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ABSTRACT: In this study, a high-performance triboelectric
nanogenerator (TENG) is developed based on cold spray (CS)
deposition of composite material layers. Composite layers were
fabricated by cold spraying of micron-scale tin (Sn) particles on
aluminum (Al) and polytetrafluoroethylene (PTFE) films, which
led to improved TENG performance owing to functionalized
composite layers as friction layers and electrodes, respectively. As-
sprayed tin composite layers not only enhanced the flow of charges
by strong adhesion to the target layer but also formed a nano−
microstructure on the surface of the layers, thereby increasing the
surface area during friction. More importantly, the electricity
generation performance was improved more than 6 times as
compared to the TENG without CS deposition on it. From
parametric studies, the TENG using the cold-sprayed composite layer produced an electrical potential of 1140 V for a simple
structure with a 25.4 × 25.4 mm2 contact area. We also optimize the geometry and fabrication process of the TENG to increase the
manufacturing efficiency while reducing the processing cost. The resultant sprayed layers and structures exhibited sustainable
robustness by showing consistent electrical performance after the mechanical adhesion test. The proposed manufacturing approach
is also applicable for processing three-dimensional (3D) complex layers owing to the technological convergence of a cold spray gun
attached to a robotic arm, which makes possible to fabricate the 3D TENG. To elaborate, a composite layer having the shape of a 3D
ball is produced, and the exercise status of the ball is monitored in real-time. The fabricated 3D ball using the TENG transmitted a
distinguishable signal in real-time according to the state of the ball. The proposed TENG sensing system can be utilized as a self-
powered sensor without the need of a battery, amplifier, and rectifier. The results of this study can potentially provide insights for the
practical material design and fabrication of self-powered TENG systems.
KEYWORDS: triboelectric nanogenerator, triboelectric sensor, cold spray, energy harvesting, self-powered sensor

1. INTRODUCTION
Energy harvesting systems from the natural environment have
been attracting attention for several decades as eco-friendly and
infinite alternative energy solutions utilizing wasted energy. As
one of the solutions, triboelectric nanogenerators (TENGs),
which convert infinite dynamic energy sources (e.g., water wave
energy, wind energy, and mechanical energy) into electrical
energy, have simple structures and are suitable for generating
high-powered energy.1−5 In addition, because electrostatic
potential-based devices based on the TENG have different
output electrical signals according to very small contact patterns,
many studies have applied the triboelectric system to dynamic
movements such as repetitive motion,6,7 rotation,8 and
vibration9 to produce customized sensors. TENG is a novel
device with lots of advantages including high efficiency, cost-
effectiveness, simplicity, and eco-friendliness. It induces the
movement of electric charges in such a way that two or more
materials with opposite static charges come into contact and
separate from each other.10−12 The induced charge moves to

each electrode on positive and negative parts with opposite
electrification rates according to the contact step, and this
generated electron flow produces electricity.

There are three main modes of TENGs, which are lateral
sliding mode, vertical contact separation mode, and single
electrode mode.13 In general, lateral sliding mode TENGs, in
which two triboelectric materials have strong friction in the
horizontal direction, generally show higher output performance
than other modes. However, lateral sliding mode TENGs have
limitations in terms of material selection, high manufacturing
cost, complexity of structure, lack of durability, and limited
application to rotational motion.14 On the other hand, the
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vertical contact mode TENGs are simple structures with various
driving methods, numerous material options, and long-
operating life, thereby having the potential for actual industrial
applications.15 Also, in the case of the single electrode mode,
there are advantages such as a simple device configuration, high
intuitivity, and a reduced number of electrodes. As such, the
simple single electrode mode is one of the best choices for
wearable devices as it makes the fabrication of TENGs simple
with minimal design requirements.16 Past studies related to this
mode have improved the output performance by developing
electrical negative polarity materials for TENG using embedded
nanotubes,17 graphene,18 and ceramic materials19 on a polymer
matrix. In particular, recent studies have improved the output
performance by fabricating a polymer matrix in the form of
nanofibers20 or using a multilayered matrix for charge
trapping.21 However, constructing actual TENG devices by
applying these processes remains challenging because of their
process complexity, difficulty for large-scale processing, long
manufacturing time, and expensive costs.

