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Theory of Sliding-Mode Triboelectric Nanogenerators

Simiao Niu, Ying Liu, Sihong Wang, Long Lin, Yu Sheng Zhou, Youfan Hu,

and Zhong Lin Wang*

The triboelectric nanogenerator (TENG) is a powerful approach toward new
energy technology, especially for portable electronics. A theoretical model for
the sliding-mode TENG is presented in this work. The finite element method
was utilized to characterize the distributions of electric potential, electric
field, and charges on the metal electrodes of the TENG. Based on the FEM
calculation, the semi-analytical results from the interpolation method and
the analytical V-Q-x relationship are built to study the sliding-mode TENG.
The analytical V-Q-x equation is validated through comparison with the
semi-analytical results. Furthermore, based on the analytical V-Q-x equation,
dynamic output performance of sliding-mode TENG is calculated with arbi-
trary load resistance, and good agreement with experimental data is achieved.
The theory presented here is a milestone work for in-depth understanding of
the working mechanism of the sliding-mode TENG, and provides a theoret-
ical basis for further enhancement of the sliding-mode TENG for both energy

scavenging and self-powered sensor applications.

1. Introduction

With the rapid growth of the worldwide energy demand, scav-
enging energy from the ambient environment is of great impor-
tance in modern society.ll*l Among all types of energy sources,
mechanical energy, such as friction and vibration energy, is
attracting more and more attention due to the fact that it is
clean and universally available. Compared to other mechanical
energy harvesting techniques,” the triboelectric nanogen-
erator (TENG) has the following advantages: its high output
power, high efficiency, cost-effective materials, and convenient
fabrication.[®13] The working principle of the TENG is based on
the coupling of the triboelectric effect!*15] and the electrostatic
induction. The TENGs have two basic working modes: the
contact-mode®1% and the sliding-mode.''"3] Compared to the
contact-mode, the sliding-mode is much easier for packaging
and more effective for static charge generation. Although the
basic design and device structures of the sliding-mode TENG
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have been demonstrated, a systematic the-
oretical model for this working mode has
not been developed yet.

The kernel part of the theory for TENG
is the relationship among three para-
meters: 1) its output voltage (V), 2) the
amount of charge transferred between
electrodes (Q), and 3) the separation dis-
tance (x) (V-Q-x relationship). This rela-
tionship is similar to the linear V-Q rela-
tionship for a capacitor. However, because
of the non-uniform charge distribution
on the surface of the metal electrodes,
the V-Q-x relationship of a sliding-mode
TENG is highly complicated. Therefore,
it is difficult to construct an accurate ana-
lytical V-Q-x relationship. To address this
problem, we utilized numerical calcula-
tion methods such as the finite element
method (FEM) to calculate the electric
potential distribution in the dielectrics and
charge distribution on the electrodes. Based on the numerical
calculated results, a semi-analytical and an analytical V-Q-x rela-
tionship were constructed through the interpolation method.
Finally, based on the approximate analytical V-Q-x equation, we
calculated the theoretical output of a TENG and compared it
with experimental data to verify its validity.

2. Dielectric-to-Dielectric Sliding-Mode TENG

Considering the materials to be used as the pair of the tribo-
electric layers, the sliding-mode TENG has two types: dielec-
tric-to-dielectric and conductor-to-dielectric. We first take the
dielectric-to-dielectric category as an example. The model for
this type of TENG was built with dimensions close to those
of the real device, as shown in Figure 1a. Considering that the
width w of the whole structure (10 cm) is much larger than the
thickness (0.22 mm), a 2D model was utilized to simplify the
calculation. The geometric size of the two dielectrics was 10 cm
in longitudinal direction (represented by I) and 0.22 mm in
thickness direction (represented by d; and d,). Two metal elec-
trodes with a thickness of 0.01 mm were bonded with the two
dielectrics layers. The bottom part was fixed while the top could
slide through the longitudinal direction. The lateral separation
distance was defined as x. When the two dielectrics were sepa-
rated, the lower surface of Dielectric 1 and the upper surface of
Dielectric 2 had charges with different signs at the non-over-
lapped regions, which are because of the triboelectric effect.'®!
Due to the nature of this effect, it is reasonable to assume
that those triboelectric charges (tribo-charges) are uniformly
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distributed on these two surfaces, which is an excellent approxi-
mation for insulators. Also, the decay of tribo-charges with
time can be neglected on these insulating polymers.'”] The
overall density of tribo-charges on the overlapped surface can be
regarded as 0 because the distance between the center of the pos-
itive charges and the negative charges are in atomic level. The
surface density of the tribo-charges is defined as o (7 uC m)
at surface of Dielectric 1 and -0 at surface of Dielectric 2. This
entire structure is surrounded by air, as the usual case in experi-
ments. The potential at infinity is chosen as the reference point
for electric potential, which is 0.

