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Abstract

Based on the coupling effects of contact electrification and electrostatic induc-
tion, a triboelectric nanogenerator (TENG) can convert mechanical energy into
electric power, which is at the cutting edge of alternative energy technology.
Although a considerable number of TENGs with different configurations have
been designed, some of them however, which only depend on the electrostatic
induction effect have not received enough attention. Here, a non-contact
TENG model consists of copper rings and charged dielectric sphere is pre-
sented, which is aimed at exploring the working process of TENGs caused by
electrostatic induction. Two classical models, including vertical and horizontal
double copper rings models are also proposed. Relevant advanced and accurate
models of TENGs have been established through the finite element method.
We anticipate that the constructed model and theoretical analysis are helpful
for the design of non-contact model TENGs with complicated geometric con-

struction, and expand their applications in various fields.
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1 | INTRODUCTION

Based on the coupling effects of contact electrification
(CE) and electrostatic induction," ™ triboelectric nanogen-
erators (TENGs) have been fabricated and demonstrated
as a cutting-edge technology in the field of energy
conversion,” 2 which belongs to the class of mechanical
energy harvesters.”'® To date, four basic modes of
TENGs have been designed, which are vertical contact
mode, single-electrode mode, lateral sliding mode, and
freestanding mode.”® Each mode has its own respective
structure and output characteristics. Using Maxwell's dis-
placement current as the driving force,”*** a TENG
device can effectively convert mechanical energy into
electricity, giving TENGs many potential applications in
our daily life, such as self-powered sensors, wearable
electronics, raindrop energy collectors, etc.”>>* A consid-
erable number of TENGs with different configurations
have been designed,'”**7** but most of them are operated
according to the coupling effects of CE and electrostatic
induction. Very few investigations have been carried out,
however, for elucidating the working mechanism of
TENGs that depend on electrostatic induction alone. In
other words, this is an aspect that has not received
enough attention in the past.

Zuankai Wang's group (2020) have developed a
droplet-based electricity generator (DEG) to harvest
energy from impinging water droplets, based on the effect
of contact electrification and electrostatic induction.*®
The DEG utilizes a structure that includes an aluminum
electrode and a polytetrafluoroethylene (PTFE) film atop
an indium tin oxide (ITO) substrate. As the droplets con-
tinuously fall on the device, charges are generated and
stored in the PTFE as a result of contact electrification
between the water droplets and the fabricated device;
while opposite charges are electrostatically induced on
the ITO for charge transfer to the aluminum electrode, so
a closed-loop electrical system is formed. Dating from
1867, one of the most remarkable and impressive displays
of static electricity is an experiment using Lord Kelvin's
water-drop electrostatic generator.’””*" This classical
device uses falling water to generate voltage differences
by electrostatic induction occurring between intercon-
nected, oppositely charged systems. The generated volt-
age keeps growing as the water droplets continue to
impinge on the device, which eventually leads to an elec-
tric arc discharge in the form of a spark. This is a typical
example of how electric power can be generated just
through electrostatic induction. It should be noted that
its simple construction makes this device popular in
physics education as a laboratory experiment for stu-
dents, which has been a big inspiration for us to design a
special TENG device.

Here, inspired by Lord Kelvin's electrostatic water
dropper, a copper-ring-model TENG has been designed,
which consists of a charged dielectric sphere and two
copper rings (Figure 1A). As a charged sphere passes
through the center of the copper rings, opposite electrical
charges are induced in the copper rings. Using this classi-
cal induction phenomenon, two types of models of
TENGs have been constructed: a vertical double copper
ring (metal electrode) model (VDR) and a horizontal dou-
ble copper ring model (HDR). We have elaborated how
the key parameters such as the radius of charged sphere
and copper ring as well as the distances between the
rings, etc., affect the basic output performance. Most
importantly, the finite element method (FEM) through
COMSOL software was utilized to simulate the whole
energy harvesting system based on the TENGs. Despite
the simple geometry of these structures, many interesting
and surprising findings have been observed from the
advanced simulations. For instance, some results indicate
that the relative positions of the double copper rings sen-
sitively influence the electric potentials of each ring. As
the vertical distance between the two copper rings
increases, the peak of electric potential begins to divide
itself into two; but the two divided peaks are equal to
each other. Through the established FEM models and the
corresponding quantitative analysis, we expect to see
these explorations help to characterize the output charac-
teristics of TENGs, the operation of which only depends
on the electrostatic induction, even when a non-contact
model TENG device has an extremely complex and spe-
cific induced charge distribution.

