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make TENGs well suited for self-sustaining systems such 
as wearable devices [21–24], sensing systems [25–28], and 
healthcare devices [29–31]. Consequently, many studies 
have explored designs that integrate TENGs into mechani-
cal systems to harvest mechanical energy with minimum 
energy loss, which is rich in motion, including those 
involving human activity [32–34], vibration [35–37], and 
rotational dynamics [38, 39]. However, most TENG-inte-
grated systems are designed to harvest mechanical energy 
and cannot be used as multifunctional components in such 
devices. Using such dual-function devices in these systems 
can improve the energy harvesting efficiency and enhance 
the utility of the system. However, most existing TENGs 
for human motion harvesting have limitations in terms of 
design complexity and reduced space efficiency. Therefore, 
such TENGs generate a low power output with low space 
efficiency and lack functionality, which limits their practi-
cal value. To overcome these limitations, it is necessary to 
study various design strategies in which the integrated sys-
tems contribute directly to the mechanical function of the 
original system rather than only being energy harvesters. 
Multifunctional energy harvesting components are required, 
particularly in the context of exercising equipment. This is 

1  Introduction

Triboelectric nanogenerators (TENG) are attracting atten-
tion as a promising energy-harvesting technology owing 
to their simple structure [1–4], low-cost fabrication [5–8], 
and applicability [9–11] for converting various mechani-
cal motions such as pressing [12–14], sliding [15–17], and 
bending [18–20] into electrical energy. These advantages 
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Abstract
Triboelectric nanogenerators (TENGs) have been studied in various fields because of their ease of fabrication, simple 
structures, and diverse material choices. Therefore, integrating TENGs into various systems has become a key research 
focus. However, simply integrating TENGs into systems limits their practical use because of their high design complexity 
and low output. To overcome this, a design strategy supporting the primary system functions is required. In this study, we 
focused on a rowing-machine-integrated triboelectric nanogenerator (RM-TENG) with controllable mechanical resistance. 
To minimize wear during high-speed rotation, the dielectric and nickel electrode films were designed to brush lightly 
against the aluminum electrode. This contact enabled electrostatic discharge during sliding and enhanced the voltage and 
current outputs to 440 V and 1.16 A, respectively. The mechanical resistance and electrical signal could be adjusted by 
the magnetic field between the neodymium magnet and the ferromagnetic core, which could be controlled by the plate 
gap distance. Therefore, the RM-TENG could independently power a commercial thermohygrometer sensor and 500 LEDs 
by its own operation.
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because exercising equipment naturally involves continu-
ous mechanical motion and demands adjustable resistance 
to optimize performance, enhance safety, and improve 
training outcomes. In addition, additional systems such as 
user exercise feedback system requires power source with 
energy harvesting and various sensors that can enhance 
usability. Therefore, for the commercialization of TENGs 
in exercise equipment, there is a need to study simple struc-
tures and efficient designs that combine high-performance 
energy harvesting with mechanical functionality.

In this study, we have examined a TENG-integrated 
multifunctional system designed for a rowing machine that 
can adjust the resistance and sensing signals using the mag-
netic attraction between a magnet and a ferromagnetic core. 
When rotational movement is performed with the rowing 
motion, the flexible films, including the dielectric films and 
metal films of the rotator, slide on the stator and generate 
an electrostatic discharge between the aluminum electrodes 
on the stator and the nickel electrode films on the rotator by 
the surface charge of the dielectric films. The RM-TENG 
then generated high voltage and current outputs of up to 
440 V and 1.16 A, respectively. Mechanical resistance and 

additional electrical signals were generated by the neo-
dymium magnets and ferromagnetic cores in this structure. 
Therefore, the RM-TENG can be operated as a multifunc-
tional exercise machine that can harvest mechanical energy 
and provide controllable mechanical resistance and electri-
cal signals to sense the rotational speed of a rotator.

