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Abstract
Wind energy is a highly effective renewable energy source that can be used to alleviate environmental problems worldwide. 
However, the variability of wind inhibited the development of wind power generators such as limited directional conditions, 
restrictions pertaining to the installation sites, occurrence of mechanical failures, and limited wind speed ranges. In here, to 
overcome these limitation, we developed a stackable disk-shaped wind-rolling triboelectric nanogenerator (DWR-TENG) 
to generate energy from omnidirectional wind. Its disk-shaped design ensures that the device does not involve any restric-
tions related to the wind direction or installation. Furthermore, lightweight charged spheres in the device can reduce the 
occurrence of mechanical failures and expand the wind speed range (operating in 6.5–17.5 m/s) for the generator operation. 
The performance of the DWR-TENG was evaluated considering various design parameters by conducting experiments and 
an FEM simulation. Specifically, the DWR-TENG can be easily stacked in several layers, thereby exhibiting an enhanced 
charging efficiency.

Keywords Wind energy · Energy harvesting · Triboelectric nanogenerator · Omnidirectional wind · Stackable · Disk-
shaped

1 Introduction

Wind, as an abundant, ubiquitous, and sustainable energy 
resource, is an effective and renewable energy form that can 
help alleviate environmental problems worldwide. Various 
researchers have attempted to exploit wind energy, such as 
through wind turbines [1–3]. However, the variability of 
wind, pertaining to the velocity and direction, hinders the 
application of conventional large-scale wind generators. 
Recently, small-scale wind power generators have been 
developed to harvest varying degrees of wind energy by 
utilizing piezoelectric nanogenerators (PENG) [4–7] and 

triboelectric nanogenerators (TENG) [8–11]. However, the 
classical problems of wind power generators, such as limited 
directional conditions, restrictions on the installation sites, 
occurrence of mechanical failures, and limited wind speed 
ranges, have not been completely overcome. To overcome 
these limitations, an innovative wind generator design with 
high availability and flexible constraints must be developed.

In this study, we proposed a disk-shaped wind-rolling 
TENG (DWR-TENG), which could operate regardless 
of the wind direction and be easily stacked through the 
disk shape. Using the charged spheres and disk-shaped 
guides, the variable wind energy could be converted into 
usable electrical energy. Eight guides, which acted simul-
taneously as the inlet and outlet of the wind flow, were 
designed through a computational fluid dynamics (CFD) 
simulation (ANSYS Fluent). The correlation between the 
rotational speed of the spheres and electrical output was 
analyzed considering the effect of the angle of the guides. 
Moreover, the spheres were designed to be lightweight 
and with a sufficient charge density to enable the produc-
tion of electrical energy at both moderate (6.5 m/s) and 
high (gale, 17.5 m/s) wind speeds. The optimal number 
of spheres was determined based on the volume of the 
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device. The ability of the DWR-TENG to harvest omni-
directional wind energy and its stackable design facili-
tated its installation as a wind energy generator. In addi-
tion, the output from the multilayered DWR-TENGs was 
rectified and merged and was observed to be similar to 
that of direct current (DC), thereby effectively increas-
ing the charging efficiency. We expect that the DWR-
TENG can effectively harvest wind with various direction 
and speeds, thereby acting as a novel paradigm in wind-
energy-related fields.

2  Mechanism of the DWR‑TENG

Sphere-type TENGs can be driven by a low mechanical 
input energy [12, 13], and the occurrence of mechanical 
damage can be prevented owing to low friction [14, 15]. In 
particular, sphere-type TENGs based on lightweight dielec-
tric materials are highly robust and can operate in a wide 
range of wind speeds (2.5–25 m/s) [16]. Based on these 
sphere-type TENGs, we developed a novel TENG to har-
vest wind with various speeds and directions. The guides 
to control the wind flow were designed to have a disk shape 
(Fig. 1a). The eight guides functioned as both inlets and 
outlets of the flow in the device. These guides could convert 

Fig. 1  Design and mechanism of the DWR-TENG. a Schematic. b 
Electricity generation mechanism via the triboelectrification effect. c 
Circuit diagram of the freestanding mode and measurement method. 
d Voltage output pertaining to the electric potential difference 

between the 1st and 5th electrodes. In all the experiments, the RMS 
voltage was calculated by dividing the area of the voltage generated 
for 1 s by time
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the wind from various directions into a vortex flow rotat-
ing in a constant direction (clockwise, in this experiment). 
Aluminum electrodes were attached to the part of the guides 
that were in contact with the rolling spheres. When a sphere 
rotated in a constant orbit owing to the vortex and guides, a 
charge transfer occurred between the surface of the sphere 
and electrodes according to the triboelectric series. This phe-
nomenon is known as the triboelectrification effect (Fig. 1b) 
[17, 18]. At this time, the electrodes encountered an electric 
potential of the surface charges, dependent on the movement 
of the sphere. In this manner, free charges in the electrodes 
are induced through electrostatic induction, and electrical 
energy could be generated [19–21].

