited on two PMMA plates as
the metal electrodes. The Au electrodes in the upper
and lower plates are called the top electrode and back
electrode for later reference, respectively. On the lower
plate, a layer of polydimethylsiloxane (PDMS) is further
coated on the back electrode as the contact material.
The elastic property of PDMS enables a complete
contact of two tribo-surfaces despite the surface rough-
ness. On the upper plate, a layer of SiO, nanoparticles
(NPs) is assembled on the top electrode as the other
contact material. SiO, NPs were synthesized according
to the Stober method3%*" Then an Al needle (K) is
connected to the top electrode as one side of the
triggered switch. Two Al sheets (K; and K>) are attached
to the back electrode as the other side of the triggered
switch, which are positioned above the upper plate and
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below the lower plate, respectively. Finally, the lower
plate is placed on a PMMA base through four springs.
The springs were used for the purpose of ensuring the
triggered switch is opened when the two tribo-surfaces
are contacted. Figure 1b shows the SEM image of
the SiO, NP layers assembled on the deposited Au film.
The SiO, NPs have an average diameter of 240 nm and
are uniformly dispersed on the Au film. Using NPs can
increase the effective contact area of materials and
enhance the electric output of the TENG."®

The electricity generation mechanism of the ID-TENG
is sketched in Figure 2. At the initial state (Figure 2a),
there are no tribo-charges on the two tribo-surfaces.
When a force is applied, the upper plate moves down-
ward, and the tribo-charges are generated when
the two tribo-surfaces are contacted with each other.
According to the triboelectric series that ranks materi-
als' tendency to gain or lose electrons, electrons are
injected from SiO, into PDMS,** resulting in positive
and negative tribo-charges on the SiO, and PDMS
surface, respectively (Figure 2b). With the further down-
ward movement of the top plate, the springs are
compressed, and the lower plate moves downward
together with the upper plate and finally touches the
PMMA base. The length of K; is accurately adjusted to
ensure that K, can contact K, only when the lower plate
touches the PMMA base. At the state of Figure 2b,
although the triggered switch is closed, the potential
difference between the two electrodes is vanishingly
small, so that there is little force to drive the inductive
charges, if any, to flow. As the force is withdrawn and
the upper plate moves upward, due to the restoring
force of the compressed springs, K is detached from K,

Coating of
PDMS layer

Figure 1. (a) Diagram of the fabrication processes of the instantaneous discharging TENG. (b) SEM image of SiO, NPs
assembled on a Au film, which enhances the triboelectrification.
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Figure 2. Working mechanism of the ID-TENG. (a) Initial state without tribo-charges. (b) Contact between two tribo-surfaces
generates tribo-charges. (c) The triggered switch is opened as the two tribo-surfaces are separated, and no inductive charges
are generated in the electrodes. (d) At the moment when the triggered switch is closed, the inductive charges are
instantaneously charged to the electrodes. (e) When the two tribo-surfaces contact each other, the triggered switch is still
opened, and the inductive charges still remain on the electrodes. (f) At the moment when the triggered switch is closed, the

inductive charges are instantaneously discharged.

first, and then the two tribo-surfaces are separated. As a
result, in the separation process of the two plates, the
triggered switch is opened, and the inductive charges
cannot flow between the two electrodes (Figure 2c). In
this process, the potential difference between the two
electrodes is generated. Here, we define the potential
of the back electrode as zero and the potential of the
top electrode as Vjp. In the process of Figure 2¢, V|p is
positive and increases with d’ (the distance between
the two tribo-surfaces). When d’ increases to ds, Kg
will contact K; to make the triggered switch close, and
then the inductive charges are intanstaneously allowed
to flow between the two electrodes to screen Vip
(Figure 2d). Before the instantaneous charging process,
Vip reaches its positive maximum value (V;5_), which
can be expressed by'®

V|5r -M = %f m
where o is the tribo-charge density, S is the contact area
between the two tribo-surfaces, and G is the capaci-
tance composed by the air layer between the two tribo-
surface with a thickness of ds. The generated positive
current (/i5) in this process can be expressed by

