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Abstract: In recent years, sensors have been moving towards the era of intelligence, miniaturization
and low power consumption, but the power-supply problem has always been a key issue restricting
the popularization and development of machine-mounted sensors on the rotating machinery. Herein,
we develop a ring-type triboelectric nanogenerator (R-TENG) that functions as a sustainable power
source as well as a self-powered rotational speed sensor for rotating machinery. The R-TENG adopts
a freestanding mode and consists of a ring-type container unit, an end cover and polytetrafluoroethy-
lene (PTFE) cylinders. In this study, the influence of the number of cylinders, the PTFE cylinder’s
diameter and the rotational speed on the electrical output are systematically examined, and the
motion law of the PTFE cylinders in the container is revealed by the experimental results and verified
by kinetic simulation. At a rotational speed of 400 rpm, the output voltage, current and transferred
charge of the designed R-TENG reached 138 V, 115 nC and 2.03 µA, respectively. This study provides
an attractive power supply strategy for machine-mounted sensors of the rotating machinery, and
the rotational speed measurement test also suggests the potential application of the R-TENG as a
self-powered rotational speed sensor.

Keywords: rotating machinery; triboelectric nanogenerator; rotational mechanical energy harvesting;
self-powered sensor

1. Introduction

Rotating shaft systems are widely used in industrial equipment, such as in marine main
engines and in wind-power generation. The shaft power of a marine propeller-shafting
system is the most important performance parameter of marine power plants, which can be
measured by the torque of the shafting system. Torsional oscillation of the shafting can cause
fatigue fractures, and excessive torque can cause deformation of the rotating shaft, posing
a safety hazard [1]. Therefore, the monitoring of various parameters of the rotating shaft
system can improve the reliability of the equipment and can effectively avoid accidents
caused by failure. The monitoring of shafting mainly focuses on the measurement of
parameters, including vibration, torque and temperature [2,3]. The measurement methods
can be divided into the noncontact type and contact type. Noncontact measurement can
be used to monitor the axial displacement, fatigue crack and rotational speed [4]. As for
torque measurement and detection of the internal temperature of the shaft system, the
contact measurement, the installation of corresponding sensors on the shaft is required.
Some parameters such as the torsional vibration of the rotating shaft can be measured by
means of either contact or noncontact measurements.
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In general, the contact sensors mounted on the shaft system are usually powered by
battery, and the battery rotates along with the rotating shaft, with the data being transmitted
by wireless transmission. Due to the limited power-supply capacity of the battery, the
battery needs to be replaced regularly, which does not meet the long-term monitoring
requirement. The equipment shutdown caused by battery replacement interrupts the pro-
duction plan and damages economic interests [5,6]. Therefore, the monitoring parameters
of the rotating shaft currently tend to adopt noncontact measurement, and the monitoring
parameters that require contact measurement are often ignored due to the power supply
difficulty. In order to solve the power-supply problem of machine-mounted sensors, an
inductively coupled power transfer (ICPT) technology device on the basis of the electro-
magnetic induction principle is proposed, which can free the sensor from dependence on
the battery [7,8]. However, the inductive power supply device needs to rely on an external
power supply to create an alternating magnetic field for electricity generation. Narrow
space in industrial sites makes the installation difficult, and the cost of the ICPT system
is relatively high, which is not suitable for large-scale applications. With the demand
for sensor nodes of rotating machinery growing dramatically in the era of the Internet
of Things (IoT), the conventional power supply method using a battery and inductive
system cannot meet the extensive monitoring requirements. Miniaturized, low-cost and
low-energy-consumption power supply methods must be proposed.