2  Results

The overall structure and mechanism of the RM-TENG, 
including its key components, are shown in Fig. 1a–c. Fig-
ure 1a shows the overall structure of the RM-TENG. The 
RM-TENG is designed to generate electrical output, includ-
ing if there is a gap between the two plates. This is because 
this device can also control the required force for exercise 
by the gap distance with magnetic force. Therefore, the RM-
TENG can be separated into the stator and rotator parts. The 
stator is composed of bent films, such as two polyvinyl chlo-
ride (PVC) films, two nylon films, and four nickel fabric 
films on a polymethyl methacrylate (PMMA) substrate, for 
contact with the gap distance. The rotor was constructed 

Fig. 1  Structure and mechanism of rowing machine-integrated multi-
functional triboelectric nanogenerator (RM-TENG). (a) 3D structure 
and materials of RM-TENG. Photographs of front and back sides of 

(b) rotor and (c) stator. (Scale bar: 5 cm) (d) Electrical connection cir-
cuit of the stator. (e) Schematics of the discharge phenomenon and the 
electrical mechanism that occurs when the rotor of RM-TENG rotates
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using a PMMA substrate and aluminum electrodes. The cir-
cuit is connected to nickel fabric films so that the electrical 
output can be generated by contact and separation between 
the aluminum electrodes and dielectric films. The neodym-
ium magnets are located on the rotor, and the ferromagnetic 
cores are located on the stator. Therefore, the device can 
provide force for the exercise with magnetic force, and the 
required force can be managed by the disk gap distance. 
This magnetic force can generate electromagnetic electric-
ity, which can provide further energy harvesting and various 
sensing capabilities.

Figure 1b and c show the photographs of front and back 
of rotor and stator, respectively, and Fig. 1d shows the 
detailed structure of the RM-TENG. The four nickel fabric 
electrodes in the stator were connected to generate electric-
ity. Nickel electrodes A and C are connected to one terminal 
of the external circuit, whereas nickel electrodes B and D 
are connected to the opposite terminal. The detailed work-
ing mechanism of the RM-TENG is illustrated in Fig. 1e. 
As the PVC film contains negative surface charges and the 
nylon film contains positive surface charges, according 
to the triboelectric series [40], the charges inside the alu-
minum electrodes are polarized by the films of the stator. 
When the nickel electrodes were moved close to the alu-
minum electrodes, the polarized charges generated a high 
electric field between the aluminum and nickel electrodes. 
An electrostatic discharge was then generated between the 
two electrodes. As a result, the RM-TENG can generate a 
high electrical output based on electrostatic discharge, as 
shown in Fig. 1e-i. In addition, the proposed mechanism 
was verified through simulation. Figure S1 shows the COM-
SOL Multiphysics simulation results for the generation of 
the electric field between the nickel electrode and aluminum 
electrode. The geometry for this simulation result was set as 
same as RM-TENG, and the permittivity and surface charge 
density of the film was set as 2.1, and − 7 × 10− 6 C/m2, 
respectively. The gap distance between the nickel electrode 
and aluminum electrode is set as 0.3 mm. The figure below 
shows the simulation result that calculated with COMSOL 
Multiphysics program. According to the simulation result, 
more than 3 kV/mm of electric field strength was generated 
between electrodes. As the breakdown voltage of dry air 
is about 3 kV/mm, this simulation result indicates that the 
RM-TENG can generate ESD based electrical output during 
the operation. Figure 1e-ii shows the electricity generation 
when the nylon film is in contact with the electrode, and 
Fig. 1e-iii shows the electricity generation when the PVC 
film is in contact with the electrode. When the nylon film 
contacts the aluminum electrode, the positive charges on the 
nylon film attract the negative charges inside the aluminum 
electrode. The positive charges are then polarized. The posi-
tive charges generate an electrostatic discharge to the nickel 

electrode when the nickel electrode approaches the alumi-
num electrode and generates an electrical output, as shown 
in Fig. 1e-ii. When the PVC film contacts with the alumi-
num electrode, the negative charges on the PVC film attract 
the positive charges inside the aluminum electrode. As the 
negative charges are polarized inside the aluminum elec-
trode, an electrostatic discharge is generated in the opposite 
direction to the electrical current, as shown in Fig. 1e-iii. 
The RM-TENG can generate an electrical output based on 
the electrostatic discharge, while the rotator is rotated by the 
rotational force from the rowing machine.

