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Abstract
We introduce a single-electrode-based rotationary triboelectric nanogenerator (SR-TENG)
formed by two wheels and a belt for harvesting mechanical energy. The fundamental working
principle is studied by conjunction of experimental results with finite element calculation. The
continuous discharging (CD) mode and the instantaneous discharging (ID) mode have been
demonstrated for the SR-TENG. The systematical experiments indicate that the short-circuit
current increases with the rotating speed for SR-TENG with CD mode, but the open-circuit
voltage maintains constant. The short-circuit current and open-circuit voltage decrease nearly
linearly with the friction contact area, which provides an application as a self-powered surface
area sensor of transmission wheel and gear. For SR-TENG with ID mode, the electric outputs are
greatly enhances. The current peak is about 20 μA at variation rotating speeds even if the
external load is 10 MΩ, which is 33 times higher than that of the SR-TENG with CD mode without
external load. The SR-TENG with ID mode has also been demonstrated as a self-powered
misalignment sensor.
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Introduction

Over the past half century, the development of electronic
devices is toward miniaturization, lightweight, and portable. In
addition, the worldwide energy consumption is growing rapidly.
Therefore, new technologies that can harvest energy from the
environment as sustainable and low-cost power source are
highly desirable [1,2]. There are various forms of mechanical
energy existed in our living environment, such as rotation,
vibration, walking and so on. Many ways to harvest mechanical
energy has been developed that are based on electromagnetics
[3,4], piezoelectrics [5–9], and electrostatics [10,11] effects,
which have been extensively developed for decades. Recently,
triboelectric nanogenerator (TENG) [12–21] has been developed
based on the universally known triboelectric effect as a cost-
effective and robust energy technology, which can efficiently
convert mechanical energy into electricity for self-powered
applications without reliance on traditional power supplies.
Various applications have been demonstrated, such as micro-
patterning [22], powering portable electronics [23–25] and self-
powered sensors [26,27]. In all kinds of TENGs, the rotating
TENG can harvest rotational energy through a periodic in-plane
sliding displacement between two friction surfaces [18,21,28].
While, these rotating TENG also has limitations for application,
for example, it is needed to be fixed on a rotating machine. In
practical applications, some rotating machines consist of two
rotating wheels and belt, such as transfer machine and engine.
By combining the inherent structure of these rotating machines
and the working mechanism of rotating TENG, novel TENG and
self-powered sensors can be developed.

In this paper, we developed a single-electrode-based
rotating (SR)–TENG which contains two rotatable wheels
and a polytetrafluoroethene (PTFE) belt. Two working
modes, the continuous discharged (CD) mode and the
instantaneous discharged (ID) mode have been demon-
strated for the SR-TENG. For SR-TENG with CD mode, the
short-circuit current and open-circuit voltage decrease
nearly linearly with the friction contact area, which pro-
vides an application as a self-powered surface area sensor of
transmission wheel and gear. For SR-TENG with ID mode, the
instantaneous electric outputs are greatly enhances. The
SR-TENG with ID mode has also been demonstrated as a self-
powered misalignment sensor. This study extends the
potential application of SR-TENG as multi-functional self-
powered sensors.
Experimental section

Fabrication of the nanostructured PTFE film

First, microstructures were fabricated by blasting an Al foil
with sand particles using compressed air. The sand-blasted
Al foil was further anodizing in a 0.3 Moxalic acid solution to
obtain an anodic Al oxide (AAO) template with nanometer-
sized holes, and the average diameter of the holes in the
AAO template is about 42 nm. Then the PTFE solution was
poured into the AAO template and a conventional vacuum
process was applied to remove the air remaining in the
nanoholes. After the curing at ambient temperature for one
day, the solvent was evaporated and leaved a PTFE thin film
with nanostructures. Finally, the PTFE thin film was peeled
off from the AAO template using a double-sided tape.

Fabrication of the TENG

First, Four 1″-thick PMMA sheets were processed by laser
cutting (PLS6.75, Universal Laser Systems) to form the two
wheels. One wheel was connected to the rotational motor.
On one wheel surface, a layer of PDMS is coated, and the
elastic property of PDMS enables a complete contact of two
tribo-surfaces. On the top of PDMS layer, half of the wheel is
covered by Al film and half overlay is PTFE film. The wheel
with PDMS is rotatable wheel and a PTFE belt. The PTFE belt
acts as a triboelectric polymer, while the Al film plays dual
roles as a triboelectric layer and an electrode.

Electric output measurement of TENG

In the electric output measurement of the TENG, the
current meter (SR570 low noise current amplifier, Stanford
Research System) and voltage meter (6514 system electro-
meter, Keithley) were used to measure the electric outputs
of the TENG.

