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W
ith the threatening of global
warming and diminishing fossil
fuel, searching for renewable

and green energy resources with reduced
carbon emissions is one of the most urgent
challenges to the sustainable development
of human civilization.1�3 In the past dec-
ades, increasing research efforts have been
committed to seek clean and renewable
energy sources as well as to develop renew-
able energy technologies.4�7 Mechanical
motions, holding a wide range of scales
with various forms, are abundant in ambient
environment and people's daily life. In re-
cent years, it has become an attractive
target for energy harvesting as a promising
supplement to traditional fuel sources and
a potentially alternative power source for
battery-operated electronics.
Recently, relying on the coupling effect

of contact electrification and electrostatic
induction, the triboelectric nanogenerator
(TENG) has been invented as a fundamentally

newand renewable energy technology in the
field of mechanical energy harvesting,8�13

featured as extremely low cost, with high-
energy conversion efficiency, diversity in
working modes, and extensive adaptability
on structural design for various applica-
tions.14�29However, a requirement of surface
friction between two contact materials for a
decent output renders a common challenge
for the TENGs, where material abrasion and
the concomitantly generated heat can cre-
ate the challenge of long-term continuous
service for the devices, especially for the
in-plane sliding mode of the TENG.30�32 In
this regard, a noncontact working mode of
the TENGwith a designed free-standing gap
between two triboelectric layers was devel-
oped with largely improved device robust-
ness. However, a low output performance
and the unavoidable triboelectric charge
dissipation placed an awkward dilemma in
the way of the TENG toward practical
applications.33,34
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ABSTRACT Although the triboelectric nanogenerator (TENG) has been proven

to be a renewable and effective route for ambient energy harvesting, its

robustness remains a great challenge due to the requirement of surface friction

for a decent output, especially for the in-plane sliding mode TENG. Here, we

present a rationally designed TENG for achieving a high output performance

without compromising the device robustness by, first, converting the in-plane

sliding electrification into a contact separation working mode and, second,

creating an automatic transition between a contact working state and a noncontact working state. The magnet-assisted automatic transition triboelectric

nanogenerator (AT-TENG) was demonstrated to effectively harness various ambient rotational motions to generate electricity with greatly improved device

robustness. At a wind speed of 6.5 m/s or a water flow rate of 5.5 L/min, the harvested energy was capable of lighting up 24 spot lights (0.6 W each)

simultaneously and charging a capacitor to greater than 120 V in 60 s. Furthermore, due to the rational structural design and unique output characteristics,

the AT-TENG was not only capable of harvesting energy from natural bicycling and car motion but also acting as a self-powered speedometer with ultrahigh

accuracy. Given such features as structural simplicity, easy fabrication, low cost, wide applicability even in a harsh environment, and high output

performance with superior device robustness, the AT-TENG renders an effective and practical approach for ambient mechanical energy harvesting as well as

self-powered active sensing.
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Herein, we reported a rationally designed automatic
transition triboelectric nanogenerator (AT-TENG) that
is expected to be robust by, first, converting the in-
plane sliding electrification into a contact separation
working mode and, second, generating a rotation-
speed-controlled automatic transition between a
contact working state and a noncontact working
state. A greatly reduced surface friction assures the
drastically improved device robustness. Meanwhile,
an intermittent transition into the contact state also
resolved the awkward predicament of triboelectric
charges dissipation in the noncontact free-standing
mode, which assures a high electric output per-
formance.
The AT-TENGs were demonstrated to efficiently

harness various ambient mechanical motions for
long-time continuous operation without any observa-
ble electrical output degradation. Due to the rational
design with a fully enclosed structure, the AT-TENGs
are also capable of performing adequately in harsh
environmental conditions. At a wind speed of 6.5 m/s
or a water flow rate of 5.5 L/min, the harvested energy
was capable of lighting up 24 spot lights (0.6 W each)
simultaneously and charging a capacitor up to 120 V in
60 s. Still, the AT-TENG was also developed to recycle
the wasted rotational energy frombicycling and normal
car motion, and the generated power was capable of
lighting up 24 spot lights or 104 light-emitting diodes
(LEDs) simultaneously. In addition, an AT-TENG-based
self-powered speedometer was developed with ultra-
highmeasurement accuracy owing to its unique output
characteristics. In a word, given such features as struc-
tural simplicity, easy fabrication, extremely low cost,
wide applicability, and high output performance with
superior device robustness, the AT-TENGs presented in
this work provide a green and sustainable technology
to convert ambient mechanical motions. It is a solid
step for TENGs toward practical applications and will
especially be widely adopted in wheel-based transport
systems for either energy harvesting or self-powered
sensing purposes.