Because the device generates electrical output by con-
tact separation between the films and electrodes, various 
parameters influence the functionality of the RM-TENG. As 
shown in Fig. 2a, parameters such as the disk gap distance 
(W) (Fig.  2a-i), material selection for the dielectric films 
of stator (Fig. 2a-ii), and aluminum electrode segments of 
rotor (Fig. 2a-iii) were tested to optimize the structure of the 
RM-TENG. The disk gap distance is defined as the horizon-
tal distance between the rotor and stator. Four fan-shaped 
aluminum electrodes with a central angle of 90 °each cov-
ered the PMMA substrate for the four segment electrode 
design. Two semicircular electrodes with a central angle of 
180° each covered the PMMA substrate for the two segment 
design.

For the four dielectric films and four nickel fabric films, 
eight films were used at the top plate. The central angle of 
each segment of the bottom electrode influenced the elec-
trical output. If the central angle of the electrode segments 
is larger than the angle between the nickel electrodes on 
the top plate, the opposite surface charges of the dielectric 
films can decrease the electrical output. When W decreases, 
the contact area between the dielectric films and the bot-
tom electrodes increases because of film bending. The elec-
trical output based on electrostatic induction can then be 
increased.

Figure 2b–e shows the experimental results for the volt-
age and current outputs with different W values and elec-
trode segments at a rotation speed of 300 rpm to optimize 
the electrode design of the bottom plate and the effect of 
different gap distances. The peak voltage and current out-
puts of the two segments of the aluminum electrode-based 
RM-TENG with different disk gap distances are shown in 
Fig. 2b and c, respectively. No output was detected at a disk 
gap distance of 2 cm. Meanwhile, maximum peak voltages 
of approximately 64, 42, and 104 V were measured at gaps 
of 3, 4, and 5  cm, respectively. At a disk gap distance of 
2 cm, no peak current was observed, whereas peak currents 
of 176, 232, and 128 mA were measured at 3, 4, and 5 cm, 
respectively. Figures 2d–e present the voltage and current 
outputs of the four segments of the aluminum electrode-
based RM-TENG with different disk gap distances by giving 
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and 1.16 A, respectively. Consequently, in the two-segment 
configuration, each segment is simultaneously swept by two 
electrically insulated nickel films, one PVC film, and one 
nylon film. The concurrent interaction of these materials in 
the same segment induces electrical interference, causing 
either the absence of output or isolated peak signals. How-
ever, when the electrode was divided into four segments, 
each segment was swept by a single nickel film and a single 
dielectric film (PVC or nylon). This eliminated the electrical 
interference observed in the two-segment case and allowed 
the generation of a stable discharge-type output. Therefore, 
the RM-TENG can generate a higher electrical output with 
the four electrode segments.

Because electrostatic discharge is generated by the sur-
face charge of the dielectric films, the RM-TENG output 
can be influenced by material differences. To determine the 

a 300 RPM of rotational speed input. At a disk gap of 2 cm, 
the intrinsic elasticity of the film ensured a stable contact 
with the aluminum electrode, producing DC waveform out-
puts with measured voltages reaching approximately 100 V. 
In contrast, when the disk gap exceeded 3  cm, the stable 
interfacial contact enabled by the film’s elasticity was lost. 
The breakdown voltage increased with an increase in the 
gap between the bottom plate and the bent films. According 
to Paschen’s law, the air breakdown voltage depends on the 
gap distance between two metal electrodes. Therefore, the 
peak voltage output based on the electrostatic discharge can 
be increased by increasing the gap distance. Consequently, 
higher peak voltages and currents are generated with a larger 
W. At disk gaps of 3, 4, and 5 cm, the maximum peak volt-
ages were measured at 224, 268, and 440 V, respectively, 
with the corresponding peak currents reaching 0.58, 0.64, 