To solve these problems from a manufacturing point of view, a
cold spray (CS)-based novel manufacturing approach is
proposed in the present study as a time and cost-effective
alternative to the traditional approaches. To our best knowledge,
we are the first to employ the CS particle deposition technique in
the production of a TENG. Cold spray, owing to high-speed
impingement of particles on target surfaces at low temperatures,
is one of the emerging manufacturing techniques that is widely
used in high-throughput coating of microparticles on various
substrates, including curvilinear 3D shapes. Unlike traditional
coating and embedding systems, 3D triboelectric layers can be
easily produced through CS, and multi-axis processing capability
of CS using a robot arm can expand the application range of the
TENG. Moreover, CS is superior in terms of anti-corrosion,
wear protection, and scratch resistance against the traditional
coating methods.22 In addition, with the development of related
technologies, CS has become a promising additive manufactur-
ing process for state-of-the-art applications requiring improved
electrical, mechanical, and chemical properties.23,24 Besides, CS
can produce various composite layers made of polymers and
metals while saving time and cost. These layers not only become
a single layer of the TENG but also constitute an automatic
bonding system for each friction layer and electrode. In general,
positive materials of the TENG such as Al, Au, and Cu can be
suitable candidates for CS processing because they are easy to be
positively charged and electrically conductive because of their
excellent electron donor characteristics.25

Therefore, the positive materials are used in this study among
the many interests of using CS. A composite layer of a positive
friction composed of the two positive materials is fabricated
using CS. Next, a composite layer, the combination of the
negative friction layer and an electrode, is also fabricated by CS.

The produced composite layers show a clear difference in
performance based on the charge flow measurements as
compared to single (bare) layers. As such, this study is
significant to improve not only the performance of friction
materials for energy harvesting but also the flow of charge
between composite layers and between each layer and electrode.
This in turn resulted in an increase in electrical performance, and
although only the CS process was added to Al and PTFE films
(i.e., known as excellent triboelectric materials), the output
voltage was increased more than 6 times as compared to the
TENG without CS (i.e., single layer TENG).

We also incorporate the CS system into multi-axis processing
using a robot arm to fabricate a 3D composite positive layer
inside a tennis ball (i.e., curvilinear surface). This positive layer is
applied to the inner side of a tennis ball, designed to form a
triboelectric sensor that outputs an electric signal according to
the movement. The rubber constituting the inner surface of a
tennis ball, relatively easy to obtain electrons, generate a tribo
effect by friction with the positive ball, and work as a counterpart
material of positive inner ball. The performance of the fabricated
3D tennis ball sensor (i.e., manufactured using triboelectric
materials) is also verified through parametric tests by generating
different waveforms based on the movement of the tennis ball.
The output data of the triboelectric sensor signal is utilized as an
indicator of the real-time motion of the tennis ball. Moreover,
the 3D tennis ball sensor produced using composite high-
efficiency materials is verified by the arch-shaped prototype
TENG test. The performance and sensitivity of the sensor are
also evaluated under various movement status (i.e., rotating,
bouncing) of the ball in real-time.

2. RESULTS AND DISCUSSION
2.1. Composition of TENG and Application Goals of

Composite Materials Using the CS Process. TENG is
basically an electrical energy generator consisting of a substrate,
positive and negative friction materials, and electrode parts. In
order to increase the output performance of the TENG, many
studies proposed various attempts for each part as follows:
Determination of the structure and type of negative materi-
als,26−28 selection of the structure and type of positive
materials,29,30 and optimization of electrodes.31,32 When two
or more materials with different electrification rates repeatedly
contact and separate each other, the charge flows within each
part. In order to improve the flow of charge within the layer of
the TENG, many studies have been conducted recently by
adjusting the thickness within one negative part or by using a
composite material.2,33−35

However, in the case of the positive part, the selection of
materials is limited because the positive friction layer has
electrical conductivity and works as a working electrode at the
same time. In the current state, there is a critical need for a

Figure 1. Schematic of the tin (Sn) electrode fabrication process; (a) CS process, (b) experimental setup.
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manufacturing method that enables bonding dissimilar materials
together on the target surface without compromising intrinsic
substrates and electrode properties. Here, we employ the CS
technique as a potential candidate to address the aforemen-
tioned manufacturing approaches in a manner that positive and
negative layer high-performance electrodes can be produced to
improve the performance of the TENG.

Cold spray (CS) is an emerging technology for solid-state
rapid deposition of microscale metal particles on a target surface
as a result of high-velocity impact.36 In the CS deposition
process, as depicted in Figure 1a, feedstock microscale (typically
<50 μm) metal particles are accelerated to high velocities (e.g.,
300−1200 m/s) through a converging−diverging nozzle using
compressed gases (e.g., air, nitrogen, and helium) followed by
impact/impingement onto a target surface.37 When the particles
impact the surface, particles’ kinetic energy disperses onto the
surface, resulting in strong interfacial adhesion due to the high-
impact velocity of particles.38,39

