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Triboelectric nanogenerators (TENGs) are promising energy-harvesting devices that generate electricity from mechanical energy.
However, the electrical outputs of typical TENGs are limited because of the fundamental mechanism by which TENGs require a
certain amount of space for contact-separation motion. Therefore, we developed an origami-based vertical/fluttering hybrid
TENG (OVFH-TENG), which is the innovative structure that can generate electricity from both vertical movement and wind
flow which is generated by vertical movement. It consists of a vertical TENG and a fluttering TENG where vertical TENGs can
generate electricity and wind flow from mechanical input and the fluttering TENGs can generate electricity from the wind flow
which is generated by its own operation process. Thus, OVFH-TENG can effectively harvest energy from vertical contact and
fluttering motions with a single input. The optimized OVFH-TENG generated a 34.7% higher output than the general contact-
separation TENG. Finally, the OVFH-TENG was able to light 180 LEDs, which was not possible with a general contact-

separation TENG.

1. Introduction

Triboelectric nanogenerators (TENGs) are promising energy-
harvesting devices that convert mechanical input into electri-
cal output through the combined effect of electrostatic induc-
tion and triboelectrification [1-5]. TENGs have unique
advantages in terms of materials and design, including low
weight, low cost, and high applicability, making them the
preferred devices for portable electronics and self-powered
sensors [6-9]. Despite their various advantages, TENGs have
limitations because they generate only low electrical power
for real-life applications. To overcome this limitation, several
studies have been conducted to enhance the electrical output

of TENGs, such as increasing the surface charge density by
suppressing the air breakdown effect [10-12], increasing the
contact surface with a mechanical structure [13-15], and uti-
lizing additional circuits, such as charge excitation circuits
[16-18]. However, although several strategies for enhancing
the electrical output of TENGs have been reported, TENGs
still have limited electrical output owing to the space con-
straints of the fundamental mechanism. Several researchers
have reported TENG structures that can reduce space con-
straints, such as multilayer or stacked TENGs; however, these
structures can only be utilized under certain conditions, such
as sliding- or rotating-type TENGs [19, 20]. Therefore, various
strategies are needed to maximize the electrical output of
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TENGs within a given structure size to enable their utilization
under a variety of conditions for the improvement of TENG.

In this study, we introduce an origami-based vertical/
fluttering hybrid TENG (OVFH-TENG), which is a hybrid
generator consisting of a vertical TENG and a fluttering
TENG. OVFH-TENG is first introduced strategy that can
generate electricity from additional wind which is generated
with its own operation by designing fluttering TENG under
the OVFH-TENG. Using the Yoshimura origami pattern
[21], which consists of isosceles triangles and repeated
rhombus shapes, the OVFH-TENG was structured as a 3-
D cylindrical structure using a piece of film. Depending on
the structural characteristics of the Yoshimura pattern,
which is flat when pressed vertically and returns to its orig-
inal state when removed, it can be used as a vertical TENG,
which is a typical TENG that produces an output according
to the contact-separation motion. Moreover, wind flow is
generated by pressing and releasing the structure, owing to
the empty space inside the Yoshimura-patterned cylinder.
Therefore, the OVFH-TENG includes a fluttering TENG at
the bottom to generate additional electricity from the wind
flow. Because the vertical and fluttering TENGs are operated
with the same input energy, they can exhibit synergy as a
hybrid generator that produces a high output compared to
its limited size. In addition, to optimize the structure of the
OVFH-TENG for an enhanced electrical output, we analyzed
the surface contact area and internal volume of the OVFH-
TENG using mathematical and experimental data. Conse-
quently, the optimized OVFH-TENG produced 34.7% higher
output than a general TENG. Accordingly, the electrical out-
put of the OVFH-TENG was enhanced compared with that
of a general TENG with the same input energy and operating
space.

2. Materials and Methods

2.1. Fabrication of OVFH-TENGs. The OVFH-TENG
consisted of a polyimide sheet, polymethylmethacrylate
(PMMA) plate (diameter: 13cm and thickness: 0.2cm),
pillar (length: 4 cm, width: 0.2 cm, and height: 1cm), and
aluminum tape (thickness: 0.05mm (Ducksung Hitech
Co.)). A polyimide (PI) film was used as the main body of
the vertical TENG structure and as the fluttering film of
the fluttering TENG. The frames of the vertical TENG and
fluttering TENG are composed of PMMA. The PMMA pil-
lars were used to provide a path and space for the wind to
flow through the fluttering TENG. The aluminum tape was
attached to the bottom PMMA plate between the PMMA
pillars, and the folding part of the vertical TENG was con-
nected to an electric wire. In addition, ultrafast switching
diodes (MUR460, Motorola Co.) were used in the rectifica-
tion circuit of the OVFH-TENG. Commercial green LEDs
(5BG4UC00, Dakwang Co.) were used to evaluate the
application.