Fig. 2  Design variable experiment for RM-TENG (a) Visual descrip-
tion of variables (disk gap, material, aluminum electrode segment). (b) 
Voltage per disk gap (2, 3, 4, and 5 cm) when Al electrodes are two 
segments. (c) Current per disk gap (2, 3, 4, and 5 cm) when Al elec-
trodes are two segments. (d) Voltage per disk gap (2, 3, 4, and 5 cm) 

when Al electrodes are four segments. (e) Current per disk gap (2, 3, 
4, and 5 cm) when Al electrodes are four segments. (f) Voltage outputs 
according to the material of the stator. (g) Current outputs according to 
the material of the stator
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resistance, both voltage (RMS and peak) of the RM-TENG 
gradually increased, while the currents decreased. The high-
est RMS power output was calculated as 0.491 mW with 
500 MΩ of load resistance. The highest peak power output 
was calculated as 94.5 W with 500 Ω of load resistance. 
The peak power output of RM-TENG was measured signifi-
cantly higher than the RMS power due to the short duration 
of peak output of RM-TENG. As shown in Figure S7, the 
duration of one peak voltage output is only about 4 ms, thus 
there are empty intervals between each peak outputs. As a 
result, the peak power output could be measured higher than 
the RMS power which is also described in various previ-
ous references [43–45]. In addition, because the peak out-
put of the RM-TENG was generated based on electrostatic 
discharge, the optimized peak power was measured with a 
lower load resistance, similar to the references for electro-
static discharge-based energy generators [46].

For multifunctional use of the RM-TENG, a neodymium 
magnet and ferromagnet were also used. This can provide 
additional force for exercise and electrical signals that can 
be used for force or rotational speed sensing and further 
energy harvesting. As shown in Fig.  3a and b, the attrac-
tive force between the neodymium magnet and the ferro-
magnet generates an additional force for rotation, which can 
provide the load force for the exercise. Because the attrac-
tive force is based on the magnetic force, this force can be 
controlled by W. Figure 3c shows the required torque for 
the RM-TENG with different W. When W was 2, 3, 4, and 
5 cm, torques of 86.6 (SD : 4.7), 66.6 (SD : 4.7), 58.3 (SD 
: 4.3), and 49.2 (SD : 3.2) N·mm of torques were required, 
respectively. This indicates that the RM-TENG can provide 
further force for exercises based on its structure.

Because ferromagnets and neodymium magnets are used 
in the RM-TENG, it can also generate electrical output based 
on the electromagnetic electricity generation mechanism, as 
shown in Fig. 3d. When the RM-TENG rotates, the magnetic 
field from the neodymium magnet affects the ferromagnet 
and coil. Therefore, an electrical output can be generated. 
For the optimized electromagnetic output, Fig.  3e–f and 
Figures S8 and S9 show the electrical outputs with only the 
ferromagnetic core and the neodymium magnet, without 
any triboelectric effect, when the number of ferromagnetic 
cores is different. The voltage and current outputs of the 
devices that used two, four, and eight ferromagnetic cores 
with different W values are shown in Figure S8, Fig. 3e–f, 
and Figure S9, respectively. When two ferromagnetic cores 
were used, peak voltage outputs were generated up to 83.75, 
71.6, 61.5, and 59 mV, and peak current outputs were gen-
erated up to 11.6, 9.2, 8, 7.6 mA, respectively. When four 
ferromagnetic cores are used, peak voltage outputs are gen-
erated up to 103.75, 78.15, 72.8, and 70.2 mV, respectively. 
Peak current outputs are generated up to 14, 10.4, 8.4, and 