In the present study, we use a low-pressure CS machine
system (Rus Sonic Technology, Inc.) to fabricate working
electrodes for the triboelectric nanogenerator. The CS nozzle
was mounted on a 6-axis robot arm (Kuka KR AGILUS) to
precisely control the deposition process (see Figure 1b).
Micron-scale tin (Sn) particles having a spherical morphology
(Centerline Ltd) were used as the feedstock material. Tin
particles are in the size range of −45 to +5 μm with an average
diameter of 17 μm.40 In general, tin, one of the coating materials
in CS, has good corrosion resistance; therefore, it prevents the
change of target metals during the plating process. As such, the
tin particles were used in the present study as the functional
coating material owing to its positive charge density in
triboelectric applications.41 Cold spraying experiments were
conducted using the operational process parameters listed in
Table 1. The robot arm was pre-programmed for spray
patterning, and CS deposition was carried out under vacuum-
and mask-free conditions.

2.2. Effect of CS on TENG Performance. In order to check
the effect of CS particle deposition on the TENG, the generally
designed arch-shaped TENG structure was fabricated, as shown
in Figure 2a.27,35 In this study, the TENG fabricated using PI
(Polyimide) film as a substrate has a simple structure with the
advantage of being able to control the distance between the two
friction layers and automatically separate after contact. This PI-
type TENG includes a substrate, the combination of two parts: a
positive part including the positive layer and a negative part
including the negative layer and the electrode, and a wire
connected to each part. Because the positive layer uses Al that
can act as an electrode by itself, the positive part does not include
an additional electrode. Figure 2b shows the schematic diagram
of the cross-section view of the PI arch-shaped TENG. When
input pressure is applied to the TENG in the vertical direction,

the positive and negative layers come closer and in contact.
Conversely, when the pressure is released, the two layers are
separated from each other because of the elastic force of the PI
substrate. At this time, the flow of charge forms as shown in
Figure 2c. The main focus of the present study is to improve the
amount of positive charge in the positive layer and the flow of
charge at the interface between the negative layer and the
electrode. The contribution of this study is that the enhanced
positive composite layer can be quickly and efficiently fabricated
using the CS coating technique. Tin (Sn) coating can be also
produced as a uniformly dense layer through CS coating
technology and can be stably deposited on various materials.42,43

In the experiments, the CS-coated Sn layer was variously applied
to increase the performance of the TENG.

Figure 3a shows the surface scanning electron microscopy
(SEM) images of bare Sn film, Al film, and PTFE film. A bare Sn
film is used for comparison with as-cold sprayed tin particles,
visualizing the differences according to the shape of tin, and a
single PTFE and Al film can be a composite material with
sprayed tin. These single films and composite films are the
materials constituting the friction layer to determine the effect of
CS on the TENG performance. The state of tin particles before
and after performing CS on the target is shown as an SEM image
in Figure 3b. CS results show that tin particles are embedded on
the PTFE and Al surfaces; therefore, the surface roughness is
increased. Specifically, the surface roughness (Ra) value of the
PTFE (i.e., initially was 0.673 μm) increased more than 10 times
to 7.63 μm after CS, and the Al film (0.231 μm) showed a
similarly large increase to 2.90 μm after the CS process, as shown
in Figure S1. Even in the case of the Al−Tin composite layer, the
opposite side of the spray-coated layer had a value of 2.87 μm,
which means that the surface roughness was increased on both
sides. Increased surface roughness helps form an increased
dipole moment between the friction layers, generate more
triboelectric charges, and improve capacitance and effective
dielectric constant during the contact.44,45 In particular, in the
case of the deformable PTFE polymer, it can be seen from Figure
3c that the particles impinge into the surface and form a thick
sprayed Sn layer. For the Al layer, it can be confirmed that a thin
Sn layer is formed on a relatively thin substrate (see Figure 3c).
As a result of thickness measurement, the Sn layer with a
thickness of 110 μm was fabricated on the PTFE film and on Al
with a thickness of 0.02 μm. To make it clear whether those Sn
layers are sprayed on the target layer well, the SEM image and
energy-dispersive X-ray spectroscopy (EDX) mapping of the Sn
layer are shown in S2. These figures prove that Sn powder was
well deposited on the target substrate. The Sn-PTFE composite
layer is made of a heterogeneous material composed of metal
and polymer and is a single combined layer, but PTFE can act as
a negative material and the sprayed Sn layer can act as an
electrode. These two materials are very densely and strongly
bonded through the CS process, and at the same time, each layer
has its own role. As it is not yet known what kind of synergistic
effect the composite layer made with CS exerts on the output
performance of the TENG, we produced the TENG of the arch
structure presented in Figure 2c with various combinations of
materials using CS for the confirmation. Figure 4 shows a
diagram of the simple structure of four types of TENGs
manufactured under the same conditions and the TENG output
results during hand-tapping. The charge induced on the surface
of the negative material at the approach of the two layers flows in
turn to the positive material through the electrodes when the
friction layers are separated. Because the negative layer and the