RESULTS AND DISCUSSION

The device structure of an AT-TENG is schematically
illustrated in Figure 1a, which mainly consists of two
parts, a functional unit and a rotator. The functional
unit has amultilayer structure with acrylic as a support-
ing substrate. Acrylic was selected as the structural
material because of its decent strength, light weight,
good machinability, and low cost.35,36 The two tribo-
electric layers are laminated with a full contact at their
initial states. One end of them is secured by a piece of
rubber, while the other end stays open. On the top
triboelectric layer, aluminum thin film with a nano-
porous surface plays dual roles of an electrode and a
contact surface. Scanning electron microscopy (SEM)
image of the nanopores on the aluminum is presented
in Figure 1b. On the bottom triboelectric layer, poly-
tetrafluoroethylene (PTFE) film with deposited copper
as the back electrode acted as another contact surface,
and it was anchored onto the bottom substrate. A top-
down method through reactive ion etching was em-
ployed to create PTFE nanowire arrays on the PTFE
surface.37 An SEM image of the PTFE nanowires is dis-
played in Figure 1c. Here, a pair ofmagnetswere adhered
onto the top triboelectric layer and the rotator planewith
a same pole facing each other. It is worth noting that the
functional unit of AT-TENG for electricity generation was
fully enclosed, and its operation relies on the external
rotatorwith amagnet. This novel structuredesign renders
it capable of performing adequately under harsh envi-
ronmental conditions. A detailed fabrication process of
the AT-TENG is presented in the Methods section.
The fundamental working principle of the AT-TENG

is based on a two-way coupling of contact electrifica-
tion and electrostatic induction.38�42 As presented in
Figure 2, both two-dimensional potential distribu-
tion by COMSOL (up) and schematic illustrations of
charge distribution (down) were employed to elucidate
the working principle of the AT-TENG, in which two
working states were depicted: contact working state
(Figure 2a�c) and noncontact free-standing working
state (Figure 2d�f).

Figure 1. Structural design of theAT-TENGwith one segment. (a) Schematic illustration of the triboelectric nanogenerator. (b)
SEM image of the nanopores on an aluminum electrode. The scale bar is 150 nm. (c) SEM image of the PTFE nanowires. The
scale bar is 500 nm.
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Regarding the contact working state, the aluminum
is initially aligned and in full contact with PTFE
(Figure 2a). According to the triboelectric series, PTFE
is much more triboelectrically negative than alumi-
num, and electrons are injected from aluminum into
PTFE,43�45 generating positive triboelectric charges on
the aluminum and negative ones on the PTFE. When
the external rotation brings the paired magnets to
meet, the repulsion forcewill push the two triboelectric
layers apart. The induced electric potential difference
drives the electrons to flow from copper to aluminum
(Figure 2b), screening the triboelectric charges and
leaving behind the inductive charges. The flowing of
electrons will be continued until a maximum separa-
tion distance is reached, and all electrons are trans-
ferred from copper to aluminum (Figure 2c). The
increased separation distance between the layers leads
the weakened magnetic repulsive force; thus, the
restoring force of the elastic and the gravity of the
top triboelectric layer will pull it downward and back to

contact with the lower triboelectric layer. This is a full
cycle of the operation for the AT-TENG in the contact
working state. The variation of electric potential re-
garding this state is visualized via COMSOL in Support-
ing Information Movie 1.
With a further increase of the rotation speed, the

AT-TENG can transit to be in a noncontact free-standing
working mode. At a higher rotation rate, the magnetic
repulsive force has a shorter exertion time, which
produces a much smaller momentum to the top tribo-
electric layer. Therefore, the top triboelectric layer will
be pulled downward slightly due to the joining effect
of centrifugal force and gravitation. Meanwhile, due
to the fast rotation speeds, the top triboelectric layer
will soon be magnetically repulsed again before it falls
back into contact with the bottom triboelectric layer.
As a consequence, the top triboelectric layer will
vibrate around its equilibrium position at the fre-
quency of the rotation, which will change the capaci-
tance of the structure, resulting in an alternating