The FEM calculation under the open-circuit (OC) condition
of the above structure was carried out utilizing the COMSOL
software. To apply the OC boundary condition, the total sur-
face charge density at each metal electrode was assigned as
0. The electric potential distributions with variable separation
distances are shown in Figure 1b. The mesh convergence of
the output voltage at 5-cm separation condition is shown in
Figure 1c to validate the FEM calculation results. The elec-
tric potential of the top electrode is positive while that of the
bottom electrode is negative due to the electrostatic induction
of the tribo-charges. With the increase of x, the open-circuit
electric potential difference (Vo) between these two electrodes
also increases. Furthermore, the slope of the Vyc-x curve is
getting much higher when x is approaching to I. The detailed
plot of V-« relationship is shown in Figure 1d. Figure le and
f show the distributions of electric field in X and Y-direction.
Strong X-component of electric field only exists at the edge
of the two dielectrics. Inside the dielectrics, the electric field
mainly has a large Y-direction component, which is nearly
uniform except the edge regions where the edge effect should
be considered. It could also be found that the Y-direction com-
ponent is positive in the non-overlapped regions while nega-
tive in the overlapped regions. When the edge effect can be
neglected, the nearly uniform Y-direction electric field leads to
uniform charge distributions on the metal electrodes at each
region, as shown in Figure 1g and h. Take the bottom electrode
as an example, at the non-overlapped regions, the charge den-
sity is approximately 7 uC m~2, which equals to the opposite
number of the surface density of tribo-charges of Dielectric 2.
While at the overlapped regions, the uniform negative charges
are present, which is because the total charges in each elec-
trode are 0 at the OC condition. At the edges of each region,
the charge distribution is no longer uniform and peaks will
exist at the two ends of the dielectrics, which is still due to
the edge effect. The peaks are much higher when x =9 cm, as
shown in the inset of Figure 1g and h, which means that the
edge effect is much more severe when x approaches to [.

To further understand the behavior of the TENG, FEM model
at the short-circuit (SC) condition was calculated, as shown in
Figure 2. To apply the SC boundary condition, the two elec-
trodes were assigned as the same electric potential. In addition,
to maintain charge equilibrium, the summation of the charges
at the two electrodes was assigned as 0. The electric field dis-
tributions of both X-direction and Y-direction are shown in
Figure 2a and b. Similar to the case in the OC condition, the
strong X-direction component of the electric field only exists
at the edge of the dielectrics. Inside the dielectrics, the elec-
tric field has mainly Y-direction component. At the separated
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Figure 1. FEM calculation results of dielectric-to-dielectric TENG in open-circuit (OC) condition. (a) Structure of the FEM model. (b) Calculated electric
potential distributions at different sliding distances x. (c) Mesh convergence of Voc when x =5 cm. (d) Calculated V¢ at different x, the inset is the
profile of the Voc when x approaches to I. (e,f) Distribution of (e) the X-component and (f) the Y-component of the electric field (the scale in X-direction

is 1:5 to the real case). (g,h) Calculated charge distribution of (g) the upper

the inset is the enlarged profile of the surface charges at the edges when x =

regions, the electric field is uniform and along the positive
Y-direction. However, unlike the case in the OC condition,
the Y-component is nearly 0 at the overlapped regions. This is
because in the SC condition, there is no electric potential differ-
ence between the two electrodes. This electric field distribution
corresponds to a specific charge distribution of the two elec-
trodes, as shown in Figure 2c and d. Take the bottom electrode
as an example, at the non-overlapped regions, the charge den-
sity is close to 7 uC m~2, similar to the case in the OC condition.
However, because net electrons are transferred from the bottom
electrode to the top electrode, the charge density is approxi-
mately 0 at the overlapped regions. The amount of the charges
at each individual electrode is the same but with opposite signs.
Through the integration of the charges at bottom electrode, the
total amount of transferred charge at SC condition (Qs() is cal-
culated and its relationship with x is shown in Figure 2e. Qg
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face of the bottom electrode and (h) the lower face of the top electrode,
0.09 m.

has an approximately linear relationship with x when the two
dielectrics are not completely separated.