Our research aims to provide significant insights into
the operation of non-contact model triboelectric nano-
generators (TENGs) with a complex and spatially
induced charge distribution. By gaining insights into the
working mechanism of non-contact model TENGs, we
can contribute to achieving optimal designs and applica-
tions of TENGs for efficient mechanical energy harvest-
ing. The non-contact model TENGs could be more
efficient, reliable, and cost-effective, allowing them to
harness mechanical energy from various sources, includ-
ing human motion, wind, and vibration, to power elec-
tronic devices. Overall, this research may provide
reference information to drive the growth of sustainable
energy harvesting technologies through not only by con-
tact model TENGs but also by non-contact model
TENGsS.

2 | RESULTS AND DISCUSSION

As demonstrated in Figure 1A, a non-contact copper-ring
model TENG consists of two parts: a charged dielectric
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FIGURE 1 Schematic diagram showing the finite-element structure model, experimental schematic, and the comparison between the

simulation results and experiments results. (A) Simulation model of charged sphere passing through a single copper ring, double vertical

copper rings and double horizontal copper rings, respectively. (B) Experimental schematic of charged sphere passing through a single copper

ring. The simulated (C, D) and experimental (E, F) electric potential and surface charge density of a single copper ring when a charged

sphere passes through it (radius of charged sphere, r; = 0.5 cm; radius of copper ring, r. = 1.5 cm). (G) Surface charge density of inside and
outside the copper ring when a positive charged sphere passed through.

sphere and two copper rings. As the charged dielectric
sphere (moving part) passes through a copper ring, elec-
tric charges are induced and distributed on the surface of
the copper ring. In particular, when the charged dielec-
tric sphere is passed through the center of the copper
ring, the largest electric potential and surface charge den-
sity are observed (Figure 1C,D). A series of experiments
have been carried out to validate the simulation results,
and the experimental schematic is demonstrated in
Figure 1B. We have found that there is a good agreement
between the experimental and simulation results. As
illustrated in Figure 1E,F, three peaks are continuously
produced when three positively charged spheres are pass-
ing through the copper ring. That is, it generates one
peak at a time. Since the simulation model is proposed
based on certain assumptions, such as assuming that the
copper rings are perfect conductors and neglecting some

small effects that may occur in the experimental setup,
there are some differences between the experimental and
simulation results, which does not influence the accuracy
of our conclusions.

It should be noticed that two opposite induced charge
signals are obtained in Figure 1G (and Figure S1) when a
positive charged sphere is passing through the copper
ring. These seemingly paradoxical results can be
explained through the effect of electrostatic induction.
Electrostatic induction is a physical process, which leads
to a redistribution of electric charge on one material
under the influence of one or more nearby objects that
have electric charge. When the positively charged dielec-
tric sphere is brought near a copper ring (metal conduc-
tor, in Figure 1A), the positive charges start attracting the
negative charges of the copper ring. Additionally, the pos-
itive charges repel the positive charges within the copper
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Basic simulation results for charged sphere passing through a single copper ring. (A) Electric potential and (B) surface

charge density of the copper ring when a charged sphere passes through. (C-F) Electric potential and surface charge density of the copper
ring when charged spheres with different radii pass through the charged sphere (the radius of the charged sphere, rs = 0.1, 0.5, and 1.0 cm,
while the radius of the copper ring, . = 1.5 cm). (G) Distribution of electric potential (V) and (H) its contours when the sphere is positively

charged and negatively charged separately.

ring. This then creates a relocation of electrical charges
within the metallic ring. That is why the induced nega-
tive charges and positive charges are located in and out
of the copper ring, respectively (Figure 1G). Need to be
reminded that in order to focus our attention to the

influence of electrostatic induction, the copper ring in
our theoretical simulation model is no grounding. On the
contrary, if the copper ring is grounded, only the opposite
charges can be generated on the inside of the copper ring,
because the like charges on the outside have been flowed
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FIGURE 3