Figure 2. Schematics of the operatingprinciple of theAT-TENG. Both two-dimensional potential distributionby COMSOL (up)
and schematic illustrations of charge distribution (down) were employed to elucidate the working principle of the TENG. Two
states were elucidated: (a�c) contact separation working state and (d�f) noncontact free-standing working state. (a) Initial
state in which the PTFE is negatively charged after contact with aluminum. (b) Magnetic repulsion force separates the PTFE
and aluminum. Electric potential differencedrives the electrons fromcopper to aluminum, screening the triboelectric charges
and leaving behind the inductive charges. (c) By continuously increasing the separation, all positive triboelectric charges are
gradually and almost entirely screened. When the magnetic repulsion force disappears, the top aluminum plate will be
dragged back to contact again with the PTFE. At a high rotation speed, another cycle of magnetic repulsion force will appear
before the aluminum plate fully contacts the PTFE. Under such a circumstance, the AT-TENG works in a free-standing state,
and the top aluminum will vibrate in a small range of separation distances with a high frequency. (d) Minimum separation
distance. (e) Transition statemoves upward to themaximum separation state. (f) Top aluminum is raised up to themaximum
separation distance.
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current across the electrodes. As shown in Figure 2d,
when the top triboelectric layer falls to the lowest point
at the minimum separation distance at a certain rota-
tion rate, the electrons flowing from aluminum to
copper will not fully screen the triboelectric charges
in the copper electrode. When the repulsive force
pushes the top triboelectric layer to move upward,
the electrons will keep flowing from the copper to the
aluminum (Figure 2e), until it reaches the highest point,
corresponding to a maximum separation distance
between the two (Figure 2f). Likewise, for a better
view, the variation of the electric potential in the non-
contact working state is also visualized via COMSOL in
Supporting Information Movie 2.
To systematically investigate the performance of the

AT-TENG as a newmethodology in harvesting ambient
mechanical energy, AT-TENGs with one segment and
two segmentswere studied. For a better definition, Sup-
porting Information Figure S1 gives a two-dimensional
illustration of the two types of AT-TENGs. The funda-
mental working principle of the two-segment AT-TENG
was also visualized viaCOMSOL in Supporting Informa-
tion Movie 3. Figure 3a,b shows the dependence of the
open-circuit voltage and short-circuit current, respec-
tively, on the rotation rates for the one-segment
AT-TENG. At a rotation rate less than 240 rpm, the
one-segment AT-TENG is in a contact separation work-
ing state, and an open-circuit voltage up to 530 V is
delivered, with which the short-circuit current shares
the same trend and was stable around 0.26 mA. At this
typical contact separation working stage, the open-
circuit voltage can be estimated as

Voc ¼ σd

εo
(1)

where εo is the vacuum permittivity and σ is the tribo-
electric charge density, d is the maximum separation of
two triboelectric layers in an AT-TENG, which is desig-
nable and confinedby the height of the device's external
packaging. A detailed definition of d is presented in
Supporting Information Figure S2. At a lower rotation
rate, the AT-TENGworks at the contact separation mode
with a confined separation distance, which equates to d.
This explained a constant electric output at current state.
By increasing the rotation rate beyond the critical

point, the AT-TENG will be automatically converted
from the contact working state into a noncontact free-
standing working state. For each AT-TENG, the critical
rotational speed is designable and can be estimated as
follows (see Supporting Information for detailed deri-
vation of the analytical model):

ωcrs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F

M
(Δθ)2� 4πg(Δθ� π)

8d

vuut
(2)

where F is the magnetical repulsion force, M is the
total weight of the top triboelectric layer, g is the

gravitational acceleration, and Δθ is the field angle of
the magnet on the rotator plane, which was deter-
mined by the magnet dimension. Based on the above
analytical mode, it is safe to conclude that the critical
rotational speed is highly correlated to a variety of
parameters, including the weight of the top substrate,
the height d of the external package, and the dimen-
sion and magnetism of the paired magnets.
As shown in Figure 3a,b, experimentally, the critical

rotation rate of the as-fabricated AT-TENG with one
segment is measured to be 240 rpm. Beyond it, the
AT-TENG operates in a noncontact working state in a
wide speed range up to 1800 rpm. In this stage, both
the voltage and current amplitudes show a decreasing
function of the rotation rate ω. Here, theoretically, the
open-circuit voltage of the AT-TENG can be calculated
as follows (see Supporting Information for detailed
derivation of the analytical model):