The FEM calculation above shows that the voltage output of
TENG (V) has a specific relationship with both the total amount
of transferred charges between electrodes (Q) and the separa-
tion distance x. To analyze this relationship, voltage output
of TENG (V) at different Q and different x is calculated. The
V-Q relationship at different x is shown in Figure 3a. Similar
to a traditional capacitor, at a constant x, the voltage output V
and the total charge Q show a remarkably accurate linear rela-
tionship. However, unlike a capacitor, the intercept is not 0.
The linear V-Q relationship is due to the capacitance formed
between the two electrodes and the non-zero intercept results
from the tribo-charges at the surface of the two dielectrics.
From the linear relationship, Equation (1) can be utilized to
express the V-Q-x relationship of the TENG,
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Figure 2. FEM calculation results of dielectric-to-dielectric TENG in short-circuit (SC) condition. (a-b) Distributions of (a) the X-component and (b) the
Y-component of the electric field (the scale in X-direction is 1:5 to the real case). (c-d) Calculated charge distributions on (c) the upper face of the
bottom electrode and (d) the lower face of the top electrode. (e) Calculated Qs at different x.

V=—-A(x) x Q+ B(x) (1)
The physical meaning of the parameter A is the reciprocal value
of the capacitance C formed between the two electrodes and the
physical meaning of parameter B is the voltage output when Q
equals to 0, which is the open circuit voltage (Vo). Therefore,
Equation (1) can be rewritten as:

1
V= —m X Q+ Voc(x) (2)
The dependences of both parameters (A and B) with dif-
ferent x are extracted by the interpolation method, which are
listed in the Table S1, Supporting Information and plotted in
Figure 3b and c. To obtain the final semi-analytical equation,
a second-time interpolation was utilized to extract the A-x and
B-x relationships. Noting that the slopes of Ax and B-x rela-
tionships are fairly large when x approaches I, continuous
fraction interpolation is utilized to better characterize these

relationships instead of traditional polynomial interpolation.®!
The standard continuous fraction interpolation equation is
shown as Equation (3).1%1 The values of the interpolation
parameters are listed in Table S2.

X—X
Ax)=a1+ ————— (3a)
a2 + a3+...+’3’ﬂ
11
X — X
B() = by + e — — (3b)
2+ b3+t X=%10
T

The interpolation results of parameters A and B are plotted in
the Figure 3b and c. These interpolation results are accurate
and have little error. The semi-analytical V-Q-x relationship
can be obtained by merging Equation (3) into Equation (1).
However, to understand the physics under the sliding-mode
TENG, an analytical equation rather than the semi-analytical

(a) (b) (c)
600 — 20
1 —2@—x=1cm @ FEM result 1.2+ @ FEM result
P —0—x=3cm 16F Interpolation 1.0 Interpolation
—2—x=5cm Theoretical " [—— Theoretical
400 900 —2—x=7cm 12 _509 0.8+ 20

N
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o
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0.03 0.06 0.09 0.00
X (m)

0.03 0.06 0.09
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Figure 3. Analysis of the V-Q-x relationship. (a) FEM-calculated linear V-Q relationship of dielectric-on-dielectric TENG. (b-c) Comparisons of para-
meters (b) A and (c) B obtained through different methods: numerical FEM calculation, semi-analytical interpolation, and theoretical equation. The
insets are the profile of the parameters (b) A and (c) B when x approaches to /.
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equation is preferred. Although it is difficult to derive the accu-
rate analytical equation, utilizing the results of Equation (2) and
some approximations, an approximate analytical equation was
obtained by deriving the capacitance C between the two elec-
trodes and the open circuit voltage V¢ in Equation (2).

The capacitance C is first deducted. Since the thickness of
the dielectrics is much smaller than their length, the capacitor
between the overlapped region is the dominate part of the total
capacitance as long as the two dielectrics are not close to thor-
oughly separated. Therefore, utilizing the parallel-plate capac-
itor model, the total capacitance C can be estimated by the fol-
lowing equation:
gow(l —x
7‘271: iz) (4)

£r1 £r2

C=

where the g, and g, represent the relative permittivity of Die-
lectric 1 and Dielectric 2.