Table 1. Operating Parameters of the Cold Spray Process

process parameters value

working gas air
driving gas pressure (MPa) 0.7
driving gas temperature (°C) 80
gas flow rate (m3 h−1) 34
powder flow rate (g s−1) 0.15
nozzle transverse speed (mm s−1) 50
nozzle stand-off distance (mm) 30

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c09367
ACS Appl. Mater. Interfaces 2022, 14, 46410−46420

46412

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09367/suppl_file/am2c09367_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09367/suppl_file/am2c09367_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c09367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrode are different materials, there is a risk of charge loss if
the two surfaces are not in perfect contact. CS is one of the
solutions for strongly and densely bonding the negative layer
and the electrode. Negative layers of all PI arch-type TENGs
were made of PTFE, and all conditions were the same except for
the positive layer and electrode material to analyze the effect in
this experiment. In Figure 4a, the TENG was composed of a
positive layer and electrode using tin film and generated an
average output of 94(±8) V. In Figure 4b, the TENG uses tin
cold sprayed on PTFE as a positive layer, and the output result is
reduced by about 30% to 65(±5) V. The only difference
between these two experiments is that the tin powder layer
coated on PTFE used is thinner than the tin film as a positive

layer. According to the formula related to the electric fields in the
two tribo-material layers and in the gap, the triboelectric effect
can be relatively reduced because of the use of a positive layer
with a low thickness.46 However, Figure 4c shows that when
cold-sprayed Sn is used as an electrode, the output is 171(±21)
V, and the performance is increased by 180% compared to that
shown in Figure 4a, where Sn film is used as an electrode. In
TENG’s electrode, thickness has little effect on performance;
however, electrical conductivity and adhesion to negative
material are the most important factors.47,48

The sprayed Sn layer on the PTFE exhibited an electrical
conductivity of 2.9 × 105 S/m, without a significant change in
resistance after 50 Scotch-tape peeling tests (Figure 6a), which

Figure 2. (a) Photograph of the actual device and (b) schematic of a cross-sectional view of arch type TENG. (c) Schematic illustration of charge
transfer as the device operates of vertical contact and separate mode TENG.

Figure 3. (a) Surface SEM images of the bare Sn film, bare PTFE film, and bare aluminum film. (b) Surface morphology of Sn powders (upper panel),
as-cold-sprayed Sn layer on PTFE (middle panel), and as-cold-sprayed Al film (bottom panel). (c) Cross-sectional SEM images of tin-PTFE and tin-
PTFE after CS.
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also confirms the adhesion between the as-cold-sprayed Sn layer
and the substrate. The low electrical conductivity of the
electrode and poor bonding with the negative layer cause partial
short circuit or resistance when charge flows, which degrades the
performance of TENG. Although the same Sn material with the
same electrical conductivity was used for the electrode of the
TENG, the CS process improved the bonding issue, thereby the
voltage output significantly improved. This means that the
electrode coating using the CS process on the negative layer of
the TENG can solve the problem of poor surface bonding that
hinders the flow of charge. Figure 4d is a TENG in which the
tin−PTFE layer produced using the same process is applied to
the positive and negative parts at the same time, and CS Sn
coating was used as a positive layer but also as an electrode, so
that it increased the output voltage as 178(±24) V. The TENG
in Figure 4d shows unevenness of the output compared to the
TENG, as shown in Figure 4c; however, in terms of process
efficiency, it has the advantage of shortening the manufacturing
time and process steps because all active layers of the TENG are
completely composed of using the same composite layer twice.
Additionally, the CS process is a cost-effective process requiring
a smaller amount of feedstock Sn powders as compared to bare
Sn films. These results reveal that even though the same material
with the same dielectric constant and electrical conductivity is
used, the performance of the TENG and the efficiency of
manufacturing can be increased by the CS process, which can
eventually lead to large-scale deployment of the high-perform-
ance TENG. In addition, the trend of these different voltage
output results was also observed in the current measurement
results, confirming that CS can affect the current movement
(Figure S3).