Simulation results for a charged sphere passing through single copper ring. (A) Electric potential and (B) surface charge

density of the copper ring when a charged sphere passes through single copper rings with different radii (r; = 0.5 cm, r. = 0.6, 1.5, and

3.0 cm). (C) Electric potential and (D) surface charge density of the copper ring when charged spheres pass through with different charge
densities (r; = 0.5 cm, 1. = 1.5 cm, ps = 1, 10, and 50 pC/m?). (E) Contours of electric potential (V) when charged spheres (ps = 10 pC/m2,
s = 0.5 cm) pass through single copper rings with different radii (r. = 0.6, 1.5, and 3.0 cm).

into the ground at this condition. Therefore, there is a
positive charge signal is observed in Figure 1F. And in
the experiments, the radii of the charged sphere (r;), and
copper ring (r.) are 0.5 and 1.5 cm, respectively.

More simulations were performed to investigate what
are the key influences and how these influences affect
the electric potential and induced charge density. First,
the influences of positively and negatively charged
spheres were studied (Figure 2A,B). It is observed that a

positive electric potential signal is generated in the cop-
per ring when a positively charged sphere passes through
it, demonstrating the distribution of induced positive
charges on the copper ring. In contrast, a negatively
charged sphere passing through the copper ring results in
a negative electric signal. The corresponding distributions
of electric potential simulated by the FEM model are
demonstrated in Figure 2G,H. It is well known that the
geometry of the TENG structure exerts a strong influence
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on the basic outputs. Here, we are first focusing on the
radii of the charged sphere and the copper ring.
Figure 2C reveals that there is a sharp rise of the electric
potential when rg is increased to 1.0 cm, while there is a
marked drop as rs is decreased to 0.5 cm. What can be
clearly observed in Figure 2E is that the peak of the elec-
tric potential is proportional to the ratio of ry/r.. The
electric potential peak reaches —7.28 kV when ry/r. is
equal to 0.667, and it falls to —67 V as ry/r. decreases to
0.067. A similar phenomenon is shown in Figure 2D,F,
where the peak of the induced surface charge density is
proportional to the ratio of rs/r. as well. The simulation
results depicted in Figure 2F show that the induced sur-
face charge density peak grows to —10.157 pC/m?* when
rd/re is 0.667, and it drops to —0.086 pC/m?* as r/r.
decreases to 0.067.

We then changed the radius of copper ring r. to vali-
date the above findings. Figure 3A,B illustrates how the
variation of r. affects the electric potential and surface
charge density of the copper ring, respectively. As the 7,
increases from 0.6 cm to 3.0 cm, the electric potential of
the copper ring decreases from 4.619 to 0.884 kV
(Figure 3A), and the surface charge density exhibits a
similar downward trend, which decreases from —15.117
to —0.566 pC/m* (Figure 3B). The electric potential con-
tours calculated for different radii of the copper ring are
illustrated in Figure 3E. These results further validate
what is shown in Figure 2E,F. When the radius of the
charged sphere is close to that of the copper ring
(Figure 3E1), we can obtain a large electric potential and
induced surface charge density in the copper ring. On the
contrary, the reverse trend is seen if there is a bigger r,
(Figure 3E3). In addition, if the r; and r. remain constant
but the surface charge density of the charged sphere var-
ies, we can get some really interesting findings. The
results presented in Figure 3C,D show that the electric
potential and induced surface charge density are propor-
tional to the surface charge density ps of the charged
sphere. When the p; becomes gradually larger, from 1 to
50 pC/m? the electric potential of the copper ring is
increased from 0.182 to 9.103 kV (Figure 3C,D); while
the relevant induced surface charge density of the copper
ring rises from 0.226 to 11.318 pC/mz. Note that, since
there is only one copper ring, this special structure can
be regarded as a single mode TENG. So, we can reach the
general conclusion that the basic output performance of
this single mode TENG is strongly linked to the surface
charge density of the charged sphere.