The triboelectric nanogenerator has emerged as a promising energy harvesting technol-
ogy since it was first proposed in 2012 by Wang et al. [9]. Conventional mechanical energy
harvesting relies on technologies such as piezoelectrics [10–12], electrostatics [13] and elec-
tromagnetics [14]. Owing to its low cost, simple manufacturing process and widespread
solutions for materials, the invention of the triboelectric nanogenerator provides an attrac-
tive approach for converting mechanical energy into electricity [15–21]. In recent years, lots
of research has been conducted on adopting TENG for harvesting rotational mechanical
energy. Lin et al. [22] reported on a segmentally structured disk triboelectric nanogenerator,
which is an efficient way to harvest rotational mechanical energy, but the material wear of
this method is severe. Yang et al. [23] reported a fully packaged, rolling hybrid triboelectric
and electromagnetic nanogenerator to harvest rotational energy. Jiang et al. [24] proposed a
water-wheel-type triboelectric nanogenerator for power generation using a slowly flowing
river. Kim et al. [25] and Han et al. [26] successfully demonstrated a triboelectric nano-
generator for efficiently harvesting rotational mechanical energy by means of wind drive.
Although extensive efforts have been made to harvest rotational mechanical energy into
electricity by triboelectric nanogenerator technology, its structural design and suitable
application scenarios still require further research.

In this study, we propose a freestanding mode ring-type triboelectric nanogenerator
(R-TENG) to collect rotational mechanical energy and measure the rotational speed. The R-
TENG is composed of a ring-type container unit, an end cover and polytetrafluoroethylene
(PTFE) cylinders. The PTFE cylinders are placed in the ring-type container unit, and a pair
of aluminum strips are coated on the inner and outer walls as one electrode. The working
part of the designed R-TENG is encapsulated and cannot be affected by external humidity
or by other environmental factors. When the shaft rotates, the combination of gravity
and friction drives the PTFE cylinders to roll, and relative movement exists between the
electrode and the PTFE cylinders, thereby producing output electricity periodically. The
motion law of the PTFE cylinders is also investigated to elucidate the working mechanism
of the R-TENG. Most high-efficiency rotating triboelectric nanogenerators require a fixed
end to create relative motion between triboelectric materials [27–29], which requires extra
work for installation. Compared to conventional rotating TENGs, the proposed R-TENG
with a compact structure can be installed on the rotating shaft directly without extensive
modification to the rotating machinery. Rotational speed measurement by the voltage
signal processing of the R-TENG was also conducted, and the error rate of the R-TENG
detection speed was within 1.5%, showing its potential ability to measure rotational rate.
Using a reasonable energy-harvesting circuit design, the R-TENG can supply power to
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temperature and torque sensors, realizing the self-powered and self-sensing capability of
the electronic device. This study provides an efficient power supply strategy for the contact
measurement of rotating machinery.

2. Experimental Section
2.1. Fabrication of the R-TENG

In this experiment, the PTFE cylinder used was produced by 3M Company (Saint Paul,
MN, USA) and was cut into four different sizes by machine tool cutting. The ring-type
container unit and the corresponding end cover were designed by CATIA 3D drawing
software and were made of composite resin using stereolithography (SLA) 3D printing
technology. The end cover and the container unit were assembled with screws. The diam-
eters and heights of the four different sizes of the PTFE cylinders were 18 mm × 20 mm,
15 mm × 20 mm, 12 mm × 20 mm and 9 mm × 20 mm. For the R-TENG with PTFE
cylinders of different diameters, the inner radius of the container unit should remain un-
changed, and the outer radius of the container unit and of the working space increases
with the cylinder’s diameter increases. To ensure that the PTFE cylinders roll normally
in the working space, there should be an air gap (approximately 3 mm) between the wall
of the working space and the PTFE cylinder. Taking an R-TENG with 18 mm-diameter
cylinders as an example, the outer radius, inner radius and height of the container unit are
84.5 mm, 50 mm and 24 mm, and the outer radius, inner radius and height of the working
space in the container unit are 74.5 mm, 53 mm and 22 mm, respectively. Two aluminum
strips (50 µm in thickness) with dimensions of 158 mm × 22 mm and 222 mm × 22 mm
were attached with identical radian onto the inner and outer walls of the working space,
respectively, to form one electrode, and they were connected by a wire. Finally, the R-TENG
consists of two symmetrical electrodes.

2.2. Electrical Measurement of the R-TENG

In the experiment, a speed-adjustable DC motor with a maximum speed of 500 rpm
was selected. A standard series of integrated conductive slip rings (MOFLON, Shenzhen,
China) with an outer diameter of 185 mm and a through-hole diameter of 100 mm was
selected to transmit the electrical output of the rotating R-TENG to the probe of the elec-
trometer. The output values of the open-circuit voltage, transferred charge and short circuit
current were measured using a programmable electrometer (Keithley Model 6514) through
a data acquisition system (NI PCI-6220, Texas, USA) and a software program developed
by LabVIEW (Texas National Instruments, Austin, TX, USA) that visualizes the output of
the signal.