2.2. Electrical Measurements. The voltage outputs were mea-
sured using an oscilloscope (MDO 3014, Tektronix Co.), and
the current outputs were measured using an electrometer
(model 6514, Keithley).
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3. Result and Discussion

Figure 1(a) shows a schematic of the OVFH-TENG, which
consists of a vertical TENG that can generate electricity by
contact-separation movement and a fluttering TENG that
can generate electricity by wind input. A photograph of the
OVFH-TENG is shown in Figure S1. The vertical TENG
was structured using a PI film and attaching the electrode
on the PI film between two acrylic substrates. As PI is a
well-known negatively charged material, the vertical TENG
can generate electricity from the negative surface charge of
the PI film. The fluttering TENG was located under the ver-
tical TENG. The fluttering TENG comprises three symmet-
rical sections: an acrylic substrate, an aluminum electrode
on the bottom substrate, and a PI film. In addition, there
was a hole at the center of the upper substrate of the flutter-
ing TENG and the bottom substrate of the vertical TENG;
thus, the wind flow from the vertical TENG could be trans-
ferred to the fluttering TENG. A schematic of the wind flow
inside the vertical TENG and fluttering TENG is shown in
Figure S2. Therefore, when the OVFH-TENG was pressed
from the top, the vertical TENG folded, and the air inside
the vertical TENG flowed into the fluttering TENG. Thus,
the PI film of the fluttering TENG was fluttered by the
wind input. As a result, both the vertical and fluttering
TENG can be operated by a pressing movement.

A schematic of the working mechanism of the vertical
TENG is shown in Figure 1(b). The vertical TENG operates
in single-electrode mode, which generates an electric output
by contact separation between the PI film and the single
electrode attached to the bottom isosceles surface. When
the upper isosceles PI film surface contacts the electrode, free
electrons flow from the single electrode to the electrical
ground owing to the negative surface charge of the PI film.
When the upper PI film surface is separated from the lower
electrode, electrons flow in the opposite direction from the
electrical ground to the single electrode, causing an electric
current. Consequently, vertical TENG can generate electric-
ity through a pressing movement.

Figure 1(c) shows the working mechanism of the flutter-
ing TENG. The fluttering TENG was operated by the
contact-separation motion between the PI film in the flutter-
ing TENG and the electrode on the bottom acrylic substrate.
When the PI film was fluttered by the wind flow, a part of
the PI film contacted and separated from the bottom elec-
trode. When the PI film was in contact with the electrode,
the electrons inside the bottom electrode were transferred
to the ground. When the PI film separated from the elec-
trode, electrons were transferred from the ground to the
electrode. Using this electron flow, the fluttering TENG
can also generate electrical output from the wind flow
caused by the pressing movement.

To optimize the design of the OVFH-TENG, a mathe-
matical study of the design of the planar origami pattern is
necessary. Figure 2 shows the definitions of the design
parameters of the OVFH-TENG and the optimization of
the 3-D origami structure through mathematical studies.
As the OVFH-TENG can generate electric output by the ver-
tical and fluttering TENG, the structure of the OVFH-TENG
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FIGURE 1: Origami-based vertical/fluttering hybrid triboelectric nanogenerator (OVFH-TENG): (a) schematic of the structure of OVFH-
TENG. Schematic of the working mechanism of (b) vertical TENG and (c) fluttering TENG.

was optimized by maximizing the surface and volume areas
of the 3-D origami structure to increase the surface area of
the vertical TENG and the wind flux to the fluttering TENG.
Therefore, mathematical studies using the design parameters
were conducted to determine the maximum volume and
surface area of the 3-D origami structure. The 2-D planar
figure of the origami pattern is composed of isosceles trian-
gles and repeated rhombus shapes. The design parameters of
the origami pattern are shown in Figure 2(a), as mentioned
by Suh et al. in 2021 [22]. m is the number of isosceles trian-
gles in width, # is the number of rows in height, 0 is the apex
angle of the isosceles triangle, and a is the leg length of the
isosceles triangle. In this study, m, n, and a were set to 4,
6, and 5cm, respectively.