The above results are easily to understand and can be
interpreted through electrostatics and the phenomenon
of electrostatic induction. This electrostatic influence is a
redistribution of electric charge on one material under
the influence of one or more nearby objects that have

electric charge. The charged object acts through its elec-
tric field even to more distant bodies, thus changing their
original non-electrical state. For instance, when a nega-
tively charged dielectric sphere (charged object) is
brought near a copper ring (metal conductor), the nega-
tive charges start attracting the positive charges of the
copper ring. Additionally, the negative charges repel
the negative charges within the copper ring. This then
creates a relocation of electrical charges within the metal-
lic ring. The electrical charges will remain in the redis-
tributed state as long as the charged dielectric sphere is
kept near the copper ring. When the charged sphere
starts moving away, however, the metallic ring loses its
charge instantaneously, which is because of the thermal
motion of the atoms, which causes the charges to inte-
grate again. Finally, an electric potential peak and
induced surface charge peak are created.

Furthermore, when either the radius of the charged
sphere or that of the copper ring (or both) increases/
decreases, it will change the distance between them,
changing the electric field intensity, which affects the
charge redistribution of the copper ring. It should also be
clear that the electric potential of the copper ring is deter-
mined by the special charge distributions in both the
sphere and copper ring. In our simulations, the copper
ring is never grounded, so the electrically charged sphere
can induce equal and opposite charges in the copper ring
(see Figure S1). When the charged sphere is either close
to or far away from the copper ring, it does not receive or
transfer any electrons from/to the copper ring (or metal
electrode) by electrical induction., However, if the copper
ring is grounded, charges opposite in polarity will
become attracted according to the electrostatics; in other
words, the copper ring will display the charge that is
opposite to the inducing charge.

In addition, a vertical double copper ring model
(VDR) was introduced to further investigate the variation
of the output characteristic of a TENG based on electro-
static induction and to provide a thorough understanding
of the charge distribution (Figure 1A). The VDR TENG
model consists of a charged dielectric sphere (moving
part, s = 0.5 cm) and double copper rings with the same
radius (. = 1.5 cm). The double copper rings are verti-
cally oriented and centered on the same y axis. As the
charged dielectric sphere passes through the two copper
rings successively, electric charges are induced and dis-
tributed on the surfaces of both of the copper rings. We
have investigated the influence of geometrical parameters
in the single copper ring model, such as the radius of the
charged sphere and copper ring; here we are focusing on
the vertical distance between the vertical double copper
rings. Under open circuit (OC) conditions, no charges are
transferred between the two copper rings, and
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transferred charge density (in the short-circuit condition) between double vertical copper rings when a charged sphere pass through at

different heights of the top ring (where the height between the double vertical copper rings, h = 0.1, 0.5, 1, 2, and 3 cm). Surface charge

density of different positions on the copper ring under (B) open-circuit (OC) conditions and (C) short-circuit (SC) conditions. (D) Electric

potential of vertical double rings in the OC condition when h changes (h = 0.5, 2, 3, 5, 10, and 20 cm). (E) Three-dimensional distribution of

electric potential (indicated by colors) and electric field (indicated by arrows) when a charged sphere pass through the double vertical copper

rings separated by 0.5 cm. (F) Distribution of electric potential under OC conditions when h changes (h = 0.1, 1.0, and 3.0 cm).
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consequently, only induced electric charges are distrib-
uted on the surfaces of the copper rings, so the electric
potential difference between the double copper rings is
presented. Under short-circuit (SC) conditions, free
charges flow in the double copper rings to reduce the
potential difference, so the transferred charged density of
the double copper rings is presented. The electric poten-
tial difference at OC condition and the transferred charge
density at SC condition between double copper rings with
different vertical separations (heights) are presented in
Figure 4A. It can be easily observed that the open circuit
voltage and transferred charge density are proportional to
the vertical distance, illustrating that the relative distance
sensitively affects the output performance of the VDR
TENG model. Several other intriguing findings have been
found also, such as the fact that the surface charge den-
sity varies significantly among the various positions of
the copper ring (Figure 4B,C). The surface charge density
at the two points of the vertical double copper rings has a
similar value but a different trend while they are operat-
ing under OC conditions. On the other hand, the surface
charge density of both points shows the same trend but a
different value when the vertical double copper rings are
under SC conditions. The above mentioned phenomena
are attributed to the symmetrical structure of the double
copper rings. When the charged dielectric sphere passes
through the center of the copper ring, it induces equal
and opposite charges on both sides of the copper ring due
to the symmetry. Note that because the double copper
rings whether at OC or SC conditions are not grounded,
the similar surface charge density can be obtained. In
theory, the surface charge densities at any point in the
copper rings should be same at SC conditions, since it
must keep the same electrical potential of the two copper
rings. However, the copper rings have no grounding in
our simulations, which make the free charges distributed
in these rings cannot flow freely, thus generating a non-
uniform surface charge density. But what is certain is
that the total charges stay the same. This is the reason
why there are different peak shapes of the up and down
in Figure 1C.