3. Results and Discussion
3.1. Structure and Working Mechanism of the R-TENG

Figure 1 depicts the structural design of the R-TENG, which can be used in various
rotating machinery systems such as diesel engines and rolling mills for rotational me-
chanical energy harvesting, as presented in Figure 1a. Figure 1b displays the schematic
illustration of the rotational mechanical energy harvesting and power management system.
The designed ring-type TENG converts rotational mechanical energy to electricity, and the
electricity is rectified by the energy management module, ultimately supplying power to
machine-mounted sensors. Figure 1c presents the schematic illustration of the R-TENG
mounted on the rotating shaft as a self-powered thermometer, and an enlarged view in the
inset exhibits the structural design of the R-TENG. The R-TENG is composed of a container
unit, an end cover and PTFE cylinders. The PTFE cylinders are placed in the working space
of the container unit, and the container unit is assembled with the end cover by screws. A
pair of aluminum strips (158 × 22 mm and 222 × 22 mm, 50 µm in thickness) is parallelly
coated on the inner and outer walls of the working space and connected by a wire acting
as one electrode. Two lead wires acting as electrodes connect to the two input ends of the
slip ring through the holes of the container unit. Then, the container unit is mounted onto
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the rotating shaft by tightening the screws from the protruding parts. Figure 1d shows the
photograph of an assembled R-TENG.
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Figure 1. The structural design of the R-TENG: (a) potential application scenarios of the R-TENG
in rotational mechanical energy harvesting; (b) schematic illustration of the rotational mechanical
energy harvesting and power management system; (c) schematic illustration of the R-TENG mounted
on a rotating shaft as a self-powered thermometer and the components of the designed R-TENG;
(d) photograph of an assembled R-TENG.

The R-TENG operates in the sliding freestanding mode using PTFE cylinders as a
freestanding triboelectric layer. Once the shaft rotates, the PTFE cylinders will roll along
the walls inside the working space of the container unit. After several revolutions of the
R-TENG, the motion state of the PTFE cylinders will remain stable under the combination
of gravity and friction. Moreover, it can be observed that the contact between the PTFE
cylinders and the electrodes is mainly on the outer wall of the working space. Due to
the higher electronegativity of PTFE than aluminum, the surface of the PTFE cylinder is
negatively charged upon contact with the aluminum strip, while an equivalent amount
of positive charges generate on the aluminum strip. Therefore, the working mechanism
of the R-TENG for converting mechanical energy into electricity can be illustrated in a
full rotation cycle in Figure 2a. In the initial state, all PTFE cylinders are in contact with
electrode B, as plotted in Figure 2a(I). At this point, the difference in potential between
the two electrodes reaches a maximum value according to the working principle of the
freestanding triboelectric nanogenerator [30], and no current flows through the external
circuit because of electrostatic equilibrium. As the R-TENG rotates clockwise with the shaft,
PTFE cylinders gradually come into contact with electrode A, a difference in potential is
formed between the two electrodes, and thus charges begin to flow through the external
circuit, as plotted in Figure 2a(II). When PTFE cylinders completely overlap electrode A,
the system attains electrostatic equilibrium again, and thus no current flows through
the external circuit, as plotted in Figure 2a(III). As the R-TENG continues to rotate, the
difference in potential between two electrodes is reversed, thus opposite transferred charge
flowing through the external circuit, as plotted in Figure 2a(IV). These four states are
periodically repeated as R-TENG continues to rotate, producing an alternating current
through the external circuit.
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To further demonstrate the proposed principle, the finite element method (via COM-
SOL Multiphysics) is utilized to simulate the electrical potential profiles in the R-TENG.
The structure of the simulation model is the same size as that of the manufactured device.
When the PTFE cylinders are in full contact with either of the aluminum strip electrodes,
the difference in potential between the two electrodes reaches a maximum value of about
160 V, as illustrated in Figure 2b(I). When the amount of electrostatic charge generated by
the contact between the two electrodes and the PTFE cylinders is equivalent, there exists
no difference in potential between the two electrodes, as illustrated in Figure 2b(II).