The electrodes of the DWR-TENG were connected 
through a freestanding mode to convert the time-varying 
potential from a moving dielectric (charged sphere) to usable 
energy through the fixed electrodes. The potential differ-
ence between two electrodes was measured by an oscillo-
scope (MDO 3014, Tektronix Co.) (Fig. 1c) [22–24]. The 
four pairs of electrodes consisted of electrodes facing each 
other  (Vn–Vn+4, n indicates the number of electrodes). In all 
the experiments, the outputs were measured using the non-
grounding method [25], and the corresponding root mean 
square (RMS) voltage was calculated to compare the effect 
of various factors such as the location of the electrode pair, 
design parameter, and wind speed (Fig. 1d).

The substrate of the DWR-TENG was composed of poly-
lactic acid (PLA) and fabricated using a 3D printer (Fig. 
S1a). The external diameter (ED) and internal diameter (ID) 
of the guides were 120 mm and 60 mm, respectively. The 
thickness of the bottom plate and guides was 2 mm. The 
upper plate was made of a 3-mm-thick circular (poly(methyl 
methacrylate)) PMMA plate. The output performance of the 
DWR-TENG was affected by various factors, such as the 
central angle of the guides (α) in which the spheres rotated, 
material and diameter (d) of the spheres, and number of 
spheres (N), which increased with the height of the device 
(h) (Fig. 2a). To derive clear experimental results, we manu-
factured a two-dimensional test chamber (Fig. S1b) to meas-
ure the wind velocity and minimize the effect of the turbu-
lence generation rate and pressure loss. The layout of the test 
chamber involved a two-dimensional testing condition with 
the devices stacked in four layers, and the width to height 
ratio was 5:2 (total height, H = 120 mm) [26].

3  Vortex Flow

The vortex flow produced by an external wind flow and the 
guides of the DWR-TENG was analyzed through a finite ele-
ment method (FEM) simulation (ANSYS Fluent) (Fig. 2b). 
In this simulation, the speed of the input wind was 6.5 m/s in 
a flow field of a cuboid (0.36 × 0.36 × 0.09 m). ED and ID of 

the guides were 120 mm and 60 mm, respectively, and h was 
30 mm. The thickness of the bottom plate and guides was 
2 mm. The upper plate was made of a 3-mm-thick. Owing 
to high velocity, the vortex could transfer more energy to the 
sphere. Moreover, owing to the uniform velocity distribution 
of the vortex, the sphere rolling could be accelerated while 
ensuring the sphere stability. To identify the effect of α, the 
average and standard deviation of the velocity in the vortex 
flow were calculated through the wind speed measured at 
four points in the orbit of a rotating sphere (Fig. S2a–c). 
When α increased, the distribution of the wind velocity at 
the four points became more uniform (Fig. 2c). However, 
when α decreased, the average speed of the vortex decreased 
because the size of the inlet (distance between adjacent 
guides) reduced, leading to pressure loss. Thus, the stability 
and average velocity of the wind exert conflicting effects on 
the mechanical movement of the sphere. The velocity of the 
sphere for different α values was measured considering the 
time difference of the outputs between the pairs of electrodes 
at the four points (Fig. S2d). Overall, the velocity of the 
sphere decreased as α increased owing to the reduction in the 
wind speed. Nevertheless, when α increased from 5° to 10°, 
the magnitude of the wind velocity decreased slightly com-
pared to that at other angles, although the standard deviation 
of the wind velocity decreased significantly. Consequently, 
the velocity of the sphere in this case was relatively higher 
than that at other α because the rotational movement of the 
sphere was maintained in a constant manner.