Figure 4D presents the electric potential of both cop-
per rings under SC conditions. The electric potential of
each copper ring in the VDR model drops with increasing
vertical separation. The peak electric potential of double
copper rings at 0.5 cm in height is 1.787 kV, which is
comparable to the basic output of the single copper ring
model (1.82 kV). The peak value only reaches 0.949 kV
when the height is 20 cm. Another finding is that when
the vertical separation is large enough (in this case,
3 cm), the peak of the electric potential is divided into
two, and the two newly formed peaks are equal to one
another while maintaining symmetry. This phenomenon

indicates that as the vertical separation increases, the
effect of induced electrification caused by one copper ring
enhances gradually, which generates peak one by one
when the charged sphere passing through.

When the charged dielectric sphere approaches the
open-circuited double copper rings, the free electrons in
the ring experience a static electric force and move to the
area farther away from the charged sphere, leading to
the creation of induced charges on the ring. These
induced charges create an electric field and induce an
electric potential. The magnitude of the induced potential
depends on the distribution and variation of the electric
field. When the charged sphere passes through the cop-
per rings vertically, the induced charges concentrate at
the top and bottom of the vertical double copper ring
model, creating an electric potential and inducing an
electric current on the ring. As the vertical separation
increases, the electric field lines generated by the two
copper rings become more diffused, and the total strength
of the electric field decreases, either, which generates a
lower electric potential. Most importantly, when the ver-
tical separation increases to some extent (h = 5 cm), the
time difference through the copper ring plays an increas-
ingly important role, thus generating peaks one by one
and each corresponding to the induction effect of a single
copper ring. So, this is in fact a revelation to us that an
appropriate architecture is strongly important for a non-
contact model TENG. Figure 4E demonstrates the three-
dimensional distributions of electric potential and electric
field (arrows) when the charged dielectric sphere is pass-
ing through the center of the copper rings. The electric
potential contours calculated at different vertical dis-
tances of the double copper rings are described in
Figure 4F, which directly depicts the effect of the vertical
separation of the rings on the output performance of the
VDR model.

Moreover, the VDR model was converted to an offset
double-copper-ring model (with horizontal as well as ver-
tical separation of the centers of the rings) to validate the
above findings. A schematic illustration of a charged
sphere passing through the offset double rings model is
presented in Figure 5C with its key parameters attached.
Here, the horizontal distance s between the centers of
double copper rings is treated as the most important fac-
tor in the model, and the investigation covered the situa-
tions where both double copper rings were at OC
condition and where they were at SC condition. The elec-
tric potential difference between the double copper rings
in the OC condition is shown in detail according to the
variation of s in Figure 5A. It can be clearly seen that
the electric potential difference grows with s, and what is
also interestingly found is that two electric potential
peaks are first created, and then they merge into a single
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FIGURE 5 Simulation results for a charged sphere passing through offset double copper rings (ps = 10 pC/m?, ry = 0.5 cm, with
the radii of the double vertical copper rings the same, r. = 1.5 cm). (A) Electric potential difference between double offset copper rings
in the OC condition when the charged sphere passes through at different horizontal offsets s (s = 0.2, 0.8, 2.2, 2.8, and 3.0 cm).