To obtain a physical model for the electrical performance of the R-TENG, all PTFE
cylinders are treated as a freestanding layer. According to the theory of the sliding-mode
freestanding TENG, the V-Q-α relation of the R-TENG can be expressed as follows:

V = R
dQ
dt

= − Q
C(α)

+ Voc(α) (1)

α(t) = ωt (2)

where R, C, Voc, α and ω are the resistance, capacitance, open-circuit voltage, rotation
angle and angular velocity of the R-TENG. Under the short-circuit condition, total tri-
boelectric charges on aluminum film 1 and aluminum 2 in a small region of dα are ex-
pressed in Equations (3) and (4), and then Qsc,final and Isc are deduced, as presented in
Equations (5) and (6).

dQ1 =
σhdα

1 + C2(α)
C1(α)

(3)

dQ2 =
σhdα

1 + C1(α)
C2(α)

(4)
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Qsc, f inal =
∫ θl

0

σhdα

1 +
(

C2(α)
C1(α)

)
α=θl+θg

−
∫ θl

0

σhdα

1 +
(

C2(α)
C1(α)

)
α=0

(5)

Isc =
Qsc

∆t
=

Qsc
dα
ω

=
Qsc × ω

dα
(6)

where we set the charge density as σ, the angle of one electrode as θl, the height of the
cylinder as h, the gap angle between two electrodes as θg and ∆t as the time used of
transferred charge.

3.2. Output Performance of the R-TENG

In this study, to achieve an optimal output performance of the R-TENG, the structural
parameters of the device were systematically investigated. Figure 3a depicts the schematic
illustration of the structural parameters of the R-TENG. Firstly, the influence of the number
of PTFE cylinders on the electrical output of the R-TENG was measured with a different
number of cylinders at 100 rpm. It can be clearly observed from Figure 3b,d that, with the
increasing number of cylinders, both the output peak voltage and the transferred charge
of the R-TENG increase first and then decrease, and the device achieves optimal electrical
performance when the number of PTFE cylinders equals 11. For the R-TENG used in
this experiment (DPTFE = 18 mm), 11 cylinders can completely overlap one aluminum
electrode. This output result is consistent with the working principle of the freestanding
mode triboelectric nanogenerator that the difference in potential and the transferred charge
reach their maximum values as either of the electrodes is in full contact with the PTFE
cylinders. When the number of cylinders is greater than 11, one electrode is completely
covered by 11 PTFE cylinders, and there exists contact between the other electrode and
extra PTFE cylinders, leading to a decline in the difference in potential between the two
electrodes. When the number of cylinders is less than 11, the PTFE cylinders cannot cover
the entire single electrode, and the corresponding contact area is decreased, leading to a
decline in the difference in potential between the two electrodes as well. The variation of
the peak current with the number of cylinders is not obvious, as shown in Figure 3c. The
reason for this is that the dielectric layer length, that is, the number of cylinders, mainly
affects the duration of the transferred charge rather than the rate of change in the metal
sliding freestanding triboelectric nanogenerator [30]. It can be observed from Figure S1
that the duration of the R-TENG’s peak current tends to increase first and then decrease
approximately, which is consistent with the variation in the amount of transferred charge
with the number of cylinders.