4  Electrode Connection Method

In conventional TENGs, which employ the freestanding 
mode, the distance between two electrodes is a key design 
factor affecting the electrical output, and optimal design 
conditions for typical plate types have been defined [22]. 
However, in DWR-TENGs, the correlation between the out-
put and distance between the electrodes is not the same as 
that the conventional TENGs because the dielectric sphere 
cannot be in complete contact owing to its shape. To identify 
the effect of the electrode position on the electrical output, 
we measured the electric potential difference between the 
first electrode  (V1) and other electrodes  (Vn, n = 2, 3, …, 
8) (Fig. 3a). In general, the surface charge of the spherical 
dielectric affects both the contacted electrode and its adja-
cent electrode. Therefore, when the distance between the 
electrodes is extremely small, the output decreases owing to 
the overlap effect of the surface charges on the electrodes. 
In contrast, as the distance increases, the output increases 
(n = 2–6) (Fig. 3b). Nevertheless, because the 7th and 8th 
electrodes are positioned extremely close to the 1st elec-
trode, the output decreases again (n = 7–8). The original data 
are presented in Fig. S3. From the structural perspective of 



 International Journal of Precision Engineering and Manufacturing-Green Technology

1 3

the DWR-TENG, the parts of the electrodes in contact with 
the sphere are limited to the arc length of the guides, which 
is the product of α and inner radius of the guides. Therefore, 
when the arc length decreases, the time of contact between 
the electrode and sphere decreases, which reduces the mag-
nitude of the RMS voltage even under a high velocity of the 
wind and sphere (Fig. 2c).

5  Effect of the Charged Spheres

The type, size, and number of spheres are key parameters 
affecting the output of a DWR-TENG. As the size of the 
spheres increases, the amount of surface charge in the 
spheres increases; however, the mass of the sphere increases 
as well. To identify the optimal diameter of the sphere, 
polytetrafluoroethylene (PTFE) and expanded polystyrene 

(EPS) spheres with diameters (d) ranging from 0.5 to 2.4 cm 
were employed in the experiment. Because PTFE has a high 
surface charge density (− 113.06 μC/cm2) [27], the output 
was large even under a small diameter (Fig. 3c). However, 
the output decreased as the diameter increased. This phe-
nomenon occurred because the high density (2.2 g/cm3) 
hindered the smooth rolling of the spheres. In contrast, in 
the EPS case, the low density (0.042 g/cm3) facilitated the 
rolling of the sphere even at large diameters. Therefore, the 
output increased as the diameter increased. Nevertheless, 
in both the PTFE and EPS cases, at diameters larger than 
2 cm, the outputs decreased owing to the movement restric-
tion. Note that the height of the device excluding the plate 
thickness was 2.5 cm.

In addition, the output per volume of the device 
for different numbers of spheres (N) was measured 
using the device pertaining to the highest output in the 

Fig. 2  Design parameters of the DWR-TENG and vortex flow 
produced by an external wind flow and the guides. a Parameters 
(ED = 6 cm, ID = 3 cm, H = 12 cm; ED = external diameter, ID = inner 
diameter, α = angle of the guide, h = height of the DWR-TENG, 
H = height of the total device, d = diameter of a sphere, N = numbers 

of spheres). b Vortex flow. The wind flow was calculated through an 
FEM simulation (ANSYS Fluent). The speed of the input wind was 
6.5  m/s, and h was 3  cm. c Average and standard deviation of the 
velocity of the vortex flow and spheres. The velocities were measured 
at four points in the orbit of a rotating sphere (Fig. S2a,c)
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aforementioned experiment. In this case, α was 10°, the 
1st and 7th electrodes were connected, and d was 2 cm. 
The maximum number of spheres was set based on the 
height of the device. For heights of 3, 6, and 12 cm, up to 
7, 12, and 28 spheres could enter, respectively (Fig. 3d). 
As N increased, the output increased; however, the out-
put decreased once N exceeded a certain value because 
the spheres clung to one another owing to the triboelec-
trification between them (Video S1). Moreover, when h 
was more than d, the spheres could move up and down 
along the guides, which reduced the efficiency of the 

orbital movement of the spheres. Unexpectedly, when 
the height was 12 cm, for N values up to 10, the output 
decreased rapidly owing to the unstable orbital motion of 
the spheres. Once the number of spheres exceeded 10, the 
orbital motion gradually stabilized owing to the decrease 
in the empty space for the spheres to move up and down 
(Video S2), and thus, the output increased again. Overall, 
when h and d were similar, the DWR-TENG exhibited a 
high performance because the spheres could roll stably 
along the guides.

