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Abstract: Recently, as the demand for sustainable and renewable energy to power a large number
of small electronics and sensors has increased, various mechanical energy harvesters such as elec-
tromagnetic, piezoelectric, and triboelectric generators have been highlighted because they have
no environmental constraints to generate electricity and function as sustainable power sources.
Among these generators, triboelectric nanogenerators (TENGs), which produce electrical energy via
triboelectrification and electrostatic induction, are a promising energy harvesting technology that
can utilize existing materials or the structure of existing commercial products. Considering the vast
number of independent portable electronics used today, the development of hand-driven TENGs is
important. There is great demand for TENG considering both commercial product-inspired designs,
which are the merit of TENG itself, and the hand-driven type. However, relevant studies are still
lacking, and therefore further studies in these areas are required. In this study, we developed a novel
triboelectric nanogenerator (Y-TENG) inspired by the Yo-Yo that can produce a sustainable electric
output by hand motion input. One generator of Y-TENG produced a maximum V¢ of 10 V and
an Icc of 0.7 pA. Peak/root mean square (RMS) voltage output-based quantitative analysis for the
optimized number of blades and dielectric material was performed. The proposed Y-TENG was able
to continuously light up three light-emitting diodes (LEDs) while the Y-TENG moved up and down.

Keywords: energy harvesting; triboelectric nanogenerator; Yo-Yo; hand-driven device; mechani-
cal energy

1. Introduction

With the advancement of the Internet of Things (IoT), the demand for renewable
and sustainable energy sources to power small electronics and sensors is increasing. Ac-
cordingly, various electricity generation devices such as solar [1,2], thermoelectric [3,4],
and radio frequency [5,6] energy harvesters have been developed to function as auxiliary
power sources. Among these electric generators, several mechanical energy harvesters
using piezoelectric [7,8], electromagnetic [9,10], and triboelectric [11-14] effects are drawing
attention as sustainable power sources because they have no environmental constraints
to generate electricity. Triboelectric nanogenerators (TENGs), which convert mechanical
energy into electrical energy by a combination of triboelectrification and electrostatic in-
duction, are a prospective energy harvesting technology. Unlike other energy generation
methods, TENGs have distinct advantages, including broad material availability, low cost,
and high efficiency, and thus can utilize existing materials or structures of commercial
products [15,16]. These TENGs tend to produce high electrical output with fast mechanical
input [17,18], whereas many other TENGs require additional automatic input sources such
as high-speed actuators or motors to power small electronics [19,20]. Considering the
vast number of independent portable electronic devices used today, the development of
portable TENGs is important, as they can charge or supply power when needed without
any constraints on the operating environment. In this regard, recent studies have focused
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on various TENGs driven by hand motion input [21,22]. In particular, there is great demand
for TENGs that consider both commercial product-inspired designs, which is a merit of
TENGs, and hand-driven types of TENGs, such as gyroscopes [23] and whirligig toys [24].
However, relevant studies are lacking, and further studies in these areas should be con-
ducted. Herein, we developed a Yo-Yo-inspired triboelectric nanogenerator (Y-TENG),
which is the first report on such a TENG. The Y-TENG consists of two generators, each
of which is composed of a case, a shaft, and a blade inside the case. A dielectric layer
(polytetrafluoroethylene, PTFE) and an electrode layer (Al) are attached to both sides of
the blade and the inner surfaces of the case, respectively. When the Y-TENG is released
downward by the force of a snap throw and gravity, the string looped around the shaft
unwinds, and the case fixed to the shaft rotates. Subsequently, the blade follows the case
and starts to rotate because of a bearing between the shaft and the blade. This relative
motion between the case and blade generates an electrical output of high frequency. To
optimize the design of the Y-TENG, the electrical output depending on the number of
wings and material of the dielectric layer was measured. Considering the peak and root
mean square (RMS) voltage, a quantitative analysis was performed in terms of the dynamic
performance of the TENG. One generator of the fabricated Y-TENG, which was connected
to a full-wave rectifier, lit up three light-emitting diodes (LEDs) continuously when the
Y-TENG dropped and rose.