appropriate film materials for the RM-TENG, Fig. 2f–g 
show the voltage and current outputs of the RM-TENG 
with different dielectric films using nylon, polyimide (PI), 
polyethylene terephthalate (PET), polytetrafluoroethylene 
(PTFE), and PVC. A rotational speed of 300 rpm was used, 
and the gap distance between the top and bottom plates was 
5 cm. According to Wang et al. [41, 42], these materials can 
contain more negative surface charges in the order of PVC 
> PTFE > PI > PET > Nylon. As PVC mostly contains nega-
tive surface charges, and nylon can contain positive surface 
charges, Fig. 2f–g show the electrical outputs with a com-
bination of material pairs with nylon and PVC. When nylon 
was fixed and paired with PI, PET, and PTFE, the peak 
voltage and current were measured as 180 V and 0.62 A, 
240, and 0.752 A, 416 V and 1.32 A, and 440 V and 1.16 A, 
respectively. When the PVC was fixed and paired with PET, 
PTFE, and PI, the peak voltage and current was measured up 
to 304 V and 0.84 A, 208 V and 0.84 A, and 32 V and 0.136 
A, respectively. With the combination of nylon and PVC, 
the peak voltage and current output were measured as 440 
V and 1.16 A, respectively. Consequently, the RM-TENG 
was optimized using nylon and PVC films to enhance elec-
trical output. Furthermore, a durability test was conducted 
based on the optimized conditions. As shown in Figure S2, 
the voltage output was consistently maintained without any 
significant decreases throughout 120,000 cycles. Figure S3 
shows a micrograph of the aluminum electrode taken before 
and after 120,000 cycles, revealing minor surface scratches 
that had no critical effect on the performance of the RM-
TENG. Additionally, to evaluate the influence of humidity 
on the electrical output of the RM-TENG, the voltage out-
put was measured under humidity conditions ranging from 
22% to 55%. Although the voltage amplitude decreased 
with increasing humidity, electrostatic discharge was still 
observed, as shown in Figure S4. In addition, further studies 
for stable output of RM-TENG in high humid conditions is 
necessary.

To evaluate the accurate electrical performance of the 
RM-TENG, the voltage, current, and power were measured 
and calculated under various load resistances. The root 
mean square (RMS) values are shown in Figure S5, and the 
peak values are shown in Figure S6. The RMS voltage and 
current were obtained using the following equations:

RMS voltage =

√
1
T

ˆ
V (t)2

dt, RMS current =

√
1
T

ˆ
I (t)2

dt

where V(t) is the measured voltage output over time, I(t) 
is the measured current output over time, and T is the total 
time for measuring the voltage and current outputs.

The corresponding power values were calculated by mul-
tiplying voltage and current in each case. With a high load 
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In addition, RM-TENG showed better voltage, current, 
peak power density, and durability than the existing TENGs 
for motion energy harvesting as shown in Table S1 [47–50]. 
This comparison shows that RM-TENG can generate signif-
icantly higher outputs with this electrostatic discharge based 
working mechanism with great durability.

Figure 4a illustrates the practical applications that can 
be operated with RM-TENG using TENG-based circuit 
designs for capacitor charging and LED powering. The 
charging circuit includes a rectifier, 4 mH inductor, elec-
trolytic capacitor, and switch to efficiently store the peak 
output from the TENG [51, 52]. Similarly, the LED pow-
ering circuit had a simple design consisting of a rectifier, 
500 LEDs, and a switch. In addition, to compare the output 
with only TENG output, only EM output, and both TENG 
and EM output, Figure S12 shows the charging graph 100 
µF capacitor with only TENG output, only EM output, and 
both TENG and EM output. Accordingly, the TENG with 
EM output slightly charged the capacitor higher than only 
with TENG. And only with the EM output, lowest volt-
age was charged. This result indicates that the TENG is the 
primary power output of RM-TENG. Figure 4b shows the 
results of capacitor charging using the designed charging 
circuit. When the switch was turned on and the device was 
operated at 300 RPM for 200 s, electrolytic capacitors of 

7.2 mA, respectively. When eight ferromagnetic cores were 
used, peak voltage outputs of up to 69.9, 69.5, 61.3, and 59 
mV were generated, respectively, and peak current outputs 
of up to 7.2, 6, 6, 5.2 mA, respectively. The highest voltage 
and current outputs were generated with four ferromagnetic 
cores. Therefore, the device was optimized using four fer-
romagnetic cores with this structure.

With the electromagnetic output signal from the RM-
TENG, as shown in Figure S10, the device has the potential 
to act as a rotational speed sensor during exercise. When W 
was fixed at 2 cm, different peak voltages and current out-
puts were generated at different rotational speeds. The peak 
voltages are generated up to 101.2, 96, and 77 mV, and the 
peak currents are generated up to 14, 11.6, and 9.2 mA when 
the rotational speed was 300, 240, and 180 RPM, respec-
tively. For better analysis, the calibration curve of RMS 
voltage of EM output is shown in Figure S11. According to 
the fitting curve of Figure S11, the fitted regression equation 
was:

y = 0.0014 + 6.15766 × 10−5x

with an R-squared value was 0.9886. This indicates that the 
device can also operate as a self-powered rotational speed 
sensor when used as an exercise machine.