In the next experiment, CS was also applied to an Al film to be
a positive material as in most of TENG-related studies. Al not
only increases the surface area by increasing the surface
roughness through Sn coating but also induces an alteration in
the dielectric constant or capacitance at the interface where
different metals are bonded. This approach using the CS process
greatly affects the output performance of the TENG. The
experimental results of the four different TENGs in Figure 5
show that Al used as the positive layer or electrode of the TENG
was replaced with Al−tin, and the role of the composite layer
was accurately drawn. As shown in Figure 5a, an average output
voltage of 192(±36) V for each tapping was obtained by
employing Al as the positive layer, PTFE as the negative layer,

and Al as the electrode, respectively. When the positive layer of
TENG of the same structure was replaced with the Al−Sn layer
and the electrode was replaced with the Al−Sn layer, the
performance increased to 337(±26) V (Figure 5b) and
247(±39) V (Figure 5c), respectively. These two results
indicate two different meanings: (1) the Al−Tin composite
material shows higher performance than Al as a positive friction
material; therefore, it can replace the Al film used in many
existing studies and applications; (2) it is confirmed that the Al−
Sn layer shows better performance compared to the conven-
tional Al film as an electrode. Considering these findings, we
fabricated a novel type of TENG, as shown in Figure 5d, which
showed a sharp increase in the average output electrical
performance to 1141(±102) V. The performance of the
TENG increased dramatically compared to the sum of the
performance increases through the improvement of each
positive material and electrode material, and this was also
confirmed by the current measurement results (Figure S4). This
means that the combination and synergy of the positive layer and
electrode as well as the negative layer should be considered when
designing TENG. It is confirmed that the Al−Tin composite
layer has an excellent electrical conductivity of 1.41 × 106 S/m
firmly adhered to each other to prevent deterioration in
properties even after the peeling test (see Figure 6b).

To investigate the multidirectional performance of the device
with the optimal combination (Figure 5d) Al−tin and Al−tin as

Figure 4. Triboelectric output voltage using (a) bare Sn film and bare
tin film, (b) coated (as-cold-sprayed) Sn film and bare Sn film, (c) bare
Sn film and as-cold spray coated Sn film, and (d) coated Sn film as the
positive material and coated Sn film as an electrode.

Figure 5. Triboelectric output voltage using (a) Al film and Al film, (b)
Al−Sn and Al film, (c) Al film and Al−Sn, and (d) Al−Sn and Al−Sn as
a positive material and an electrode.

Figure 6. Relative resistance of Sn sprayed on (a) PTFE and (b) Al film
according to the peeling test, and specimens before and after the peeling
test (scale bar: 10 mm).
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a positive material and an electrode, we measured voltage,
current, and power density while loading external resistors, as
shown in Figure 7a, b. The voltage and power density were the
highest at 200 M ohm, and the values were 74 V and 147 mW/
m2, respectively. The voltage drop was caused by the external
resistance, and voltage difference was caused by the internal
resistance of the device itself. Figure 7c illustrates that there was
no performance degradation during repeated contacting and
separating via 1500 cycles and after 10 K cycles, with the peak-
to-peak voltage output sustained at about 1100 V.

In addition, using the same Al−Sn layer twice for the positive
layer and electrode of TENG makes it possible to efficiently save
manufacturing time and costs. Although this experiment
revealed that the Al−Tin composite layer affects the TENG
performance, it remains to be determined whether the material

properties of the layer itself or the composite structure are the
reason. Therefore, we uncovered factors affecting the perform-
ance of TENG by changing the orientation of the Al−tin
composite layer. Figure 8a demonstrates the test result by
changing only the direction of the Al−Sn layer of TENG. The
type in which the tin coated through CS is in contact with the
negative layer generated a voltage of 337 V, and the type in
which the opposite side of Al is in contact with the negative layer
is 324 V (see Figure 8b). This result indicates that there is no
significant difference between Al and tin as a material of the
surface contact layer, and the increased surface roughness on
both sides of Al−tin due to CS coating affects TENG
performance equally. This is likely attributed to the high
ductility of the Al foil. To elaborate, when the CS is applied to
one side, deformation occurs not only on the target side but also

Figure 7. All about Figure 5d, in which TENG showed the most optimal performance. (a) Output voltage and current dependencies for different
loading resistances. (b) Relationship between output power and external loading resistance. (c) Durability test performed via 1500 cycles and
measurement results after 10 K cycles.

Figure 8. Comparison of triboelectric output voltage according to the direction of the composite material as (a) a positive layer and (b) an electrode.

Figure 9. (a) Triboelectric output voltage using Al−Sn and CS-coated Sn. (b) Charge transfer through the composite materials.
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on the opposite side, which increases the surface roughness. The
fundamental reason behind this phenomenon is that the Al−Tin
composite as a positive layer affects the output result and the
structural combination of these two materials. The Al−Tin
composite layer applied as an electrode layer also showed no
significant difference with an average of 247 and 220 V of TENG
performance, respectively, even if the direction was changed as
shown in Figure 8b. Also, distinguishing difference was not
observed in the current measurement results, as shown in Figure
S5. Because the surface adhesion between the electrode layer
and the negative layer is related to the flow of charge, it can
significantly affect the performance of the TENG. However, the
output results with no significant difference indicate that there is
no noticeable difference in adhesion performance between the
PTFE surface and the as-cold-sprayed Al or Sn surface.