+
llE; — VIDRfM e*t/TJr )

where R is the resistance of the external load in the
circuit, 7, is time decay constant for i and is equal to
RC; 5,3, Cy23 is the capacitance composed by the serially
connected three dielectric layers of the SiO, layer
with thickness d;, the air layer with thickness ds, and
PDMS layer with thickness d,. At t = 0 (the moment as
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the triggered switch is closed), /5 reaches its maximum
value /j5_y and then decays exponentially with time.
Discussed above is the first half-cycle of the ID-TENG.
As a start of another half-cycle, the upper plate begins
to move downward, K, is detached from K;, and the
triggered switch is opened. As the two tribo-surfaces
have contacted each other and the springs have not
been compressed, K, cannot contact K, and the trig-
gered switch is still opened. Therefore, the inductive
charges still remain on the two electrodes (Figure 2e). At
this state, the positive potential caused by tribo-charges
decreases to zero, Vp is dominated by the negative
potential caused by inductive charges and reaches its
maximum absolute value (lip_w), which is expressed by

_ o's
Vp -m = Ci, (3)

where ¢’ is the density of inductive charges in the state
of Figure 2e and C,, is the capacitance composed by
the two serially connected dielectric layers of SiO, and
PDMS. In order to increase lip_m and the corresponding
negative electric output, a PDMS layer with a thickness
of 1 mmis used to decrease C;, in our experiment. With
the further downward movement of the upper plate,
the springs are compressed, and then K, contacts K>
to make the triggered switch close. Consequently, the
inductive charges are instantaneously allowed to flow
between the two electrodes, and ¢’ and V|p become
zero under electric equilibrium (Figure 2f). The gener-
ated negative current (/ip) in this process can be ex-
pressed by

V=
I|6 — _ IDRfM eft/r, (4)
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Figure 3. Output current characterisitcs of the CD-TENG without load (a) and the ID-TENG with a load of 1 MQ (b).
Magnification of a single current peak of the CD-TENG (c) and the ID-TENG (d). (e) Current of the ID-TENG at variable load
ranging from 110 to 22 MQ. (f) Dependence of Vip £y and 1/l on load resistance. (g) Current of the ID-TENG at a load of
22 MQx by using a full-wave rectifying bridge, and the inset shows the measurement diagram.

where 7_ is the time decay constant for /ip and is equal to
RC;5. At t = 0, Ip reaches its maximum absolute value
lo—m and then decays exponentially with time. The
expressions of Cy, Cy5, Cia3, o, and the equation deduc-
tion of current are shown in the Supporting Information.
When the upper plate moves upward again, a new cycle
starts (Figure 2c to f).

At first, the output performances of the same TENG
device with ID and CD configurations were compared.
For measuring the CD-TENG, a Cu wire was used to
directly connect the top electrode and back electrode.
The TENG devices were mechanically triggered by a
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linear motor that provided dynamic impact with a
controlled force at a frequency of 3.3 Hz. Due to the
limitation of the range and bandwidth of our current
meter (5 mA, 1 MHz), an external load of more than
1 MQ needs to be serially connected to the circuit of
the ID-TENG. The electric output of the ID-TENG with
lower external load will be discussed later by using
an oscilloscope. The short-circuit current of the CD-
TENG without an external load and the current of the
ID-TENG with a load of 1 MQ measured by a current
meter are shown in Figure 3a and b, respectively. Even
when a load of 1 MQ is connected to the ID-TENG,
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the current peak of the ID-TENG (about 264 uA) is 45
times higher than that of the CD-TENG (about 5.7 uA),
which demonstrates the pronounced enhancement
of current. The magnifications of a single current peak
of the CD- and ID-TENG are shown in Figure 3c and d,
respectively. For the CD-TENG, the current increases
slowly from zero to the peak and then decreases slowly
from the peak to zero, and the two processes are
almost symmetric. The full-width of half-maximum
(fwhm) of the peak is 2.8 ms, and the integral area of
the peak is 23.2 nC. For the ID-TENG, the current
increases abruptly from zero to its peak and then
decreases slowly from peak to zero. The fwhm of the
peak is 0.069 ms, and the integral area of the peak is
23.9 nC. From the above comparisons, it is clear that
the CD- and ID-TENG have nearly equal amounts of
inductive charges, while the ID-TENG has a much faster
charging/discharging speed than the CD-TENG. For
the CD-TENG, this speed is limited by the mechanical
contact-separation speed between the two tribo-
surfaces. For the ID-TENG, this speed is not limited by
the mechanical contact-separation speed, and the
inductive charges can be instantaneously charged/
discharged as the triggered switch is closed, which
is the essential reason for the enhancement of the
current. The open-circuit voltages (Vo) of the CD-TENG
and the ID-TENG are both about 285 V (Supplementary
Figure S1), which is attributed to the ID-TENG having an
equivalent circuit configuration to the CD-TENG in the
open-circuit condition.