Results and discussion

The main structure of the SR-TENG is composed of two
rotatable wheels (with a same radius of 5 cm) and a PTFE
belt (with a width of 5 cm), which schematically illustrated



Fig. 1 Basic structure and proposed working principle of the SR-TENG. (a) Schematic diagram. The structure diagram (b) and SEM
image (c) of the PTFE film surface with nanostructure. (d)–(f) Schematic illustrations showing the working principle of the SR-TENG
in four stages within a full cycle of electricity generation (The rotating angle of Al film is 01, 901, 1801, and 2701, respectively).
(h) The structure with two working wheels and its working principle.
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in Fig. 1a. In the fabrication of the SR-TENG, poly (methyl
methacrylate) (PMMA) are chosen as wheel materials to
construct the device because of its low cost, light weight,
decent strength, and easy processing. On one wheel sur-
face, a layer of polydimethylsiloxane (PDMS) is coated. The
presence of PDMS enables a more effective contact of two
tribo-surfaces during the operating process. Then, half of
the PDMS layer is covered by an Al film and the other half of
the PDMS is covered by a PTFE film (Fig. 1a). The Al film
here will play dual roles as a triboelectric contact material
and a conductive electrode, while the other triboelectric
contact material is the PTFE film. In order to increase the
effective contact area of the two tribo-surfaces, and
enhance the electrical output of the SR-TENG, the inner
surface of the PTFE belt was modified with dense nanorods
(Fig. 1b). The SEM image displays that the average diameter
of the PTFE nanorods is 45 nm (Fig. 1c).

The working principle of the SR-TENG can be explained by
the contact-induced electrification and the variation of
induction charges caused by relative sliding between the
wheels and the PTFE belt. During their relative rotating
process, the contact electrification will cause the inner
surface of PTFE with negative tribo-charges, and the Al film
surface and PMMA surface with positive tribo-charges [2].
The diagrams of charge distribution and current generation
at four different rotating angles (01, 901, 1801, and 2701) are
shown in Fig. 1d–g. Before the rotation starts, the rotating
angle is 01 (the Al film is completely overlapping with the
PTFE belt), and the induced charge density on Al film
surface reaches a maximum value (Fig. 1d). When the
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rotating angle is increased to 901 (Fig. 1e), the Al film and
PTFE belt become partially separated, which induces the Al
film with a higher potential than the ground. The electrons
will flow from the ground to the Al film to decrease the
potential of the Al film to zero. As the Al film is completely
separated from the PTFE belt (the rotating angle is 1801),
the induced charge density on Al film surface decreases to a
minimum value (Fig. 1f). When the wheel continues to
rotate (the rotating angle is 2701) and the Al film surface
contacts with the PTFE belt again, a lower potential of the
Al film than the ground is formed. As a result, the electrons
will flow from the Al film to the ground (Fig. 1g). As the
rotation continues, the Al film and the PTFE belt will be
fully contacted again (Fig. 1d) and then another new cycle
(from Fig. 1d–g) begins. Since the induced charges are
continuously charged/discharged during the rotating pro-
cess, this working mode will be defined as the continuous
discharging (CD) mode [29]. As shown in Fig. 1h, another
device structure is also designed, in which both wheels are
covered with PDMS, Al film and PTFE film.

To obtain a more quantitative understanding of the
proposed working principle, a numerical simulation via
finite element method (FEM) has been employed to calcu-
late the potential distribution in open-circuit condition and
the change of induced charge density on the Al film surface
in short-circuit condition. The model using here has the
same structure and dimension as the real device. The
triboelectric charge density on the inner surface of PTFE
belt was assigned to be 60 mC/m2. Fig. 2a–f shows the
calculated potential distribution in a full cycle of rotation
(3601) with a step of 601. When the Al film and PTFE belt are
fully contacted (the rotation angle is 01), the potential on
the Al film surface is the highest. Subsequently, as the Al
film begins to rotate, the potential on the Al film surface
decreases gradually (Fig. 2b and c). As the rotation angle is
1801 (Fig. 2d), the potential on the Al film surface decreases
to a minimum value. Rotating angle between 01 and 1801 is
the first half working cycle of the SR-TENG. With the
rotating angle continuously increasing, the other half work-
ing cycle of the SR-TENG starts. The potential on the Al film
surface becomes larger as the contact area between the Al
film and PTFE belt increases. The dependence of the open-
circuit voltage(Voc) to-ground of the Al film on rotating
angle is plotted in Fig. 2g, in which the Voc varies with the
rotating angle in a parabola shape. These results fully
support the working principle we proposed in Fig. 1. In
the short-circuit condition, the dependence of the induced
charge density of the Al film on rotating angle is shown in
Fig. 2h, in which the charges density decreases with the
increase of rotating angle from 01 to 1801. Then as the
rotating angle increases from 1801 to 3601, the induced
charge density of the Al film will also increase. The charges
periodically transfer between the Al film and the ground
when the wheel rotates. The maximum transferred charge
density can be up to 16.14 mC/m2. Fig. 2i shows the
calculated current density in a full rotation cycle with a
rotating speed of 300 rpm. It can be observed that the
current density curve displays an AC form, which is con-
firmed by the experimental results (Fig. 3).