We also produced the TENG using an Al−tin composite layer
as a positive layer and a PTFE-coated Sn layer as a negative layer
and electrode based on the results of previous experiments
(Figure 9a). At this time, the output increased dramatically to
653 V, which originated from two reasons. As demonstrated in
Figure 9b, sprayed tin powder added to Al in the positive part
can maximize the triboelectric effect by increasing the surface
area as well as the amount of positive charge by itself.49,50 In
addition, the tin particles adhered to the negative layer, PTFE, is
a highly conductive metal by itself and is in close contact with the
negative layer to prevent loss of charge by increasing the
TENG’s performance. This TENG, produced using the
synergistic effect of two parts with the same CS process, is
also promising in terms of improved electrical performance and
manufacturing (processing) simplicity.

2.3. 3D (Tennis Ball-Type) TENGs. Because TENG is a
simple structure and can be fabricated with simple operation, the
range of application is very wide to be applied to any place where
dynamic movement occurs. When two substances with a
potential difference repeat contact and separation, the TENG
generates electrical energy, which makes the TENG not only an
energy-harvesting device but also a sensor by analyzing the
output signal. When any movement (e.g., vertical or horizontal
movement, vibration, torsion, or rotation) drives the TENG as
an input, the output signal also changes accordingly; therefore, it
can be applied as a sensor to any moving objects. Luo et al.
developed a triboelectric sensor for a smart ping-pong table and
built a ball judgment system, and Shi et al. demonstrated a 3D
spherical-shaped water-based triboelectric nanogenerator device
by utilizing the system to harvest wave energy.51,52

Besides their advantages, there are still countless devices that
use dynamic energy in real life, and more research on
triboelectric sensors using them is highly demanded. To this
end, in this study, we propose a 3D TENG application
manufactured inside a tennis ball that can be easily encountered
in daily life and can be utilized as the TENG by generating
dynamic kinetic energy. The ultimate goal is to develop a ball-
type TENG that generates electric energy whenever the tennis
ball moves by inserting an inner ball composed of a positive part
into the tennis ball. We conducted a case study to determine
which materials are suitable for the ball-type TENG. As shown in
Figure 10a, the tennis ball is made of felt by mixing wool and
nylon in the outer substrate, and the inner core is composed of
natural rubber. When the inner ball is inserted, the surface of the
inner ball can repeatly contact and separate from the surface of
natural rubber. As such, when in movement, we can use this
contact and separation as input dynamic energy for a new type of
TENG. Here, we used natural rubber as a negative material

because it was reported as one of the triboelectric materials with
electrical negative polarity like PTFE in previous experi-
ments.53,54 Therefore, to find the optimal positive material
when using rubber as a negative material for ball-type TENG, a
parametric study was performed by producing TENGs using PI
film as a substrate, as shown on the right side of Figure 10a. One
of the cut-tennis ball specimens was attached to the top of the PI-
type TENG so that the rubber could act as a negative layer. The
other cut specimen was attached under the positive layer and
fixed at the bottom of the PI-type TENG to have the curved
surface of the tennis ball (Figure 10b) for the parametric case
study. Because it is not easy to peel off the tennis ball layer and
attach an electrode between rubber and felt, a single-electrode
mode that requires fewer electrodes and has a simpler structure
was applied.

In order to propose the best selection of the positive material,
which is a parameter in this experiment, all structures and
materials except for the positive layer were kept constant during
the experiment. The positive layer consists of three types, which
are cold-sprayed tin, Al film, and Al−tin film, with the output
results of each 9.4, 26.7, and 77.5 V, respectively. Al−Sn showed
the highest output performance as a relative polarization
material of rubber as a negative material. This result underlines
that Al−tin composite material is more suitable to be used as a
positive material as a counterpart to rubber in single-electrode
mode than Al and as-cold sprayed Sn. Therefore, our proposed
Al−Sn composite material can be a high-efficient composite
material that constitutes a positive part not only in the vertical
contact-separation mode and single electrode mode but also in
the lateral sliding mode and freestanding triboelectric layer
mode as verified in this study.