2. Materials and Methods
2.1. Fabrication of Y-TENG

Two cylindrical cases and one blade inside the cases combine to form one generator
of the Y-TENG. Each case and blade is made of acrylonitrile butadiene styrene (ABS) as a
substrate, and is fabricated by 3D printing. The surface of each case has a circular shape
with four hollow segments with a radius of 4 cm located at intervals of 45°. The blade
also has a four-sector structure with the same radius of 4 cm and the sectors are located at
intervals of 45°. Commercial aluminum tape with a thickness of 0.05 mm (DUCKSUNG Co.,
Seoul, Korea) is attached on the two inner surfaces of the case, and commercial PTFE tape
with a thickness of 0.08 mm (CHUKOH Co., Bangkok, Thailand) is attached to both sides of
the blade, which is tailored into the same four-segment shape. The Al electrode and PTFE
dielectric layer are separated by a very small gap of 1 mm, but are not in contact, and are
parallel to each other. A commercial shaft (PSSFUL3-25-B5-S5, MISUMI Co., Schaumburg,
IL, USA) was inserted into the center of each of the two generators and fixed in place. A
commercial bearing (693zz, BEARING STORE Co., Seoul, Korea) was inserted between
the blade and shaft. Photographs of the fabricated Y-TENG are shown in Supplementary
Materials Figure S3. A string is looped around the center of the shaft, similar to a spool.

2.2. Electrical Measurement

The voltage and current were measured using an oscilloscope (MDO 3014, Tektronix
Co., Beaverton, OR, USA) and a current preamplifier (MODEL SR570, Stanford Research
Systems Co., Sunnyvale, CA, USA).

3. Results and Discussion

Figure 1a shows a schematic illustration of the Y-TENG, which consists of two genera-
tors on the left and right sides. Each generator is composed of three basic components: a
central shaft, a cylindrical case fixed to the shaft, and a freestanding blade inside the case.
The cylindrical case and the blade are made of acrylonitrile butadiene styrene (ABS), which
was used as a substrate for coating with various polymers. Each circular surface of the
cylindrical case has four segments that are alternately positioned. The freestanding blade
also has a four-sector structure. Each aluminum (Al) electrode and polytetrafluoroethylene
(PTFE) dielectric layer tailored into the same four-segment shape is attached to the inner
surfaces of the cylindrical case and both sides of the freestanding blade. The Al electrode
and PTFE dielectric layer are separated by a very small gap of 1 mm but are not in contact
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and are parallel to each other. In the Yo-Yo design, the Y-TENG has a string looped around
the shaft, similar to a spool. When the free end of the string is held by a finger and Y-TENG
is released downward by gravity and the force of a snap throw, the string is unwound, and
both the cylindrical case and the blade of Y-TENG start to rotate. Then, relative motion
occurs between the cylindrical case and the blade because there is a bearing between the
shaft and the freestanding blade. The cylindrical case which has the same mechanical
rotation motion with the shaft rotates first, and then the freestanding blade follows to rotate
by friction of the bearing.
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Figure 1. Yo-Yo-inspired triboelectric nanogenerator (Y-TENG) (a) Schematic illustration of Y-TENG;
(b) working mechanism for electricity generation; (c) voltage output plot; (d) magnified voltage
output plot corresponding to the first yellow region in Figure 1c; (e) current output plot.

The detailed working mechanism for electricity generation by the Y-TENG is schemat-
ically illustrated in Figure 1b, based on a single generator. The two upper and lower Al
electrodes on the inner surface of the substrate case are electrically connected to function as
freestanding TENGs [25]. The two PTFE layers attached to both sides of the substrate blade
do not affect the generator on the other side. The surface of the PTFE dielectric layer has
a negative charge owing to its high electron affinity, and additional triboelectric negative
charges can be formed via pre-charging with fur. As the string is unwound, relative motion
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occurs between the cylindrical case and the blade. First, when the blade is aligned with
the upper Al electrode, the negative surface charge of the blade induces positive charges
on the upper Al electrode (Figure 1bi). As the blade moves and is located near the lower
Al electrode, free electrons flow from the lower Al electrode to the upper Al electrode,
and positive charges are fully induced on the lower Al electrode by the negative charge of
the blade surface (Figure 1bi-iii). Furthermore, while the blade passes over the lower Al
electrode and the next blade is positioned at the upper Al electrode, free electrons flow back
from the upper Al electrode to the lower Al electrode, and positive charges are induced on
the upper Al electrode by the negative surface charge of the blade (Figure 1bi-iii).