To characterize the electrical output, the short-circuit
current (Isc) and Voc curves of the SR-TENG with CD mode
were measured. Fig. 3a shows the measured Isc at a rotating
speed of 300 rpm, and the inset is the magnification of the
current curve. The Voc reached a value of 60 V (from �20 V
to +40 V). To investigate the influence of rotating speed on
the output performance of the SR-TENG, the Isc at different
rotating speed were measured, which reveal that the Isc
becomes larger with increasing the rotating speed from 100
to 1100 rpm (Fig. 3c). There is an approximately linear relation-
ship between the rotating speed and the Isc. These results
provide a reliable application of the SR-TENG as a self-powered
rotating speed sensor. Fig. 3d gives the Voc at different rotating
speed, in which the Voc almost keep constant even increasing
the rotating speed, because the voltage is only a function of
rotating angle, as discussed in Fig. 2g. This result consists well
with the previous results [21,27].

For TENG, the output will varies when connecting to the
external loads with different resistances [2]. This is a critical
issue when we apply the TENG to directly harvest energy
from the environment. In this regard, the output perfor-
mance of the SR-TENG was systematically studied at differ-
ent loads. Fig. 3e displays the dependence of instantaneous
output current and power on different load resistances (from
10 kΩ to 1 GΩ) at a rotating speed of 500 rpm. It is clearly
shown that the output current maintains a constant value
when the resistances are below 10 MΩ, then decreases with
the increasing of resistance. The output power shows a
positive trend as the resistance increases at a low resistance
region (from 10 kΩ to 250 MΩ), and then decreases with the
increasing of resistance between 250 MΩ and 1 GΩ. The
maximum instantaneous power value is �8.2 mW at a
resistance of 250 MΩ. It can be found in Fig. S1 that the
power peak value increases with the increment of rotating
speed at a fixed external load of 10 MΩ. The power peak
value is almost linearly with the rotating speed. To demon-
strate the SR-TENG can be used as a direct power source to
drive the electronics, 20 serial-connected commercial LEDs
were connected to the output of the SR-TENG. As shown in
Fig. 3f, 20 LEDs were powered by the SR-TENG when the
rotating speed is 1100 rpm. Moreover, the LEDs can be
powered continuously rather than just flashing. As a power
source, the long-term stability of the electricity generated
by the TENG is needed for practical application. As shown in
Fig. S2, the short-circuit current is stable during a period of
45 min as the TENG operates at a rotating speed of 500 rpm.

The concept of the SR-TENG can be also used to detect the
contact area change between the wheels and belt. For the
demonstration, different sizes of the Al film were applied and
the electrical outputs were measured. As shown in Fig. 4a, an
Al film with dimensions of 10 mm� 50 mm was used. Then we
fixed the width (10 mm) of the Al film and only changed the
length (h) (50 mm) of the Al film to 45, 40, 35, and 30 mm,
respectively. In other words, the effective contact area of the
Al film will loses 10%, 20%, 30% and 40%, respectively. The
electrical output of the SR-TENG with different sized Al films
operating at a rotating speed of 500 rpm was shown in Fig. 4b.
It is observed that both the Voc and Isc decreases from 19 V to
9 V and 0.4 mA to 0.25 mA, respectively, as the contact area
reduces from 10� 50 mm2 to 10� 30 mm2. This is because
reducing the contact area will decrease the transferred
charges, therefore affecting the electrical output of the SR-
TENG (Fig. 4d). This demonstration is very important. Currently
for metal bodies such as bearings, gears, wheel/rail, the
contact damage of online monitoring is built on sound or