Voc ¼ σ

εo

� � F

M
(Δθ)2 � 4πg(Δθ� π)

8ω2

0
BB@

1
CCA (3)

According to eq 3, in the noncontact working state,
the output voltage is also related to various param-
eters, such as the weight of the top substrate, the
dimension and magnetism of the paired magnets, and
so on. Particularly, it is also inversely proportional to the
square of rotation rate, which is consistent with the
experimental observation.
For a systematical study of the presented methodol-

ogy, the dependence of the open-circuit voltage and
short-circuit current of the two-segment AT-TENG on
the rotation rate was also investigated. As shown in
Figure 3c,d, below the threshold rotation rate of
300 rpm, the two-segment AT-TENG was in a contact
separation working state. In this stage, similar to the
one-segment case, the voltage and current are constant
at 246 V and 0.12 mA, respectively. The finite element
simulation was also employed to theoretically study the
open-circuit voltage of the two-segment AT-TENG, as
presented in Supporting Information Figure S3. It shows
a goodconsistencywith the experimental results.With a
further increase in the rotation rate beyond 300 rpm, the
AT-TENGwith two segmentsworks in a noncontact free-
standing mode, and the peak amplitudes of the elec-
trical output decrease with an increase of the rotation
rates, which shares the same trend as that with the one-
segment AT-TENG. This is mainly attributed to the
reduced separation distance between the two tribo-
electric layers of the AT-TENGs at higher rotation rates.
Here, it is worth noting that, for both one-segment

and two-segment AT-TENGs, the reduced electric out-
put amplitudes do not mean a reduction of the capa-
bility of the device for energy harvesting at higher
rotation rates. First, as shown in Supporting Informa-
tion Figures S4�S7, the peak density of the device's
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electric output is dramatically increased with the in-
creased rotation rate. This leads to an increasing amount
of the transferred triboelectric charges across the elec-
trodes. The dependence of the average charge transfer
rate (IAC) on the rotation rates for the two types of
AT-TENGs are presented in Figure 3e,f. Here, IAC is
defined as the total transferred charges across the
electrodes per unit operation time. As shown, at higher
rotation rates beyond the critical point, the devices are
working at a noncontact state, and they are maintained
at a charge transfer rate higher than that in the contact
working state. As a consequence, the capability of the
AT-TENG for energy harvesting is actually enhanced at
higher rotation rates. Furthermore, the dependence
of the accumulative transferred charges (CAT) on the
rotation rate for the two types of AT-TENGs was also
measured and plotted in Figure 4a,b. Likewise, much

higher CAT values were maintained for the AT-TENG
in the noncontact working state and especially at the
rotation rates around the critical point or in the short-
range above it.
Resistors were utilized as the external load to further

investigate the output power of the AT-TENG around
the critical rotation rate. As displayed in Figure 4d, the
voltage amplitudes increase with the increasing of the
load resistances, while the current amplitudes follow a
reverse trend due to the ohmic loss, as presented in
Supporting Information Figure S8. As a consequence,
the instantaneous peak power is maximized at a load
resistance of 1 MΩ, corresponding to a peak power
density of 1 W/m2. The superior robustness is also
an advantageous feature of the reported AT-TENG.
As shown in Figure 4d, there is no observable output
degradation after 300 000 cycles of continuous operation

Figure 3. Electrical output characterization of the AT-TENGs. For a systematic investigation, two types of AT-TENGs, one-
segment and two-segment, were studied. Dependence of the (a) open-circuit voltage and (b) short-circuit current on the
rotation rate of the one-segment AT-TENG. Dependence of the (c) open-circuit voltage and (d) short-circuit current on the
rotation rate of the two-segment AT-TENG. Dependence of the average charge transfer rates on the rotation rate for the (e)
one-segment AT-TENG and (f) two-segment AT-TENG.
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when the AT-TENG operated in the noncontact
free-standing working state, and a minor fluctuation
of less than 6% was observed for the contact separa-
tion working mode. Notably, an obvious degradation
up to 26% was observed for the in-plane sliding mode.
On one hand, by converting the in-plane sliding elec-
trification into the contact separationmode, the device
robustness of the AT-TENG was greatly improved. On
the other hand, as long as the AT-TENG works at its
critical point or in the short-range above the critical
point with an occasional transition into a contact state
for charge replenishment, the AT-TENGs could pave a
new way of keeping both high electric output and
superior device robustness.
To prove it as a robust and sustainable energy