(B) Transferred charge density between double offset copper rings in the SC condition when s changes (s = 0.5, 2.5, and 3.0 cm).

(C) Structure of charged sphere passing through double copper rings and relevant parameters. The variables in the structure are
defined as follows: rg represents the radius of the charged dielectric sphere, r. represents the radius of both copper rings, d represents
the displacement of the sphere, h represents the vertical height between the double copper rings, S, represents the minimum
horizontal distance between the double copper rings, and S represents the horizontal distance between the center of the double copper
rings. (D) Three-dimensional distribution of electric potential (colors) and electric field (arrows) when the charged sphere passes
through the offset vertical copper rings horizontal offset of 0.5 cm. (E) Distribution of electric potential in the OC conditions when s
changes (s = 0.5, 2.5, and 3.0 cm).
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peak as the horizontal distance between the centers of
the copper rings varies from 0.8 to 2.2 cm. The same phe-
nomenon is also exhibited for the peak of transferred
charge density at SC condition (Figure 5B). Figure SE
shows slices of the electric potential distribution when
the charged dielectric sphere is at the center of the lower
copper ring (with the double copper rings at OC condi-
tion), which validates the above results again. A three-
dimensional electric potential distribution of the offset
double-copper-ring model at SC condition is given in
Figure 5D, with the arrows representing the electric field
and the charged sphere at the center of the lower copper
ring at a distance s of 0.5 cm. Note that, we fixed the
radius of the charged sphere r;, the radius of both copper
rings r., the surface charge density of the sphere, and the
vertical height between the double copper rings h at
0.5cm, 1.5 cm, 10 pC/mz, and 0.5 cm, respectively, in the
offset double copper rings model.

Whether the two created peaks merged into one sin-
gle peak for the offset double-copper-ring model, or the
one single peak derived into two equal and symmetry
peaks of the vertical double copper ring model, the essen-
tial reason of generating above two phenomena is the
same, both of which are caused by electrostatic induc-
tion. When the positions of the two copper rings are
strongly close to each other, the induced charges can be
created at about the same time, giving rise to the genera-
tion of one electric potential peak (Figure 4). For the off-
set double-copper-ring model, if the distance s is small
enough, such as when it is equal to 0.2 cm, the charged
sphere can pass through the two copper rings instanta-
neously and simultaneously. That is why two peaks of
electric potential and surface charge density has been
observed; in other words, the geometry structure of the
VDR model is similar to that of the offset double-
copper-ring model. However, as the distance of
s increases until it is sufficiently large (for instance,
s = 2.2 cm), two copper rings (partitions) cannot interfere
with each other (Figure S2). As a result, the charged
sphere just passes one copper ring each time, and only
one single peak is observed. On the other hand, through
the positions of the two electric potential or transferred
charges peaks, one can design and fabricate a special
kind of position sensors to detect the moving objects in
practice.

Finally, the HDR model was constructed to illustrate
whether interaction effects occur between the two copper
rings. Two copper rings are placed on the same horizon-
tal plane, while the charged dielectric sphere passes
through the left copper ring only. Here, the key factor is
the minimum distance S, between the horizontal double
copper rings (Figure 5C), and the output performance of
the HDR models were investigated under both OC and

SC conditions. Under OC conditions, it can be clearly
seen from Figure 6A that the open circuit voltage
between the double copper rings increases proportionally
with S,. Figure 6B presents the electric potential of both
the horizontal copper rings in detail, respectively (out-
puts of different distances are presented in Figures S2
and S3). It should be noted that the electric potential of
the left copper ring that charged dielectric sphere passes
through is constant at 1820 V, which is same as the out-
put in the single-copper-ring model. Since the distance
between the charged sphere and the left copper ring
remains constant, there is no variation of the electric field
intensity, which means that the charge redistribution of
the left copper ring remains constant. The variation
of the horizontal distance S, affects the charges redistri-
bution of the right copper ring, thus affecting the open
circuit voltage between double copper rings.