Fig. 2 Finite element calculations of the SR-TENG. (a)–(f) Electric potential distribution within a full cycle of rotational motion (the
rotating angle is 01, 601, 1201, 1801, 2401, and 3001, respectively). (g)–(i) The dependences of the calculated open-circuit voltage,
transferred charge density and current density on rotating angle in a full cycle. The current density is calculated by setting the
rotating speed as 300 rpm.
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vibration abrasive as a failure warning or diagnosis. However, in
the actual work of even large contact surface pitting and
coating peeling off, those approaches will not give the diagnosis
just a short time before total failure, which often leads to
institution of abnormal shutdowns and unscheduled mainte-
nance. As shown in Fig. 4, the electrical outputs changes with
area, based on which a reliable approach of employing the SR-
TENG as a self-powered surface area sensor of transmission
wheel and gear can be developed. When rolling surface has
some defects, such as cracks, pits, spalls and oxide inclusion,
the contact area will be reduced. Therefore, the output current
and voltage will decrease with the increasing defects. It can be
realized by using the output signal of current or voltage to
acquire the information of surface defects for rolling wheel or
gear. It is a useful tool for early detection and progressive
monitoring of components deterioration.
As mentioned above, the electrode is directly connecting
to the ground with metal wires, and the SR-TENG works at
CD mode. In the following, another working mode, instan-
taneous discharging (ID) mode [29], was demonstrated to
improve the instantaneous electrical output of SR-TENG.
The device structure of the ID mode-based SR-TENG is
shown in Fig. 5a. A needle-shaped Al electrode (K0) is fixed
at one end of Al film on the wheel, and connected with the
Al film. A thin Al bar is connected with the ground, which
can be divided into two parts: top part (K1) and bottom part
(K2). During the rotating process, the Al film is connected to
the ground only when it is fully contacted with the PTFE
belt (K0 and K1 are closed) or it is fully separated with the
PTFE belt (K0 and K2 are closed), and the Al film is
disconnected with the ground in other time. Fig. 5b–e show
the working mechanism of the SR-TENG with ID mode. The



Fig. 3 Output performance of the SR-TENG. (a) The measured short-circuit current at a rotating speed of 300 rpm. Inset: enlarged
view of the current peaks. (b) The measured open-circuit voltage at a rotating speed of 300 rpm. (c) The measured short-circuit
current curves with different rotating speed from 100 to 1100 rpm. (d) The summarized relationship between the currents/voltages
and rotating speed. (e) The relationship between output current/power peaks and the resistance of an external load with a rotating
speed of 500 rpm. (f) The photography of 20 commercial LED bulbs driven by the SR-TENG at a rotating speed of 1100 rpm.
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K0, K1 and K2 constitute a trigger switch. At the initial state
(Fig. 5b), the Al film is fully contacted with the PTFE. At this
moment, K0 and K1 are closed, therefore, the positive
charges can flow from the ground the Al film to reach
electric equilibrium. As the wheel rotates, the switch is
open (Fig. 5c), and the charges on the Al film remain the
same because the electrode is disconnected with the
ground. At the stage of Fig. 5d, the Al film is fully separated
with the PTFE film, and the switch is closed again. Since the
potential of Al film is higher than the ground, the electrons
are driven to flow instantaneously form the ground to Al
film. With the further rotating of the wheel, the switch
remains open, and there are no charges on the Al film, as
shown in Fig. 5e. As the Al film is fully contacted with the
PTFE belt, the switch is closed again (Fig. 5b), and a new
cycle starts. As a result, only two pulsed electrical peaks are
generated during a rotating cycle.

The output current and voltage of the SR-TENG operating
with ID mode were measured at different rotating speeds.
Fig. 5f shows an external load of more than 1 MΩ needs to
be serially connected to the circuit of the SR-TENG with ID
mode, because of the limitation of the range and bandwidth
of the current meter (5 mA, 1 MHz) used in experiment. The
current of SR-TENG with ID mode with a load of 10 MΩ
measured at a rotating speed of 300 rpm is given in Fig. 5f,
with the inset of magnification of a single current peak. Even



Fig. 4 Influence of the Al foil area reduced ratio on the output performance of the SR-TENG. (a) Schematic diagram. (b) The short-
circuit current at a rotating speed of 500 rpm with different area. (c) The dependence of the short-circuit current and the open-
circuit voltage on area reduced ratio at a rotating speed of 500 rpm. (d) The dependence of transferred charge on area reduced ratio
at a rotating speed of 500 rpm.
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if the external load is 10 MΩ, the current peak of the SR-
TENG with ID mode is about 20 μA, which is 33 times higher
than that of the SR-TENG with CD mode (Fig. 3a) without
external load at the same rotating speed. From the magni-
fication of a single current peak of the SR-TENG with ID
mode, it can be found that the current increases abruptly
from zero to its peak and then decreases quickly from peak
to zero, instead of slowly raising and lowering like SR-TENG
with CD mode (Fig. 3a). All these results show that current is
greatly enhanced by the SR-TENG with ID mode. Fig. 5g and h
give the dependences of the output current and voltage
peaks on rotating speeds ranging from 100 to 900 rpm,
respectively. The current peaks and voltage peaks almost
stay constants around 20 μA and 70 V at various rotating
speeds, respectively, which illustrated that the contact-
separation speed between two tribo-surfaces does not influ-
ence the current and voltage of the SR-TENG with ID mode.