technology, the AT-TENG was demonstrated to effi-
ciently harness various ambient mechanical motions
for long-time continuous operations. Here, a first
step was taken to develop the AT-TENG into a wind
energy harvester by equipping it with a wind cup.
Figure 5a is a photograph of the as-fabricated device,
and Figure 5b shows the device in the ambient envi-
ronment. Drove by the light wind at a flow speed of 6.5
m/s, the harvested energy by the AT-TENG is capable of
simultaneously lighting up an array of 24 spot lights
(0.6 W each) connected in series (Figure 5c and Sup-
porting Information Movie 4). Furthermore, the AT-
TENG was also demonstrated to harvest energy from
the environmental water flow. Figure 5d,f shows, re-
spectively, the setup for water flow energy harvesting

and the upward view of the water turbine employed.
At a flow rate of 5.5 L/min via a water pipe, the
harvested power can also be utilized to simultaneously
light up an array of 24 spot lights connected in series
(Figure 5e and Supporting InformationMovie 5). Mean-
while, as shown in Figure 5g, the harvested energy
from the wind and water flow by the AT-TENG was
also capable of charging a commercial capacitor up to
more than 120 V in 60 s. The AT-TENG was also further
demonstrated to recycle mechanical energy from
bicycling and a moving car. As shown in Figure 6a, an
AT-TENG was equipped onto a commercial bicycle.
An enlarged view of the installation is presented in
Figure 6b. The harvested power is also capable of light-
ing up 24 spot lights simultaneously when a human
rides a bike naturally (Supporting Information Movie 6).
Still, theAT-TENG can alsoharvest energy fromamoving
car. As shown in Figure 6c and Supporting Information
Movie 7, about 104 LEDswere lighted up simultaneously
when a car was running at normal speed.
In addition, due to the unique output characteristics,

the AT-TENG was also demonstrated to be a self-
powered speedometer with ultrahigh measurement
accuracy, which can measure not only the wheel
moving speed but also the traveled distance in a
real-time manner. Read the acquired electric signals
from an N-segment AT-TENG, the rotational speed
in rpm at this moment can be expressed as

Rt ¼ 60=(NΔt) (4)

Figure 4. Accumulative transferred charges and the delivered power of the AT-TENGs. Dependence of the accumulative
transferred charges across the electrodes on the rotation rate for (a) one-segment AT-TENG and (b) two-segment AT-TENG.
(c) Dependence of the peak power output obtained at the external load resistances for the one-segment TENG at a rotation rate
around 240 rpm, indicatingmaximumpower output at R = 1MΩ. (d) Working state dependent device robustness investigation.
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where Δt is the time lag in seconds between two
adjacent peaks in the acquired electric signals, and
the traveled distance until this moment can simulta-
neously be calculated by

L ¼
Z

t
0 πDRtdt (5)

where Rt and L are the real-time rotation rate in rpm
and the traveled distance, respectively, N is the seg-
ment number of the AT-TENG, and D is the tire
diameter of the moving object. It is worth noting that
the self-powered speed or distancemeasurement does
not require a uniformmotion of the wheel. It canmove
at arbitrary time-varying velocities, which renders it a
compelling feature for practical application. Figure 6d
shows a real-time speedometer realized by Labview
programming, and the detailed mathematical calcula-
tion is presented in Supporting Information Figure S9.
Holding a novel but simple structural design, the ultra-
robustness of the AT-TENG promises to have exten-
sive applications in wheel-based transport systems
for either energy harvesting or self-powered sensing
purposes.