The influence of the PTFE cylinder’s diameter, another important structural parameter,
on the electrical performance was also investigated. In the experiment, four different
cylinder diameters with the same height (20 mm) were applied. In order to ensure the
normal motion of the cylinder, there needs to be an air gap between the cylinder and
the wall of the working space. The overall dimensions of R-TENG will increase with the
increasing diameter of the cylinder, and the photos of the R-TENGs with different-diameter
cylinders are shown in Figure S2. For the R-TENGs with different-diameter cylinders,
the number of PTFE cylinders that can completely cover one electrode is selected in the
experiment to obtain the optimal electrical output. Figure 3e,f presents the electrical output
of the R-TENG with PTFE cylinders of different diameters at 100 rpm. It is seen that the
peak voltage of the R-TENG increases first and then decreases, and the optimal output
performances can be achieved as the diameter of the PTFE cylinder is 15 mm. The reason
for this is that the electrical performance of the R-TENG is related to the charge generated
by triboelectrification, which depends on the contact area and the friction force. As the
diameter of the cylinder decreases, the effective contact area between the PTFE cylinders
and the electrodes increases, as shown in Figure S3, which is beneficial for the charge
induction. However, the weight of the PTFE cylinders also decreases with the cylinders’
decreasing diameter, and the corresponding friction force decreases, which is unfavorable
to the charge induction [31]. There is a trade-off between an increase in the contact area and
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a reduction in the weight of the cylinder. Additionally, the experimental results showed
that small-diameter PTFE cylinders are more likely to cross the highest point of the ring
at a low rotational speed. Therefore, it is necessary to select a PTFE cylinder of a suitable
diameter by considering the dimension, operating speed and electrical performance of the
R-TENG.
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To examine the relationship between the electrical output of the R-TENG and the
rotational speed, a systematic measurement was performed at different rotational speeds of
the R-TENG from 50 rpm to 450 rpm with 11 cylinders 18 mm in diameter. It is seen from
Figure 4a,c that voltage and transferred charge decrease with increasing rotational speed,
which may be attributed to the inefficient contact between the cylinders and electrodes
at high rotational speeds. According to Equations (5) and (6), the transferred charge is
not affected by speed theoretically. Despite a small decrease in transferred charge with
increasing speed in the actual measurement, the degree of ω’s increase is much more
significant than the degree of decline in Qsc, resulting in the current Isc steadily increasing,
as shown in Figure 4b. Furthermore, it is noteworthy that the electrical output of the
R-TENG decreases significantly at 450 rpm, which is due to the change in motion state of
the PTFE cylinders that the relative movement between the PTFE cylinders and aluminum
electrodes disappears at high rotational speeds.

The electrical output of the R-TENG is generated by triboelectrification following the
relative contact between the PTFE cylinders and the electrodes. In the experiment, it is
clearly observed that the motion state of PTFE cylinders changes with the rotational speed,
thereby affecting the electrical performance of the R-TENG. Therefore, it is necessary to
investigate the motion law of the cylinders with respect to rotational speed. Figure 4d
presents the dynamic analysis of the PTFE cylinders rolling in the container unit as the
device rotates. Photographs and videos of the PTFE cylinders in motion at different
rotational speeds were taken with a digital camera, and the motion states of the cylinders
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were divided into three different states, as illustrated in Figure 4e and Video S1. In the first
state (from 0 to 400 rpm), the position of the cylinders remains almost unchanged along
the rotating direction with little disturbance, and the angular offset of the cylinders also
increases with increasing rotational speed. In this state, the electrical output of the R-TENG
follows the working principle mentioned in Section 3.1. In the second state (at about
410 rpm), there exist cylinders crossing the highest point of the R-TENG and dropping
intermittently. In this state, the electrical output becomes unstable, and noise is generated
by the impact. In the third state (at about 440 rpm), PTFE cylinders rotate along with
the ring together, and no relative motion between the PTFE cylinders and the electrode
exists, resulting in a significant decline in output performance. To support the experimental
results, ADAMS was employed to study the motion law of the cylinders, and the kinetic
simulations (at 50, 200, 410 and 450 rpm) are presented in Figure 4f. The simulation result
that the motion of the cylinders goes through three states as well is consistent with the
phenomenon observed in the experiment, illustrating that the triboelectric nanogenerator
with a ring-type structure has a rotational speed limit in practical applications. Therefore,
the operating speed of the R-TENG with 18 mm diameter cylinders is defined in the range
of 0–400 rpm. Through experiments and simulation, it can be found that the friction force
on the cylinder and the vibration at high speeds lead to the cylinder rotating along with the
R-TENG together. Therefore, ensuring the shafting alignment and reducing the roughness
of the cylinder and the electrodes can extend the operating speed range of the device.
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3.3. Demonstration