From those results, it is clear that the SR-TENG with ID mode
has a much faster charging/discharging speed than that in the
CD mode. For the CD mode, this speed is limited by the
mechanical contact-separation speed between the two tribo-
surfaces, which depends on rotating speed. This speed is not
limited by the rotating speed for the ID mode, and the inductive
charges can be instantaneously charged/discharged as the
needle-shape Al electrode is contacted with the top part or
bottom part of the grounded Al electrode (Fig. 5a), which is the
essential reason for the enhancement of the current.

Shaft eccentricity is an important parameter for motors
with high rotating speed. Considerable damage will happen
if eccentric shaft rotates at very high speed and very high
amplitude. The SR-TENG with ID mode can be used as a self-
powered sensor of motor shaft eccentric angle according to
its instantaneous discharge characteristic. Fig. 6a shows the
diagram of the self-powered sensor, in which a metal
central shaft is electrically connected with the Al film, a
grounded Cu rod is placed below the shaft, the perpendi-
cular distance between the shaft and the rod is expressed as
d, and the perpendicular distance between the rod and the
rotating wheel is expressed as L. If there is eccentric angle
of the rotating shaft, the moving trace of the shaft is not a
line but a cone shape, as shown in inset of Fig. 6b. For a
certain L value and eccentric angle (θ), there is a critical
distance (d0). The instantaneous current signal will be
generated when d is less than d0. The relation between θ,
L, and d0 can be expressed as:

tgθ¼ d0

L
ð1Þ

In real applications, the centrifugal angle can be derived
by measuring the L, and d0 values.

For an L value of 60 mm, the distance d is changed from
10 mm to 2 mm, in other words, the copper rod gradually close
to the shaft. The output current curves at different d values at
a rotating speed of 500 rpm and a load of 10 MΩ are shown in
Fig. 6b, and the dependence of the current peaks on d is
plotted in Fig. 6c. When d is larger than 4 mm, the current
sharply decreases to nearly zero, from which it can be obtained



Fig. 5 (a) Schematic diagram of the SR-TENG with ID mode. (b)–(e) Working mechanism of the SR-TENG with ID mode. (f) The
output current at a rotating speed of 300 rpm and a load of 10 MΩ. Inset: magnification of a single current peak. The dependence of
current peaks (g) and voltage peaks (h) on rotating speeds ranging from 100 to 900 rpm.
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that d0 is 4 mm. According to Eq. (1), the centrifugal angle of
the wheel is calculated as 3.671. In order to reduce the
measurement errors, the d0 values at various L values were
measured, and their relationship is plotted in Fig. 6d, which can
be fitted by a straight line. By calculating the slope of the fitted
line, it can be derived that the θ value is 3.78.
Conclusion

In summary, we demonstrated a SR-TENG based on sliding
electrification for converting rotational mechanical energy
into electricity. Finite element simulation was employed to
gain a comprehensive understanding about the fundamental
working principle. For SR-TENG with CD mode, there is an
approximately linear relationship between the rotating
speed and the current, which provide a reliable approach
of employing the TENG as a self-powered velocity sensor.
Through studying the effects of tiny changes in the friction
contact area on the output performance, the short-circuit
current and open-circuit voltage decrease nearly linearly
with the area reduced ratio. This is a reliable approach of
employing the SR-TENG as a self-powered surface area
sensor of transmission wheel and gear. By using a contact



Fig. 6 (a) The diagram of a misalignment sensor by using SR-TENG with ID mode. (b) The output current curves with different
distances (d) at a rotating speed of 500 rpm and a load of 10 MΩ. (c) The dependence of current peaks on distances. (d) The
dependence of the critical distance (d0) on the length (L), and the fitted straight line.
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switch, we also have developed an SR-TENG with ID mode
that greatly enhances the instantaneous electric outputs of
the TENG. The current peak of the SR-TENG with ID mode is
about 20 μA even if the external load is 10 MΩ, which is 33
times higher than the short-circuit current peak of the SR-
TENG in the CD mode. In addition, the SR-TENG with ID
mode is demonstrated as a self-powered sensor for detect-
ing centrifugal angle of a rotating wheel.
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