Fig. 3  Mechanical resistance control system and electrical output from 
electromagnetic induction. (a) 3D illustrates changes in mechanical 
resistance with disk gap. (b) Photograph of the fabricated RM-TENG. 
(Scale bar: 5 cm) (c) Minimum torque required for rotation according 

to disk gap. (d) Schematic illustration about the working mechanism 
of electromagnetic induction by ferromagnet and neodymium magnet. 
(e–f) Voltage and current outputs generated by electromagnetic induc-
tion according to disk gap (2, 3, 4, and 5 cm)
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during operation. First, the acoustic noise of ESD was bur-
ied by the noise of rowing machine operation as shown in 
Movie S1. Second, according to the previous references [53, 
54], more than 2 kV of ESD generated ozone, however, the 
voltage output was only measured up to 400 V, thus the side 
effect by the ozone is limited. Lastly, to analyze the EMI of 
ESD output, we measured RMS voltage values when EM 
was operated with TENG (Va), when EM was operated only 
(Vb), and motor noise (Vc) as shown in Figure S14, and cal-
culated signal-to-noise ratio (SNR) between the RMS value 
of EM output and TENG based noise output as follows:

VEM(rms) = Vb − Vc = 32.71 − 14.13 = 18.58 mV

V noise(rms) = Va − Vb = 34.47 − 32.71 = 1.76 mV

V EM(rms)

V noise(rms)
= 10.6

The SNR of the EM signals was calculated using the fol-
lowing equation:

47, 100, 220, and 330 µF were charged to 1.44, 0.96, 0.48, 
and 0.32 V, respectively. Charging the 220 µF electrolytic 
capacitor for 750 s with 300 RPM and 1200 s with 150 RPM 
successfully turned on the commercial thermohygrometer 
sensor, as shown in Fig. 4c and S13, respectively. In addi-
tion, the TENG was integrated into a rowing machine to 
demonstrate its practical applicability. Figure 4d shows the 
rowing machine structural components. The main structure, 
which was assembled from wooden beams and connectors, 
included a spring balancer, stator stopper, sprocket, chain, 
and shaft. Power is transmitted via a chain connected to 
a sprocket mounted on the shaft, and the spring balancer 
rewinds the extended chain. A bearing was installed at the 
center of the stator, which was locked using a stator stopper 
to restrict the rotational movement. The fabricated structure 
and experimental setup for powering the LEDs are shown in 
Fig. 4e and the circuit used to power the LEDs is shown in 
Fig. 4a. 500 LEDs were successfully powered by the RM-
TENG during the exercise, as shown in Fig. 4f and Movie 
S1.

In addition, as RM-TENG generates ESD based electri-
cal output, several hazards such as acoustic noise, ozone, 
and electromagnetic interference (EMI) could be concerned 

Fig. 4  Application demonstration of RM-TENG. (a) Circuit used for 
LED lighting and electrolytic capacitor charging. (b) Charging graph 
of the electrolyte capacitors (47, 100, 220, and 330 µF). (c) Commer-
cial thermal-hygrometer sensor operation graph using 220 µF electro-

lytic capacitor. (d) Photograph of RM-TENG with descriptions of each 
components (e) Photograph of experimental setup for lighting 500 
LEDs with RM-TENG. (Scale bar: 20 cm) (f) Photograph of powered 
LEDs with RM-TENG
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and nylon were placed alternately between pairs of adjacent 
nickel electrodes at 45-degree intervals. These films were 
attached to the stator on the surface of the aluminum elec-
trode of the rotor. Four ferromagnetic cores were attached 
in a cross-shaped arrangement at 90-degree intervals. Each 
ferromagnetic core was uniformly wrapped with 10 turns of 
copper wire.