CONCLUSION

To maintain the high output performance without
compromising the device robustness, we presented a
new methodology by fabricating rational designed
AT-TENGs, which achieved a high output performance
without compromising the device robustness by, first,

converting the in-plane sliding electrification into a
contact separation working mode and, second, by
creating an automatic transition between a contact
working state and a noncontact working state.
A greatly reduced surface friction assures drastically
improved device robustness. Meanwhile, an intermit-
tent transition into contact state also resolved the
awkward predicament of triboelectric charge dissipa-
tion in the noncontact free-standing mode, which
assures a high electric output. As a demonstration of
this methodology, AT-TENGs with one segment and
two segments were systematically investigated and
certain output trends with increasing segment num-
bers were derived. The AT-TENG was demonstrated to
be a sustainable energy technology and efficiently
harnesses various ambient mechanical motions for
long-time continuous operations. At a wind speed of
6.5 m/s or a water flow rate of 5.5 L/min, the generated
power is capable of simultaneously lighting up 24 spot
lights (0.6 W each) connected in series and charging
a capacitor to more than 120 V in 60 s. Still, the
AT-TENG was also developed to recycle the wasted
mechanical energy from human bicycling and normal
car motion, and the harvested energy can also be used
to light up 104 LEDs simultaneously. In addition, pos-
sessing unique output characteristics, the AT-TENG
was also developed to be a self-powered speedometer
for both real-time rotational speed and traveled dis-
tance measurement. With a collection of compel-
ling features as structural simplicity, easy fabrication,

Figure 5. Demonstration of the AT-TENG for harvesting energy from ambient wind and water flow. (a) Photograph of the as-
developed AT-TENG-based wind energy harvester. (b) Device in the ambient environment. (c) Harvesting energy from light
wind at a flow speed of 6.5 m/s by the AT-TENG, and an array of 24 spot lights was lighted up simultaneously. (d) Harvesting
energy from the water flow at a flow rate of 5.5 L/min. (e) Photograph of the upward view of the water turbine. (f) Array of
24 spot lights were lighted up simultaneously. (g) Charging a commercial capacitor when the AT-TENG is driven by the above
light wind and water flow. All scale bars are 2 cm.
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extremely low cost, wide applicability, and high output
performance with superior device robustness, the
AT-TENGs presented in this work provide an efficient

technology to harvest ambient mechanical motions
and are a solid step in the development toward TENG-
based self-sustained electronics and systems.

METHODS

Fabrication of Polymer Nanowire Arrays on PTFE Surfaces. First, PTFE
thin film with a thickness of 25 μm was cleaned with menthol,
isopropyl alcohol, and deionized water and then dried with
compressed nitrogen. Second, a layer of 100 nm copper was
deposited onto one side of the PTFE film as a back electrode
using an electron-beam evaporator. Third, a layer of Au with a
thickness of 10 nm was coated onto the other side of the PTFE
film as a nanoscalemask. Fourth, Au-coated PTFEwas placed into
the ICP chamber and then O2, Ar, and CF4 gases were introduced
into the ICP chamber at flow rates of 10.0, 15.0, and 30.0 sccm,
respectively. Fifth, a large density of plasma was generated by a
power source of 400 W, and another power source of 100 Wwas
used to accelerate the plasma ions. Finally, the PTFE thin filmwas
etches for 60 s to obtain the polymer nanowires.

Aluminum Nanopore Creation. Using 3% mass fraction oxalic
acid (H2C2O4) as the electrolyte and a piece of platinum plate as
the cathode, an aluminum thin film was electrochemically
anodized under a bias voltage of 30 V for 5 h. Then, the alumina
layer was etched away in a solution of chromic acid (20 g/L) at
60 �C for 2 h.

Fabrication of an AT-TENG. Acrylic with a thickness of 1.6 mm
was cut into dimensions of 10 cm � 10 cm with a laser
cutter. On the top layer, the aluminum thin film was lami-
nated onto a piece of the acrylic sheet. On the bottom layer, a
nanowire-modified PTFE thin film with deposited copper as the
back electrode acted as another contact surface, which was
anchored onto the acrylic substrates. Elastic was used to con-
nect one end of the two acrylic sheets with PTFE and aluminum
facing each other, leaving another end to stay open. A pair of
magnets was adhered onto the open end of the top layer and
the rotator plane with a same pole facing each other. Bearings
were employed for connection of the rotator plane and func-
tional units.

Experimental Setup for Electrical Measurement. A rotary motor
was employed to quantitatively investigate the rotation-rate-
dependent electric output of the AT-TENG. The output voltage
of the AT-TENG was acquired with a voltage preamplifier
(Keithley 6514 system electrometer). The output current of
the AT-TENG was acquired by a low-noise current preamplifier
(Stanford Research SR560).
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