Fig. 3  Output characteristic of the DWR-TENG according to the 
design parameters. a Circuit diagram of the freestanding mode 
between the 1st electrode  (V1) and reference electrode  (Vn, n = 2, 3, 
…, 8). b Dependence of the RMS voltage on the reference electrode 
and angle of the guide. c Dependence of the RMS voltage on the 

diameters (0.5–2.4 cm) and materials (EPS and PTFE) of the spheres. 
d Dependence of the RMS voltage per volume on the height of the 
DWR-TENG (3, 6, and 12 cm) and number of spheres (7, 12, and 28 
spheres for the 3, 6, and 12 cm cases, respectively)
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6  Multilayered DWR‑TENGs

A DWR-TENG can harvest omnidirectional wind energy 
and exhibits a disk-shaped design (height = 3 cm, diam-
eter = 12 cm). These features allow the DWR-TENG to 
exhibit an enhanced output with a high efficiency owing 
to the device stacking. In the developed device, the four 
disk layers were stacked sequentially from the bottom to 
the top (Fig. 4a). To produce electrical energy from all the 
electrodes, the electrodes facing each other were rectified 
in one device (Fig. 4a). Figure 4b shows the image of the 

multilayered DWR-TENG. The outputs from a pair of elec-
trodes in one device occurred periodically; however, the 
sum of the outputs from the four pairs corresponded to the 
output similar to that of the DC case (Fig. S4a). Further-
more, the DC output increased when the output from each 
layer was merged (Fig. S4b,c). The output of the multilay-
ered DWR-TENG increases as the wind speed increases 
(6.5, 10.5, 14.5, and 17.5 m/s) (Fig. 4c). The input wind 
was supplied by an air blower and a compressor. A stable 
DC output with an average and maximum value of 1 V 
and 5 V, respectively, was observed at the moderate wind 
speed (6.5 m/s). In the gale case (wind speed of 17.5 m/s), 

Fig. 4  Multilayered DWR-TENG. a Schematic of the four-layer-
stacked DWR-TENG. The electrodes facing each other were recti-
fied  (Vn–Vn+4), and four disk layers were stacked from the bottom to 
the top. b Image of multilayered DWR-TENG (four-layer-stacked). 

c Rectified voltage of the multilayered DWR-TENG. The input air 
velocities were 6.5 m/s (moderate) 10.5, 14.5 and 17.5 m/s (gale). d 
Dependence of the capacitor (47 μF) charging rate on the number of 
stacked layers (1st layer to 4th layer) and wind velocity
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a stable DC output with an average and maximum value 
of 5 V and 20 V, respectively, was observed (Fig. 4c). In 
addition, similar outputs were observed when the device 
was rotated within 45° (0°, 15°, 30°), an angle of one 
guide (Fig. S5). These results demonstrated that the DWR-
TENG could efficiently harvest wind with variable speeds 
and directions. Furthermore, the rectified outputs from 
the devices could charge a capacitor (47 μF). When the 
devices were stacked sequentially, the charging efficiency 
increased gradually (Fig. 4d).

7  Conclusions

A distinctive wind generator, DWR-TENG, with a high 
availability and no constraints was developed to overcome 
the classical problems of conventional wind generators, 
such as limited directional conditions, restrictions pertain-
ing to the installation sites, occurrence of mechanical fail-
ures, and limited wind speed ranges. By utilizing charged 
spheres and disk-shaped guides, variable wind energy 
could be converted to usable electrical energy. In addition, 
the lightweight charged spheres (EPS: 0.042 g/cm3) could 
reduce the occurrence of mechanical failures and expand 
the wind speed range for the generator operation. The per-
formance of the DWR-TENG was evaluated considering 
various design parameters (α, h, d, N, electrode connection 
method) by conducting experiments and an FEM simula-
tion (ANSYS Fluent). By exploiting the stackable design, a 
multilayered stacked DWR-TENG could exhibit an enhanced 
output performance. A stable DC output with an average and 
maximum value of 1 V and 5 V, respectively, was obtained 
at a moderate wind speed (6.5 m/s); the corresponding val-
ues for gales (wind speed of 17.5 m/s) were 5 V and 20 V, 
respectively. These results demonstrate the potential of the 
DWR-TENG as a solution to environmental problems and 
can facilitate further research in wind-energy-related fields.
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