4.2  Fabrication of Supporting Structure

The supporting structure includes the wooden beams, shaft, 
ball bearings, sprocket, spring balancer, chain, and joints 
connecting the wooden beams. The main framework was 
made of 30 × 30  mm cross-sectional wooden beams, and 
various joints were fabricated using a 3D printer (Ultimaker 
S7, Ultimaker Co., Netherlands). The shaft (30 mm in diam-
eter), on which the rotor, stator, and sprocket were mounted, 
was installed in the upper joints of the wooden beam frame, 
where ball bearings were installed. A spring balancer con-
nected to the chain, which returned the pulled chain, was 
installed at the lower part of the wooden beam frame, with 
the chain laid over the sprocket to enable smooth torque 
transmission. A one-way bearing was embedded inside 
the sprocket to ensure that the torque was transmitted only 
when the chain was pulled, while allowing free rotation in 
the opposite direction. The rotor was fixed to the shaft using 
an EVA adhesive and rotated together. A bearing is installed 
between the stator and shaft, and the stator is connected to 
an external structure called a stator stopper, which prevents 
it from rotating.

4.3  Characterization and Measurement

The voltage and current outputs were measured using a 
mixed-domain oscilloscope (MDO 34, Tektronix Co., USA) 
with differential probes (THDP0100, Tektronix Co., USA) 
and a current probe (TCP0030A, Tektronix Co., USA). For 
the parameter experiment, a brushless motor (BXM5120-
GFS, Oriental Motor Co., Japan) combined with a motor 
driver (BXSD120-C2, Oriental Motor Co., Japan) was used 
to control the rotational speed.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​0​6​8​4​-​0​
2​6​-​0​0​8​4​7​-​z.

Acknowledgements  This research was supported by the Chung-Ang 
University Graduate Research Scholarship in 2022. This work was 
supported by the National Research Foundation of Korea(NRF) grant, 
funded by the Korea government(MSIT) (Nos.2023R1A2C2006170, 
RS-2025-02214162).

Funding  Open Access funding enabled and organized by Chung-Ang 
University

SNRdB = 20log10
VEM(rms)

Vnoise(rms)

SNRdB = 20log1010.6 = 20.5 dB  

Based on the numerical results, the SNR was approxi-
mately 20.5 dB. This result shows that the EMI effect from 
ESD output of RM-TENG is limited.

3  Conclusion

In this study, we demonstrated a multifunctional RM-TENG 
by integrating a rowing machine and a TENG device that 
can generate a high electrical output based on electrostatic 
discharge and provide controllable mechanical load resis-
tance and rotational speed sensing signals by low frictional 
movement. This design offers advantages such as reduced 
wear during high-speed rotation and the ability to control 
the resistance without complex mechanical components. 
The RM-TENG achieved a high peak output of approxi-
mately 440  V at 1.16 A without strong physical contact. 
Consequently, the RM-TENG successfully lit 500 LEDs 
through human-powered rowing motions using the fabri-
cated rowing machine structure. It charged a 220 µF elec-
trolytic capacitor and successfully operated a commercial 
thermos-hygrometer sensor. Although further research such 
as enhancing torque range with design optimization is nec-
essary for commercial rowing machines, this study provides 
a foundation for future integration of TENGs into mechani-
cal systems.

4  Methods

4.1  Fabrication of RM-TENG

The RM-TENG consists of a rotor and a stator. The rotor 
consists of neodymium magnet (Domagnet Co., Korea) 
and aluminum electrode based on round PMMA substrate 
(3 mm thickness, 200 mm in diameter). On one side of the 
PMMA substrate, the aluminum electrode was divided into 
four fan-shaped quarters. On the opposite surface of the 
PMMA substrate of the rotor, four neodymium magnets of 
5 mm in thickness and 40 mm in diameter were symmetri-
cally attached in a cross-shaped arrangement at 90-degree 
intervals, with all the magnets oriented to present the same 
magnetic pole outward. The stator consisted of eight films 
and a ferromagnetic core. The film consisted of two PVCs 
(thickness: 0.1 mm), two nylon films (thickness: 0.05 mm), 
and four nickel electrodes (thickness: 0.1  mm), and mea-
sured 75 mm in width and 60 mm in height. Four Ni elec-
trodes were attached in a cross-shaped arrangement at 
90-degree intervals. Triboelectric films composed of PVC 
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