A schematic of the origami structure is shown in
Figures 2(b) and 2(c). The volume of the 3-D origami struc-
ture V is calculated as follows:

V = nur’h, (1)
where r is the radius of the structure from the top view and h
is the height of the single stage of the structure. In addition,

based on the relationship between the design parameters and
Pythagorean theorem, / can be expressed as follows:

2
h:acosg 1—tan2§ ﬂ , (2)
2 2 | (1 + sing)

where @ is the half of the interior angle of a regular polygon,
and it can be obtained as follows:

n(m-—4) .
2m

@ = (3)

By combining equations (2) and (3), h can be expressed
as follows:

h=a cos g \/1 —tan 29{( cos (n(m — 4)/2m) ))}2 (4)

2 | (1 +sin (m(m —4)/12m

r can be expressed as follows:

(m—4)
2m

0
r=asin 7 sec (5)
Therefore, by combining equations (1), (4), and (5), V

can be described as follows:

m(m—4)

V= 3. 20 0 >
=nma” sin” - cos — sec
2 2 2m

(6)

60 cos(n(m-4)2m) \*
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In addition, A, which is the total surface area of the
structure excluding the noncontact area when pressed, can
be defined as follows:

m(n—1)a*
2

A= sin 6. (7)

Therefore, because m, n, and a are constants in this
study, the volume and total area of the origami structure
can be calculated as 6 using equations (6) and (7).

Figure 2(d) shows the change in volume V according to
the change in apex angle 8. As shown in the graph, V
increases in the interval where 0 decreases from 2.356 rad
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F1GURE 2: Optimization of origami pattern for OVFH-TENG: (a) 2-D planar figure of the origami pattern. Schematic of vertical TENG in (b)
3-D and (c) top view. (d) Calculated V graph with different 6. (e) Calculated A graph with different 6.

to 1.709 rad. As shown in Figure 2(e), the section in which the
surface area A is increased includes a section in which V is
increased from 3.142 to 1.571 rad. Accordingly, 0 with max-
imized volume and surface area can be considered to be
1.709 rad. However, the pressing experiment has confirmed
that when 0 is below 2.214 rad, it does not fold smoothly, as
shown in Figure S3. Considering both experimental and

mathematical studies, the optimal structure was derived
when 6 was 2.214 rad.

Several studies were conducted to determine the opti-
mum thickness of the PI film for the vertical TENG, as shown
in Figure 3. Figure 3(a) shows a schematic diagram of a
single-stage vertical TENG. Even with different PI film thick-
nesses, the vertical TENG maintained its pattern. However, if
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the thickness is too thin, the initial height is low owing to the
low elasticity of the thin film (Figure 3(b)), and if the thick-
ness is too high, the attached electrode partially contacts the
PI film, resulting in a low output (Figure 3(c)). Consequently,
different voltage outputs were measured for different film
thicknesses, which is shown in Figure 3(d). The root mean
square (RMS) values of the voltage output and the average
peak voltage are shown in Figure 3(e). The RMS value was
calculated using the following equation:

1
RMS voltage = TJ V(t)2dt, (8)

where V(#) is the measured voltage output over time and T is
the total time. According to the results, the vertical TENG
generated the highest peak and RMS voltage output with a
0.08 mm thickness of PI film. To measure the electrical out-
put for vertical TENG, the mechanical input was given with
manually in 4 Hz of input frequency.

In addition, the number of attached electrodes in the
vertical TENG resulted in different outputs owing to the
large contact area. Figure S4 shows the electrical output
when 1, 3, 5, 7, and 9 electrodes are attached to a vertical
TENG. The electrical output of the vertical TENG increases
when more electrodes are attached, and the vertical TENG
generates the highest voltage output when nine electrodes
are attached. This result indicates that the vertical TENG
can generate a high electrical output when more electrodes
are attached to the PI film.

Moreover, to optimize the structure of the fluttering
TENG for an enhanced output, its electrical output of flut-
tering TENG was measured by considering various factors.
A schematic of the fluttering TENG with the design factors
is shown in Figure 4(a). As shown in Figures 4(b)-4(e), the
film material, film length ratio, film width ratio, and film
thickness were considered to optimize the electrical output
of the fluttering TENG. The measured outputs of fluttering
TENGs in Figure 4 are tested with attaching vertical TENG
on the top, and the 4 Hz of mechanical input was given man-
ually to the vertical TENG.

Figure 4(b) shows the RMS voltage and average peak
voltage of the fluttering TENG with the paper, PP, PI, nylon,
and PTFE films. The RMS voltages of the fluttering TENG
with paper, PP, PI, nylon, and PTFE films were 1.03, 3.99,
8.13, 5.61, and 1.28 V, respectively. The average peak volt-
ages of the fluttering TENG with paper, PP, PI, nylon, and
PTEE films are 2, 22.9, 43.4, 36.4, and 3.3V, respectively.
According to the result, the fluttering TENG generated the
highest RMS voltage and average peak voltage when the PI
film was used for the fluttering film. Although PTFE gener-
ally has a higher surface charge density than PI, a fluttering
TENG can generate a higher electrical output with a PI film
owing to the mechanical properties of the PI film [23, 24].
Therefore, the PI film was selected for fabricating the flutter-
ing TENG.