Figure 3e shows the current of the ID-TENG with
variable external load from 110 to 22 MQ, which
indicates that the current peak increases with the
decrease of resistance. According to eqs 2 and 4, the
positive and negative current peaks (/p%y ) are equal
to Vip /R and inversely proportional to R. In order to
verify this relationship, the mean values of the current
peaks at each resistance are calculated using the data
in Figure 3e, and the plots of 1/lp ™y vs R are shown in
Figure 3f, which are nearly linear and accord well with
the equations. As shown in Figure 3e, li5_p is slightly
higher than /i5_pm, which means that V,5_y, is slightly
higher than V|p_y. By calculating the peaks for more
than 400 cycles at a load of 22 MQ (Supplementary
Figure S2), it is obtained that the mean values of
Vi5_m and Vip_m and their ratio are 269 V, 206 V, and
1.3, respectively. According to eqs 1 and 3 and the
relative expression in the Supporting Information, the
lower value of Vip_ is attributed to the thickness of
the PDMS layer (d,, about 1 mm) being lower than the
separated distance between the two tribo-surfaces
(ds, about 4 mm in our experiment). Equations 1 and
3alsoindicate that V5%, do notvary with R.In order to
verify this point, the mean values of Viotw at each
resistance are calculated using the data in Figure 3e
and are plotted in Figure 3f, which confirms that
Vi5_m stays nearly constant for variable R. In addition,
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the ac output of the ID-TENG could be transferred to
pulse output in the same direction simply by using a
full-wave rectifying bridge, as shown in Figure 3g.

The electric output performances of the ID-TENG
with an external load from 500 Q to 1 GQ were mea-
sured by oscilloscope (see Supplementary Figure S3 for
the diagram of measurement circuit). The positive and
negative electric outputs have similar performances
and tendency, so the positive electric outputs are
discussed in detail here, and the negative outputs are
shown in Supplementary Figure S4. Figure 4a shows
the current peak of the ID-TENG with an external
load of 1 KQ, in which an ultrahigh instantaneously
maximum current of 290 mA is obtained. In the plot
of this curve in semilog scale (inset of Figure 4a), the
logarithm of the current decreases linearly with time
and can be fitted by a straight line. According to eq 2,
the corresponding time decay constant 7 is obtained
as 0.24 us by calculating the slope of the fitted line.
By fitting the current peaks of the ID-TENG at variable
resistances, the t values for variable resistances are
obtained and plotted in Figure 4b in log scale. In the
range from 500 Q to 1 GQ, 7 increases linearly with
R and can be fitted by a straight line. By calculating
the slope of the fitted line according to the expression
T = RC,,3, Cyo3 is calculated as 129 pF.

For comparing the performances between the ID-
and CD-TENG, the current and voltage of the CD-TENG
with an external load from 500 Q to 1 GQ were
measured by current and voltage meters, and the
dependences of its instantaneously maximum voltage,
current, and power (Vep_m, Ico—m, and Wep_n) on load
are shown in Supplementary Figure S5. The average
value and the statistical error of V|p_y are calculated
from 10 curves at each load, and the dependences of
Vip—m and Vcp_pm on load are compared in Figure 4c.
Vip_m nearly keeps constant around 280 V in the
resistance range from 500 Q to 1 GQ, which shows
that Vip_n is independent of R and accords well with
eq 1. Vcp_m decreases gradually as R decreases from
1 GQ to 1 MQ and nearly drops to zero when R is less
than 1 MQ. The dependences of lip_p and Icp_m On
load are compared in Figure 4d. For the CD-TENG, as
R decreases from 1 GQ to 10 MQ, Icp_m gradually
increases, while Icp_m does notincrease further when R
is less than 10 MQ and its maximum value is about
6 uA. For the ID-TENG, /p_p increases with the de-
crease in resistance in the range from 1 GQ to 500 Q
and reaches its instantaneously maximum value of
0.53 A at 500 Q. The maximum value of /o is about
5 orders of magnitude higher than that of Icp_, which
indicates a gigantic enhancement of the output
current. The corresponding instantaneously maximum
current density is 1325 A/m? which is 2548 times
higher than the previous record of TENG.' The plot
of lip_m with R is nearly a straight line with a slope of
—1 in the log scale (Figure 4d), and this means that
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Figure 4. (a) Current of the ID-TENG at a load of 1 KQ; inset shows the curve in semilog scale and its fitted line. (b) Dependence
of 7 on resistance and its fitted line. (c) Dependence of V|p_y and Vp_y on resistance. (d) Dependence of I;p_y and Icp_pm on
resistance. (e) Dependence of W,p_y and Wcp_m on resistance. (f) Dependence of the power ratio (W,p_m/Wcp_m) On

resistance.