Although there is no charge transfer between the cop-
per rings when they are under OC conditions, the surface
charge densities of both copper rings (Figure 6C) at the
minimum distance S, of 0.5 cm are different with each
other. We find that the surface charge density of the left
copper ring where the charged sphere passes through is
obviously larger than that of the right copper ring, which
is mainly because the left copper ring is closer to the
charged body. To keep the process of electrostatic equilib-
rium, large number of charges are induced rapidly in this
copper ring, resulting a higher peak than that of the right
copper ring. The contours of the double copper rings
under OC conditions when S, is changed are depicted in
Figure 6F, which obviously demonstrates the variation of
electric potential when S, is varied from 0.5 to 3.0 cm.
The output performance was also simulated for the situa-
tion where the double horizontal copper rings are under
SC conditions, and the results were compared with those
under OC conditions at the distance S, of 0.5 cm. The
surface charge density of the left copper ring that the
charged sphere passes through is given in Figure 6D
under both OC and SC conditions. The electric potentials
under both conditions are compared in Figure 6E with
the arrows representing the electric field. From the above
findings, we can reach the general conclusion that the
relative distances and positions of the double copper
rings extraordinarily affect the basic output performances
of HDR TENG models. The detailed reason about why
these phenomena has been happened were mentioned
above.

3 | CONCLUSION

Inspired by Lord Kelvin's water-drop electrostatic genera-
tor, non-contact copper ring TENGs, including vertical
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and horizontal models are developed in this work, which
are intended to harvest mechanical energy only through
the effect of electrostatic induction. By using COMSOL,
the large finite element method software package, we
have explained how different key parameters, such as the
size of the charged sphere and copper ring, the surface
charge density, and the relative positions of the copper
rings, affect and control the basic output performance of
TENGs. It was observed that the electric potential and
induced surface charge density are proportional to the
radius of the charged sphere, and interestingly they are
inversely proportional to the radius of copper ring. What
needs to be emphasized is that the electric potential and
transferred charges of the designed TENGs are power-
fully influenced by the relative positions of these copper
rings.

In the case of the vertical double copper ring (VDR)
model TENG, its open circuit voltage is proportional to
the vertical distance between the two copper rings. Under
short circuit conditions, however, the electric potential of
each copper ring decreases with increasing vertical spac-
ing. When the vertical spacing was large enough (for
instance, 3 cm in this work), the peak of the electric
potential began to divide itself into two; and the two gen-
erated two peaks were equal to each other, always main-
taining symmetry. In the case of the horizontal double
copper ring (HDR) model TENG, it is interestingly found
that the two electric potential peaks are created first, and
they then merge into one peak as the distances between
the copper rings increases from 0.2 cm to 2.2 cm. The
same phenomenon was also exhibited by the peak of
the transferred charge density for the HDR model TENG.
The non-contact copper ring model TENG is chiefly char-
acterized by the simplicity of its structure, but it could
exhibit enough information to describe the basic output
characteristics of TENGs that harvests energy just by the
electrostatic induction effect alone. This work is likely to
provide special insights to understand the working mech-
anism of non-contact model TENGs with a complex and
spatially induced charge distribution, thus contributing
to the achievement of optimum designs and applications
of TENGs for mechanical energy harvesting.

4 | METHODS

The simulations were carried out through the COMSOL
Multiphysics software, version 5.6. In this work, a quasi-
static model is built to simulate the electrostatic induc-
tion between a dielectric sphere and the copper rings,
using the AC/DC module from COMSOL. The dielectric
constant of the dielectric sphere is 4.4, and the copper
rings were modeled as perfect conductors with a conduc-
tivity of 5998 x 10’ S/m. The detailed geometric

parameters of the copper rings and dielectric sphere are
set based on the experimental setup, which are given in
supplementary information. Moreover, subject to the
single-copper-ring model, the total surface charge on the
copper ring was set to 0. For the double-copper-ring
models, the total surface charges on each copper ring
were set to 0 under OC conditions, while the potentials of
the two copper rings were equal to each other under SC
boundary conditions. The output characteristics were
numerically evaluated by solving the governing equation.
After exactly determining the charge distribution in a
TENG device, the electric potential and surface charge
distribution were investigated with detailed numerical
simulations. The COMSOL environment parameters that
were tested are summarized in Tables S1-S3.
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