Figure 4(c) shows RMS voltage and average peak voltage
of fluttering TENG with different film length ratio. The film
length ratio is calculated as follows:

>

I
Film length ratio = I

(9)

. . . w
Film width ratio= —,
w

where L is the pillar length and I is the film length. The RMS
voltages of fluttering TENG with film length ratios of 0.5,
0.75, 0.9, 0.95, 1, 1.25, 1.5, and 1.8 are measured as 1.86,
3.44, 5.69, 7.21, 5.84, 5.5, 3.58, and 1.51'V, respectively. The
average peak voltages with film length ratios of 0.6, 0.8, 1.0,
1.2, 14, 1.6, and 1.8 are measured as 10.5, 23.4, 32.9, 43.1,
36.1, 33.1, 27.3, and 9V, respectively. Because the fluttering
TENG can generate electricity by the contact-separation
motion between the fluttering film and the attached elec-
trode, the electrical output can be decreased by a film length
ratio of less than 1. Moreover, if the film length ratio is higher
than 1, which indicates that the film is longer than the pillar,
the fluttering TENG can generate a lower output owing to the
unstable fluttering motion. Accordingly, the highest output
was generated by fabricating a fluttering film with a film-
length ratio of 0.95.

The RMS voltage and average peak voltages of the flut-
tering TENG with different film width ratios are shown in
Figure 4(d). The film width ratio was calculated as follows:

Film width ratio = —, (10)
W

where w is the film width and W is the width between the
pillars. The RMS voltages of fluttering TENG with film
width ratios of 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 0.95 of film
width ratio are measured as 2.81, 3.10, 4.53, 5.28, 7.03,
8.23, and 3.78 V, respectively, and the average peak voltages
of fluttering TENG with film width ratios of 0.4, 0.5, 0.6, 0.7,
0.8, 0.9, and 0.95 of film width ratio are measured as 5.95,
9.42, 17.67, 22.58, 32.33, 4491, and 11.34V, respectively.
The electrical output gradually increased with the film width
ratio; however, the voltage output decreased when the film
width ratio was 0.95. When the film width ratio was 0.95,
the film width was most similar to the width between the pil-
lars; therefore, the film contacted the pillars during flutter-
ing. Consequently, the electrical output of the fluttering
TENG decreased when the film width ratio was 0.95.
Accordingly, the fluttering TENG generated the highest out-
put with a film width ratio of 0.9.

In addition, the electrical outputs of the fluttering TENG
with different film thicknesses were measured, as shown in
Figure 4(e). The measured RMS voltages were 3.28, 7.81,
3.16, 2.78, and 2.12V for film thicknesses of 0.025, 0.05,
0.075, 0.1, and 0.13 mm, respectively. In addition, the aver-
age peak voltages were 20.99, 41.13, 21.54, 18.17, and
6.375V for film thicknesses of 0.025, 0.05, 0.075, 0.1, and
0.13mm, respectively. Consequently, the fluttering TENG
generated the highest output with a film thickness of
0.05mm. With a thinner film thickness of 0.025 mm, the
fluttering film exhibited an unstable fluttering motion; there-
fore, a low voltage could be generated. In addition, a thicker
film can generate a lower output because of the fluttering
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FiGURrk 3: Optimization of PI film thickness of vertical TENG: (a) schematic of single stage vertical TENG; (b) photograph that shows the
initial height with different PI film thickness; (c) schematic of vertical TENG when pressure is given; (d) voltage graph of vertical TENG with
different film thickness; (e) calculated RMS voltage and average peak voltage of vertical TENG with different film thickness.

motion caused by the weight and flexibility of the film.
Therefore, the highest electrical output is generated at a film
thickness of 0.05 mm.

Additionally, as the wind speed can affect the electrical
output performance of fluttering TENG, wind speeds that
generated from vertical TENG with different input frequen-
cies have been measured as Figure S5. As shown in the
graph, the wind speed increased when the input frequency
increases. 1.23, 1.78, 2.95, 4.01, and 5.91 m/s of wind speed
are measured with input frequencies of 1, 2, 3, 4, and 5Hz,
respectively. Also, the voltage outputs of fluttering TENG
with different vertical input frequencies are measured in
Figure S6. As shown in the graph, both peak voltage and
output frequency increased as the vertical input frequency
increased. Therefore, this result indicates that the fluttering
TENG can generate higher output with the higher wind
speed and vertical TENG can generate higher wind speed
with higher input frequency.