lio—m o< R~ and accords well with the current expres-
sion in eq 2. The instantaneously maximum output
power of ID-TENG (Wp_m) on an external load is
calculated as Wip_ym = f55_wR, and the dependences
of Wip_m and Wep_y on R are plotted in Figure 4e. For
the CD-TENG, Wcp_m reaches its peak of 0.97 mW as
R decreases to 44 MQ, then decreases with decreasing
R, and Wcp_m at 500 Q2 decreases to 18.8 nW. For the
ID-TENG, Wp_m increases with decreasing R in the
range from 1 GQ2 to 500 Q and reaches the instanta-
neously maximum power of 142 W at 500 Q. The
maximum value of W,p_pm (at 500 Q) is more than
5 orders of magnitude higher than that of Wcp_p (at
44 MQ). The corresponding instantaneously maximum
power density of ID-TENG at 500 Q is 3.6 x 10° W/m?,
which is 1150 times higher than the previous record of
TENG."® The plot of Wip_y with Ris nearly a straight line
with a slope of —1 in the log scale (Figure 4d), which
means Wip_m o< R~ . The ratio values of Wip_m/Wcp_m
at each load are calculated, and the dependence of
the ratio values on resistance is shown in Figure 4f.

CHENG ET AL.

For a load resistance of more than 100 M, the ratio is
nearly equal to 1. When the load resistance is less than
100 MQ, the ratio value increases with decreasing
resistance, and the ratio is about 10'° at 500 , which
indicates a gigantic enhancement in instantaneous
power, especially at low load resistance.

Up to now, TENGs with various working modes have
been developed, such as vertical contact-separation,'®
in-plane sliding,"* and rotation disk.”> The ID-TENG
device discussed above is based on a vertical contact-
separation mode. The ID-TENG configuration is essen-
tially suitable for all TENG modes; therefore, the ID-
TENG devices with in-plane sliding and rotation disk
modes have also been fabricated. The structure dia-
gram and electric output performances of the in-plane
sliding ID-TENG are shown in Supplementary Figure S6,
in which the instantaneous current and power can
reach 57.5 mA and 3.3 W, respectively. Due to the
high working frequency of TENG with rotation disk
mode,? the ultrahigh electric output with high work-
ing frequency is expected if combining the ID-TENG

VOL.7 = NO.8 = 7383-7391 = 2013 ACSN\A

J

WL

N

Na

WWwWW.acsnano.org

7388



Al needle
@ |

8
(b) 10 50 100 200 400
6 |-(rpm)
4T
S2t
sof
32}
4
-6

10 20 30 40
Time (s)

C) 300
() f=106.7Hz 9.4ms

n
(=3
o

Current (mA)

100

I
B Lk

0.00 0.05 0.10 0.15

0.20 0.25 0.30 0.35
Time (s)

Figure 5. (a) Diagram of ID-TENG with rotation disk mode. (b) Current of rotation disk ID-TENG at variable speed from 10 to
400 rpm. (c) Current of rotation disk ID-TENG at a speed of 1600 rpm and a load of 500 Q by using a full-wave rectifying bridge,

and inset shows the measurement diagram.

configuration with the rotation disk mode. Figure 5a
shows the diagram of the rotation disk ID-TENG. The
basic structure is composed of two disk-shaped com-
ponents with two sectors each, and the tribo-surfaces
and electrodes use same materials and structures as
the vertical contact-separation ID-TENG shown in
Figure 1. The Au electrodes of the two sectors in the
top disk are connected together, and an Al needle is
attached to the electrode of one sector to act as one
side of the triggered switch; four Al needles are con-
nected to the back electrode to act as the other side of
the triggered switch. When the two tribo-surfaces are
fully contacted or separated, the Al needle connected
to the top electrode will make contact with one of the
Al needles connected to the back electrode to close
the triggered switch, and then the inductive charges
are instantaneously allowed to flow between the two
electrodes. The V¢ of the rotation disk ID-TENG is
about 115 V (Supplementary Figure S7), and the cur-
rent with a load of 22 MQ at variable rotation speed
was measured by a current meter and is shown in
Figure 5b. In the range from 10 to 400 rounds per
minute (rpm), the current peaks stay constant around
5.2 uA, which verifies that the contact-separation
speed between two tribo-surfaces does not influence
the current of the ID-TENG. The electric output perfor-
mances at a lower load were measured by an oscillo-
scope, and the current at a rotation speed of 1600 rpm
and a load of 500 Q by using a full-wave rectifying
bridge is shown in Figure 5c. The instantaneously
maximum current and power peaks are 0.26 A and
33.8 W, and the corresponding instantaneous
current and power density peaks are 104 A/m? and

CHENG ET AL.