In addition, the Al−Sn composite material can be fabricated
in various shapes to the extent that it constitutes the outer layer
of the 3D ball. Based on the results of the parametric study, we
used sprayed tin, Al, and Al−Sn as substrate materials for
positive layers surrounding a PTFE ball having a diameter of
25.4 mm. As shown in Figure 11a, the inner core wall of the
tennis ball is made of rubber as a negative material of this ball-
type TENG, and it is connected to the positive layer coated on
the outer surface of the inserted inner ball through the
connected wire while repeating contact and separation. The
electric signal generated by the flowing charges is transmitted to
an external measuring device. In addition, the CS gun configured
by a six-axis robot arm can move freely according to the shape of
the target, enabling to coating not only the 2D film but also the
front surface of the 3D-shaped target substrate. As such, three

Figure 10. (a) Schematic illustration of overall procedures for the
fabrication of arch-type TENG for the parametric test and (b) cross-
sectional view. (c) Triboelectric output voltage using Sn, Al, and Al−Sn
as a positive layer.
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types of positive inner balls (i.e., manufactured using multi-axis
CS patterning) were inserted into each tennis ball, and a voltage
signal was measured from the ball-type TENG driven by the
movement of the tennis ball (see Figure 11b). In order to check
whether the different movements of the tennis ball can be
distinguished, the state of the ball was given two movement
conditions: (1) rotating and (2) bouncing, and each movement
cycle occurred 5 times per second. The voltage signal output
from different positive layers in the tennis ball-type TENGs was
distinguished by the difference between rotating and bouncing
conditions through its waveform and size. To elaborate when the
positive layer is composed of an Al−tin composite material, the
signal amplitude was significantly improved under the rotating
and bouncing conditions compared to the single material. This
means that more power can be harvested from an energy-
harvesting point of view, and more precise motion measurement
is possible from the aspect of the sensor’s performance. Above
all, each signal output has 5 peaks per second due to movements
of 5 times per second, which proves the output signal (i.e., the
electrical energy) generated by the movement of the tennis ball.
This result suggests that the proposed ball-type TENG
appropriately performs as a triboelectric sensor that can even
detect minor frequency changes of the ball in real-time.

We also conducted an economical cost analysis of the
proposed manufacturing approach. Table 2 lists the cost of each
material used in the fabrication of a TENG device. Each arch-
type TENG device costs about $3.6 while a tennis ball-type
TENG costs $5.7. Even excluding PI or ball substrates, core

material costs of each TENGs corresponds to $0.276 and
$0.141. These high-efficiency core materials can be applied to
various substrates and their cost can be even cheaper depending
on the type of the substrate. Taken together, we envision that the
triboelectric layers with a simple structure and low footprint
proposed in this study can have promising potential in wearable
electronic devices with self-powered functions in the future.

3. CONCLUSIONS
We proposed a TENG with enhanced performance and
demonstrated a 3D spherical shape self-powered triboelectric
sensor based on CS metallic powder composite material
deposition. Cold-sprayed composite materials have been proven
to have superior triboelectric performance compared to single
materials owing to increased surface roughness, electrical
conductivity, stability, and high adhesion performance. In
particular, the new composite material achieved using the CS
technique can help the rapid commercialization of TENG owing
to inherent advantages of CS including process simplicity,
manufacturing efficiency, and low cost as compared to
traditional manufacturing methods of TENG. In addition, a
TENG applied to the inner side of a tennis ball showed the
potential for practical use in a manner that CS-based composite
material can be applied to any type of the 3D shape. Collectively,
the technical advancements represented in this study can enable
many further practical applications for high-performance
triboelectric systems, especially for real exercise equipment
with the 3D curvilinear geometry.

4. EXPERIMENTAL METHOD
4.1. Fabrication Method of TENGs with Composite Layers on

the Spherical Surface. In order to investigate the effect of each
friction layer and electrode on the performance of the TENG, the arch-
shaped substrate, which is generally used for vertical contact and
separation mode TENG, was produced using PI film.55−57 The
substrate, which has spacer and elasticity itself, was made by folding a
1.3 mm thick, 63.5 mm wide, 200 mm long rectangular PI film in a
round shape. It is designed to contact each other when input pressure
occurs. A 15 μm thick Al film was used as one of the materials
constituting the positive layer and the electrode, and the thickness of
the polytetrafluoroethylene (PTFE) film as the negative layer was 0.254
mm. Because all layers are 25.4 mm wide by 25.4 mm long, the contact
area where the triboelectric effect occurs is 645 mm2. A low-pressure CS
machine (Rus Sonic Technology, Inc.) was used to deposit tin (Sn)
metallic particles on the target surface. CS was applied to the surface of

Figure 11. (a) Schematic illustration of tennis ball-type TENG with the
single electrode type and (b) triboelectric output voltage using tin, Al,
and Al−Sn as a positive layer under various motions of the ball.