Moreover, to consider the durability of vertical TENG
and fluttering TENG, the voltage outputs of vertical TENG
and fluttering TENG before and after 80,000 cycles are mea-
sured in Figure S7-8. As it is unable to test durability with
manual input, the vertical TENG was tested by using vibra-
tion tester and the fluttering TENG was tested by using wind
blower. The input frequency was 20 Hz to test the vertical
TENG, and 12m/s of wind was used for testing fluttering
TENG. As shown in Figure S7-8, both voltage outputs of
vertical TENG and fluttering TENG are maintained the out-
put voltage after 80,000 cycles. This result indicates that the
OVFH-TENG can be used for long duration time.

To utilize the electrical outputs from both the vertical
and fluttering TENG, a rectifying circuit is necessary for
the OVFH-TENG. The OVFH-TENG and electrical circuit
are shown in Figure 5(a). Figure 5(b) shows the integrated
voltage outputs of the vertical and fluttering TENG. In addi-
tion, Figure 5(c) shows the current output of the fluttering
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F1GURE 4: Optimization of fluttering TENG: (a) schematic of fluttering TENG with various design factors. RMS voltage and average peak
voltage of fluttering TENG with (b) different film materials, (c) film length ratio, (d) film width ratio, and (e) film thickness.

and vertical TENG and the integration output of the flutter-
ing and vertical TENG. This result indicates that the output
of the OVFH-TENG increased when the fluttering and ver-
tical TENG were integrated.

To determine the power increase of the OVFH-TENG
compared with the general contact-separation TENG, we

compared the power outputs of the OVFH-TENG and the
general contact-separation TENG. The general contact-
separation TENG was consisted with using PI film for the
dielectric material, and the contact size was the same as
OVFH-TENG. Both devices were tested with same input
frequency of 4Hz. A photograph of the general contact-
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F1GURE 5: Integrated OVFH-TENG by vertical TENG and fluttering TENG: (a) schematic of integrated structure with rectifying circuit; (b)

rectified voltage output of OVFH-TENG; (c) current output of fluttering TENG, vertical TENG, and integrated device. Photograph of LEDs
by powering with (d) general contact-separation TENG and (e) OVFH-TENG.
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separation TENG is shown in Figure S9. Figure S10 shows the
RMS current and voltage of the general contact-separation
TENG with different load resistances, and Figure S11 shows
the RMS current and voltage of the HO TENG with different
load resistances. Based on these results, the power outputs of
the general contact-separation TENG and OVFH-TENG
were calculated by multiplying the RMS current and voltage,
as shown in Figure S12. Both TENGs show the highest power
output with a load resistance of 10 MQ. The general contact-
separation TENG and OVFH-TENG generated 2.13 yW and
2.87 uW, respectively. This result shows that the OVFH-
TENG generated 34.7% high power. In addition, because
the OVFH-TENG can generate a higher output than the
general TENG, the OVFH-TENG could light 180 LEDs;
however, the general contact-separation TENG was unable
to light 180 LEDs, as shown in Figures 5(d) and 5(e) and
Video S1. Consequently, the OVFH-TENG generated a
higher electrical output than the conventional contact-
separation TENG. By these result, OVFH-TENG can be the
potential alternative design strategy for foldable stacking
TENG which can be used for harvesting vertical movement
such as human movement by its own structure or rotational
movement by using additional device such as crankshaft.

4. Conclusion

In this study, we fabricated an OVFH-TENG, which is a
hybrid generator that integrates vertical and fluttering
TENG. The OVFH-TENG can generate electrical output
from both vertical contact-separation and fluttering motions
using a single input owing to the Yoshimura origami pat-
tern. To enhance the electrical output of the OVFH-TENG,
the structure of the vertical TENG, such as the origami pat-
tern and film thickness, was optimized using equations and
experimental results. The structure of the fluttering TENG
was optimized to generate a high electrical output. Finally,
by integrating the optimized vertical TENG and fluttering
TENG, the optimized OVFH-TENG generated a 34.7%
higher power output than the general contact-separation
TENG; therefore, the OVFH-TENG was able to light 180
LEDs that the general contact-separation TENG was unable
to light. We believe that the proposed OVFH-TENG can be
used as an efficient hybrid generator for harvesting mechan-
ical energy and it can also be the potential alternative design
strategy for stackable TENGs.
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