14 x 10* W/m?, respectively. The interval between
two peaks is 9.4 ms, and the corresponding working
frequency is 106.7 Hz. This result shows the capability
of the rotation disk ID-TENG to provide ultrahigh
electric outputs with high frequency. In addition, a
piezoelectric nanogenerator (NG) is another widely
investigated NG to harvest mechanical energy, which
is based on the piezoelectric effect.’~'> It has been
reported that the piezoelectric NG can reach an output
voltage of more than 200 V and power light-emitting
diode.?>** Due to the similar working modes between
a piezoelectric NG and a triboelectric NG, it is expected
that the instantaneous discharging mode can also be
applied to a piezoelectric NG to improve the instanta-
neous output power and widen the applications of the
piezoelectric NG.

CONCLUSION

In summary, we have developed an approach that
can gigantically enhance the instantaneous electric
outputs of the TENG. The electrodes of ID-TENG are
connected through an electric switch triggered by
moving the TENG, and the inductive charges are
instantaneously charged/discharged as the triggered
switch is closed. In the vertical contact-separation
mode, the instantaneously maximum current peak of
the ID-TENG of 0.53 A is about 5 orders of magnitude
higher than that of the CD-TENG, and the instanta-
neously maximum current density peak of 1325 A/m?is
more than 2500 times higher than the previous record.
The instantaneously maximum power peak of ID-
TENG of 142 W is more than 5 orders of magnitude
higher than that of CD-TENG, and the instantaneously
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maximum power density peak of 3.6 x 10° W/m? is
more than 1100 times higher than the previous record
of TENG. By combining the ID-TENG configuration
and rotation disk mode, the ultrahigh electric output
density peaks of 104 A/m? and 14 x 10* W/m?
are demonstrated at a high frequency of 106.7 Hz.

METHODS SUMMARY

Synthesis and Self-Assembly of Si0, NPs. SiO, NPs were synthe-
sized according to the Stober method. Typically, concentrated
ammonia (28%, 3 mL) was added rapidly to the solution contain-
ing absolute ethanol (99.9%, 50 mL) and tetraethyl orthosilicate
(99%, 1.5 mL). The mixture was reacted at ambient temperature
for 24 h. The size of the SiO, NPs was verified by SEM; they
appeared to be nearly monodispersed, with an average size of
240 nm. The functionalization of SiO, NPs was carried out by
mixing the silica NPs with 3-mercaptopropyltrimethoxysilane
(95%, 25 ul) for 2 h to promote covalent bonding of the
organosilane to the surface of the silica NPs3' The solution
was then subjected to cycles of centrifugation/wash; centrifuga-
tion was conducted at 6000 rpm for 20 min, and absolute
ethanol (50 x 3 mL) was used to wash the pellets. Finally, the
sputtered Au thin film was dipped into the solution of function-
alized SiO, NPs for 12 h to allow complete assembly of a few
layers of SiO, NPs.

Fabrication of the ID-TENG. First, two PMMA sheets (thickness of
0.3 cm) were processed by laser cutting (PLS6.75, Universal
Laser Systems) to form two plates with square or disk shapes.
Au films of 100 nm were deposited on both of the PMMA plates
by an e-beam evaporator. On one of the plate, fluid PDMS that
consists of base and curing agent in a ratio of 10:1 was spin-
coated multiple times to form a 1 mm thick layer. Then it was
cured at 60 °C for 12 h. On the other plate, SiO, NPs were
assembled on the deposited Au film. For a vertical contact-
separation ID-TENG, an Al needle and two Al sheets were
connected to the gold films of the top plate and bottom plate
to act as a triggered switch. Then springs were used to construct
the complete ID-TENG. The contact area of the device is 4 cm?.
For the rotation disk ID-TENG, the Al needles were connected to
the Au films of the top disk and bottom disk to act as a triggered
switch. The contact area of the two disks is 25 cm?.

Electric Output Measurement of ID-TENG. In the electric output
measurement, one plate was bonded onto a linear motor for
vertical contact-separation mode or onto a spinning motor for
rotation disk mode, and the other plate was bonded onto a
stationary XYZ linear translation stage. The current meter (SR570
low-noise current amplifier, Stanford Research System) and
voltage meter (6514 system electrometer, Keithley) were used
to measure the electric outputs of CD-TENG and ID-TENG with an
external load of more than 1 MQ. An oscilloscope (TDS3014B,
Tektronix) was used to measure the output voltage and current
of ID-TENG with an external load from 500 Q to 1 GQ.
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