Figure 5a presents the experimental setup, and an R-TENG with 18 mm diameter
cylinders was applied in the demonstration. As illustrated in Figure 5b, the current, the
voltage and the power of the R-TENG at 250 rpm were measured with various external
load resistances, and a maximum output power of 107 µW was reached when the external
resistance equaled the internal impedance. A total of 80 commercial light-emitting diodes
(LEDs) was utilized as external loads of the R-TENG to verify its ability to drive the
electronics, as illustrated in Figure 5c and Video S2. Furthermore, the R-TENG was also
employed in conjunction with energy storage devices to power commercial electronic
sensors. At a rotational speed of 400 rpm, the 33 µF and 100 µF capacitors can be charged
by the R-TENG through a bridge rectifier from 0 to 3 V within 90 s and 230 s, respectively, as
illustrated in Figure 5d. Then, the commercial thermometer was powered by the capacitor,
as illustrated in Figure 5e. Since the output frequency is synchronized with the rotational
speed, a LabVIEW program was developed to measure the rotational speed by calculating
the time difference of the up-crossing zero points of the voltage signal, as illustrated in
Figure S4. The rotational speed measurements via LabVIEW were carried out at different
speeds, and the test results suggest that the rotational rate measured utilizing the R-TENG
is consistent with the value measured with a commercial tachometer. Here, the speed
deviation δ is defined as

δ =

∣∣∣∣ xi − X0

X0

∣∣∣∣ (7)

where xi is the speed measurement via LabVIEW, and the X0 is the speed measurement via
the commercial speed sensor. The speed deviation was within 1.5%, which was obtained
by conducting speed deviation analysis at different operating speeds. The reason for the
deviation is that PTFE cylinders swing as R-TENG rotates, as can be found in Video S1.
No obvious decline in the voltage of the R-TENG was found after continuous operation of
15,000 cycles, demonstrating the reliability of the device, as illustrated in Figure S5. The
above-mentioned tests suggested the ring-type TENG as an efficient method to harvest
rotational mechanical energy, and this concept provides a new strategy to supply power for
electronics mounted on the rotating shaft, such as a torque sensor and an inner-temperature
monitoring sensor.
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Figure 5. Demonstration of the R-TENG for energy harvesting and rotational speed measurement:
(a) photograph of the test devices; (b) output voltage, current and power for the R-TENG with the
resistance of the load; (c) photograph of 80 white LEDs powered by the R-TENG; (d) charging curve
of different capacitors by the R-TENG electrical output; (e) photograph of a 100 µF capacitor charged
and supplying power to thermometer; (f) tests of rotational speed measurement by output voltage
signal of the R-TENG via LabVIEW.

4. Conclusions

In summary, we proposed a ring-type freestanding triboelectric nanogenerator, being
mounted on a rotating shaft, which could harvest rotational mechanical energy. Such a
ring-type triboelectric nanogenerator consists of an end cover, a container unit and multiple
PTFE cylinders. With a fully packaged structure, the R-TENG could be used in harsh
environments. At a rotational speed of 400 rpm, the R-TENG delivered an output voltage
of up to 138 V, an output transferred charge of 115 nC and an output current of 2.03 µA.
Through a systematical examination of the design parameters, it was found that the R-
TENG achieves optimal performance as PTFE cylinders completely overlap one electrode
and there exists a certain diameter of the cylinders to maximize electrical output. Due to the
increase in the amount of transferred charge per unit time, increasing the rotational speed
is generally beneficial to energy harvesting. According to the experimental and simulation
research on the motion law of the cylinder, it was found that the R-TENG has a maximum
operating speed limit. The demonstration showed that the R-TENG could directly light up
80 LEDs and charge a 100 µF capacitor to 3 V within 4 min. Therefore, the design of the
R-TENG provides a promising strategy to supply power to the machine-mounted sensors of
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the rotating machinery. Furthermore, tests were conducted to measure the rotational speed
by the voltage signal, suggesting its possible application as a self-powered tachometer.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/mi13040556/s1, Figure S1: The duration of the R-TENG’s peak current
with an increasing number of PTFE cylinders; Figure S2: Photograph of the R-TENGs with PTFE
cylinders of different diameters; Figure S3: Schematic illustration of change in contact area with
cylinders of different diameters; Figure S4: Schematic diagram of the synchronization in voltage
frequency and rota-tional speed; Figure S5: Continuous output performance of the R-TENG during
15,000 cycles; Video S1: Motion state of 11 PTFE cylinders at different rotational speeds; Video S2:
Demonstration of the R-TENG to power 80 LEDs.
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