Based on one generator of the Y-TENG, when the Y-TENG with the blade contain-
ing four wings is released downward and returns upward, an electrical output of high
frequency is generated continuously. As shown in the corresponding peak open-circuit
voltage (Vc) output (Figure 1c), when the Y-TENG moves downward, the electrical out-
put increases rapidly (yellow region) and decreases slowly (blue region). This process
is repeated when the Y-TENG moves upward. Figure 1e shows the corresponding peak
closed-circuit current output (Icc) of the Y-TENG. The maximum V¢ and Icc generated
by the Y-TENG are 10 V and 0.7 pA, respectively. Figure 1d shows a magnified output plot
that corresponds to the first yellow region in Figure 1c. The electrical output of the Y-TENG
has a continuous alternating peak waveform, and each local maximum and local minimum
point (red circle) of one peak corresponds to Figure 1bi,biii, respectively. The peak value
increases as the relative rotational velocity between the cylindrical case and blade (W ejative)
increases (yellow region). After the peak value reaches the first maximum (Wyejative Max,1),
blue dotted line), the peak value decreases as wyej4tive decreases. This tendency is based
on previous rotational TENG studies, in which electrical output increases depending on
the rotating speed of the rotator because the increase of approaching and separating rate
between two surfaces induces more charges within the same time frame [19,20,26].

To elaborate on and analyze this result in terms of dynamics, several assumptions
were made for simplification. First, the Y-TENG case-shaft system used in this study is
based on a Yo-Yo which moves downward and returns at a constant linear and rotational
velocity when no additional snap throwing or pulling force is applied. This is because
of the no-slip condition between the string and shaft and the force equilibrium between
tension and gravity. Second, constant kinetic friction is applied to the blade by a bearing
that is positioned between the blade and the shaft-case system and induces a constant
rotational acceleration of the blade.

In other words, the relative rotational motion between the case and blade is directly
connected to the electrical output of the Y-TENG. Figure S1a shows a simplified scheme
of the Y-TENG rotating on the center of mass (COM) of the case with relative rotational
velocity (Wrelative)- From the perspective of the rotating case (Figure S1b), when the Y-
TENG is released downward by a snap throw and gravity, the constant snap throwing
force increases the rotational velocity of the case (wcgse) linearly for a moment, which
induces additional tension (Figure S1bi). Subsequently, when no snap throwing force is
applied, the case spins and moves down at a constant velocity (Figure S1bii). The case
reaches a low point and maintains rotational energy at the same velocity by rotational
inertia (Figure S1biii). When the case returns upward by the inertia of rotation and the
string starts to wind itself back up, a constant pulling force is applied to the case by the
string. The pulling force also instantaneously boosts the velocity of the case in a linear
relationship (Figure S1biv). Finally, when no pulling force acts, the case returns to the
initial position with a constant velocity (Figure S1bv). From the point of view of the blade
(Figure S1c), while the case-shaft system is released and returned, the blade (wpj44,) is
assumed to have uniformly accelerated motion by constant kinetic friction of the bearing.
Figure S1d shows a plot of the rotational velocity versus time, consisting of red and purple
lines. Each of the steps “” to “v” corresponds to the description in Figure S1b. The red
line represents the rotational velocity of the case (wc,s.), which goes through uniform
acceleration, uniform velocity, uniform acceleration, and uniform velocity. The purple
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line represents the rotational velocity of the blade (wpj,4.), which undergoes uniformly
accelerated motion. Figure Sle shows a plot of the relative rotational velocity (Wyeiative)
versus time, which corresponds to the relative difference between wcys, and wpjgge in
Figure S1d. As shown in the plot, the wWye4tive increases rapidly at step “i” and decreases
slowly from step “ii” to “iii”, and then this process is repeated from steps “iv” and “v”. This
waveform variation corresponds to the electrical output plot of the Y-TENG in Figure 1c—d
and occurs because the relative rotational velocity between the case and blade directly
affects the electrical output of the Y-TENG.

The number of wings that the blade has can affect the electrical performance of the
Y-TENG. Figure 2a shows a schematic illustration of case-blade sets having 1, 2, 3, or
4 wings, where the wings are separated by 180°, 90°, 60°, or 45°, respectively. Each case
has the same number of segments as the number of wings on the blade. Figure 2b shows
the Voc output of the Y-TENG depending on the number of wings. The Y-TENG with four
wings generated the highest peak voltage of 20-30 V. The Y-TENGs with one to three wings
showed a peak voltage between 10 and 20 V. However, the output waveform generated by
the Y-TENG exhibits an extremely sharp peak. Therefore, it is necessary to convert the peak
voltage to the root mean square voltage (Vrps), which is a better quantitative indicator
than the peak voltage. The Vs was calculated from the following equation:

2
VeRms = |/ Jrora V(;) &

where V(t) and T denote the peak voltage output and the measurement period, respectively.
It is noted that the Vs output of the Y-TENG increased from one to four wings, and the
Y-TENG with four wings produced the highest Vrps output of 5V (Figure 2c).
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Figure 2. Electrical performance of the Y-TENG for different number of wings. (a) Schematic
illustration of case-blade sets having 1, 2, 3, or 4 wings; (b) peak voltage and (c) root mean square
(RMS) voltage output of the Y-TENG depending on the number of wings.
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In terms of dynamics, if we assume that there is no difference in motion of the case
according to the number of segments, and the same constant kinetic friction is applied
to the blade regardless of the number of blades, each blade with one to four wings has
different mechanical behavior. As shown in Figure 52, the blade with one wing is initially
located at the bottom because the mass of the blade is concentrated on one 180° wing, and
because of rotational movement by gravity, which occurs naturally and causes the wing to
descend. It is difficult to overcome gravity and raise one wing for rotation owing to the
small amount of kinetic friction at the bearing. In the case of two to four wings, even if a
small amount of bearing kinetic friction is applied, it is relatively easy to overcome gravity
and rotate the wings because the mass of the blade is distributed over multiple wings. This
means that the blade with four wings is the easiest to rotate and has the smallest relative
rotational velocity with the rotating case. However, this expected trend does not agree with
the electrical output result in Figure 2a,b. It is expected that an increase in the number of
wings will have a surface patterning effect and that this would more dominantly influence
the electrical output of the Y-TENG than the effect of mechanical movement. In general, as
the number of surface patterns between the triboelectric layer and electrode increases, the
electrical output of TENGs tends to increase [27].

Figure 3a shows the Vo output of the Y-TENG depending on the triboelectric material
of the layers attached to both sides of the substrate blade. As shown in the plot, the
maximum peak voltage generated by each triboelectric material is similar. Y-TENGs having
blades coated with polytetrafluoroethylene (PTFE), polyurethane (PU), polyimide (PI), or
nylon show peak voltages of 20 to 25 V. Only the Y-TENG with ABS blades shows a peak
voltage under 15 V. However, the Vrys output of each material shows different results.
As shown in the Vs plot (Figure 3b), the Y-TENG with the PTFE-coated blade exhibits
the highest Vrps output of 2.4 V. This is due to the high surface charge of PTFE and high
electron affinity, generating a higher electrical output compared to other materials [28].
PTFE was therefore chosen as the blade surface to generate a high electrical output.
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Figure 3. Electrical performance of Y-TENG for different materials of triboelectric layer. (a) Peak
voltage and (b) RMS voltage output of the Y-TENG depending on various triboelectric materials.
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Figure 4a shows the Y-TENG connected to a rectifying circuit to light up an LED array
during operation. As shown in Figure S3, the Y-TENG consists of two generators on the
left and right sides. Each generator is connected to a full-wave rectifier and three LEDs
to demonstrate power generation when the operator drops the Y-TENG. As shown in
Figure 4b, the LED array lights up as the Y-TENG drops and rises. The inset photograph in
Figure 4b shows three LED lights during rotation.

a Yo-Yo TENG prenssssssssnnnnnnaaaainy Full-Wave Rectifier

LEDs On

Figure 4. Demonstration of power generation when the operator drops the Y-TENG. (a) Y-TENG
connected to a rectifying circuit to light up an LED array during operation; (b) the LED array lights
up as the Y-TENG drops and rises.

Furthermore, voltage and power output according to various external load resistances
are measured (Figure S4). Considering general characteristics of TENGs which has ex-
tremely high internal impedance as much as tens of mega ohm [29], voltage output of
Y-TENG is measured under external load resistance of 500 k() to 300 M(Q). Power output is
calculated from the equation of Power (W) = V2/R. As a result, with the increase in the
external load resistance, the voltage output (red) increases and the power output (blue)
forms an optimum value. It can be noted that the Y-TENG generates a maximum power of
18.22 uW at an external load resistance of 10 M().

4. Conclusions

We developed a Y-TENG, which is the first report on a TENG based on the Yo-Yo
concept. Each generator of the Y-TENG is composed of a case, shaft string, and blade inside
the case. A PTFE layer and Al electrode layer are attached on both sides of the blade and
the inner surfaces of the case, respectively. When the Y-TENG is released by snap throwing
force and gravity, the relative motion between the case and the blade generates electrical
output. One generator of Y-TENG produces a maximum V¢ of 10 V and a maximum
Icc of 0.7 pA. The electrical output was measured in terms of the peak and RMS voltage
depending on the number of wings and dielectric material. The highest V gy output
was generated when the blade had four wings and when the dielectric layer on the blade
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was PTFE. The proposed Y-TENG continuously lit up three LEDs as the Y-TENG dropped
and rose.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1996-107
3/14/7/1798/s1, Figure S1: Mechanical analysis title, Figure S2: Mechanical behavior of the blade
depending on number of wings, Figure S3: Photographs of the fabricated Y-TENG, Figure S4: Voltage
and power output according to external load resistances.
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