Table 2. Cost of Raw Material To Produce an Arch-Type TENG and a Tennis Ball-Type TENG

items specification retail price (USD) usage amount usage cost (USD)

1. arch-type TENG
McMaster PI film 0.09 m2 29.96 0.01 m2 3.3
McMaster PTFE film 0.27 m2 42.48 0.00065 m2 0.1
Reynolds aluminum foil 91.44 m2 166 0.00065 m2 0.001
SST Tin powder S6001 454 g 39 0.059 mg (0.05 mg on PTFE) (0.009 mg on Al) 0.005
McMaster copper tape electrode 16.5 m 19.96 0.1 m 0.1
McMaster mounting foam tape 250 pcs 8.41 2 pcs 0.07
total 3.576 0.276 (w/o substrate)
2. tennis ball-type TENG
Penn tennis ball 3 ea. 2.37 1 ea. 0.79
McMaster PTFE inner ball 1 ea. 4.73 1 ea. 4.73
Reynolds aluminum foil 91.44 m2 166 0.008 m2 0.01
SST Tin powder S6001 454 g 39 0.11 mg 0.001
McMaster solid wire electrode 7.62 m 10.21 0.1 m 0.13
total 5.661 0.141 (w/o substrate)
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PTFE film and Al film at the operating conditions listed in Table 1. CS
was also applied to the surface of the PTFE ball followed by wrapping
the as-cold sprayed layer with aluminum (Al) foil to produce the inner
ball as a positive material in the configuration of the spherical surface.
The CS nozzle was attached to a six-axis robot arm (Kuka KR AGILUS)
to precisely control the deposition process. The robotic arm was pre-
programmed to coat 3D spheres at ambient conditions under mask-free
conditions. Sn powders having a size range in 40−50 μm with the
spherical morphology was cold sprayed on the target surface.

Through a parametric study before the application of the tennis ball,
a spherical prototype TENG was fabricated with an arch-shaped PI film
substrate. A portion of a tennis ball was cut out and fixed to one side so
that a layer of rubber could constitute the negative part of the prototype
TENG. On the other side, various types of positive layers were fixed on
the piece of tennis ball to match the curvature with the rubber of the
negative part. The inner ball made of 25.4 mm diameter PTFE material
was wrapped with a positive layer and the wire was connected to act as a
positive ball layer. When adding a positive layer to the PTFE ball, CS
was applied directly to the ball, or wrapped with an Al film, or CS was
added after wrapping. The produced positive ball layer was inserted into
a tennis ball with a 70 mm diameter to compose a spherical triboelectric
sensor.

4.2. Electrical Conductivity, Adhesion Force, and Surface
Roughness Test of CS Tin Coating. The equation ρ = R × A/L was
used to calculate the conductivity, where ρ is the electrical resistivity, R
is the resistance, A is the cross-sectional area of the circuit, and L is the
circuit length.58 All specimens for electrical conductivity measurement
have a width of 0.1 × 10−3 m and a length of 0.3 × 10−3 m. Tin-sprayed
PTFE and tin-sprayed Al surfaces showed resistances of 0.091 and
0.106 Ω, respectively, and thicknesses of 113 and 20.1 μm. Also,
electrical conductivity, σ, is calculated as the inverse of resistivity. At this
time, the average resistance and thickness were measured by measuring
five different points using a digital multimeter (34401A, Agilent
Technologies, USA) and a digital micrometer (REXBETI).

The peeling test (i.e., a method to measure the adhesion force
between the coated tin powder layer and the substrate) was conducted
to characterize the adhesion strength of the resulting CS coatings. The
peeling test was applied while fixing the specimen on a table and
repeatedly attaching and peeling 3M scotch tape.59 The relative
resistance (R\Ro) change was then recorded for each peeling test to plot
the results in Figure 6.

The average surface roughness value (arithmetic mean roughness
(Ra)) of the as-cold-sprayed composite layers were measured by
repeating measurements five times using a surface roughness tester (SJ-
210, Mitutoyo, Japan) on the specimens fixed on a glass substrate.

4.3. Evaluation of Output (Voltage Generation) Perform-
ance. To evaluate the output performance, all as-fabricated TENGs
were connected to an oscilloscope (DPO2024B, Tektronix, USA), and
the open circuit voltage was measured. In the arch type TENG, flat
copper tape with 5 mm wide and 76 μm thickness was connected to
each electrode and tested for stable electrical connection via 2 hand
tappings per second. In the case of the tennis ball triboelectric sensor, a
0.254 mm diameter copper wire was connected only to the positive ball
layer, and the oscilloscope measured the output of the single electrode
mode. At this time, five revolutions per second in the rolling mode and
five input motions per second in the bouncing mode were applied.
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