Voc can be estimated by utilizing the charge distribution
calculated by FEM in Figure 1g and h. Since the length of the
dielectrics is much larger than the thickness, we can assume in
each region, the metal electrodes work as infinite plates. Under
this approximation, the charge distribution is uniform in each
region, and the electric field is uniform along the Y-direction
inside the dielectrics. Therefore, in an ideal case, the absolute
value of surface charge density is ¢ for the non-overlapped
region. For the overlapped region, the charge density is still
uniform. Thus, if the charges at the outer side of the electrode
can be neglected, the charge density at the overlapped region
can be calculated through the 0 total charges at each electrode
at OC condition. The ideal charge distribution at OC condition
can be approximated by the following equations:

For the non—overlapped region of the bottom electrode : p=0

(5a)
For the overlapped region of the bottom electrode : p = — lo_—xx (5b)

For the no r-overlapped region of the top electrode: p=-0 (5)

For the overlapped region of the top electrode : p = 1079; (54d)
Utilizing the charge distribution shown above and Gauss The-
orem, the electric field of the overlapped region in Dielectric 1
and Dielectric 2 Ey; and Ej, can be given by:

Eyp= — (62)
e (I — %)
gx
B = g€z (I — %) (66)

Ey; and E, are along the negative Y-direction.
Thus, the Vi is given by:

gx d] d2
- F Epdy= —2% (8, 2
Voc yidi+ Epdy 20l =) (671 + 8,2) )

Substituting Equation (7) and Equation (4) into Equation (2),
the approximate V-Q-x relationship of the sliding TENG can be
given by:
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V=- Ax Q+ B=

1 (ﬂ+ E>Q+ ox (ﬂ+ ﬁ) ®)

Wéeq (l - x) €r1 €r2 €o (l - x) €r1 Er2

The parameters A and B estimated by Equation (8) are also
plotted in Figure 3b and c for comparison. When x is less than
8 cm, the estimated result by Equation (8) accurately matches
the FEM calculation results and the interpolation results.
However, when x approaches to I, the parameters estimated
by Equation (8) approach to infinity and the error is signifi-
cant. This error origins from the assumption of Equation (8),
that the edge effect can be neglected, which is satisfied under
both of the following two conditions. First, the aspect ratio of
the geometry must be sufficiently large, in other words, the
length | must be significantly larger than the thickness d; and
d,. Otherwise, the Y-component of the electric field inside the
dielectrics will not be uniform and additional X-component
of electric field will exist inside the dielectrics. Both of them
will lead to non-uniform charge distributions at the metal
electrodes. This non-ideal effect is shown in Figure S1, where
the aspect ratio is only 10. However, in practical sliding TENG
experiments, the length I is usually larger than 3 cm and the
thickness is around 0.1 mm. Therefore, this non-ideal effect
can be neglected in real applications. Second, the separation
distance x should not be close to the length of dielectrics I.
Three non-ideal factors will take effect when x gets close to
l. First, when x is close to I, the capacitance of the separated
region can rival to the parallel-plate capacitance because the
overlapped region is too narrow. Thus, the estimation of C by
Equation (4) will have a significant error. In addition, when x
approaches to I, as shown in Figure 1g and h, at OC condition,
the charge density at the edges will be sufficiently high and
cannot be neglected. Thus, when the zero-charge condition
is utilized to calculate the charge density in the overlapped
regions, the theoretical results will deviate from the FEM
calculation result. For instance, when x = 9 cm, for the over-
lapped region at the bottom electrode, the charge density esti-
mated by Equation (5b) is =63 uC m~2, while the charge density
from FEM calculation is only —57.07 uC m=2 with about 10%
deviation. Finally, when x is close to [, the charges at the upper
surface of metal 1 and the lower surface of metal 2 cannot be
neglected. This also results in inaccurate estimation of the sur-
face charge density. Although this factor can affect the accu-
racy of Equation (8), such influence will get severe only when
x is larger than 0.9], which is a very small region. Furthermore,
in such a small region, it contributes very little to overall total
charge transfer. Therefore, the Equation (8) is an accurate esti-
mation in most cases in application.

The output performance of a TENG at the OC and SC
working conditions can be estimated from the above equations.
At the OC condition, the V¢ can be estimated by Equation (7).
At the SC condition, the amount of transferred charge Qgc can
also be estimated by putting V = 0 into the Equation (8). There-
fore, the Qg is given by:

Qgc =0owx (9)

This equation explains the TENG behavior shown in

Figure 2e. From this equation, the short circuit current is
given by:

Adv. Mater. 2013, 25, 6184-6193
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dx
Isc =0wa = owu(t) (10)

More generally, when a sliding TENG is connected with an
arbitrary resistor R, the output performance can be estimated
by the combination with the kernel equation for sliding TENG
Equation (8) and basic [-V relationship of a resistor. For a
resistor, the current I and voltage V follows the Ohm's law:

aQ
V=IR= Rﬁ (11)
Merge Equation (11) into Equation (8), we can get that
aQ 1 & 4
R i (e 22)°

(12)

ox dq d,

+ ——+ —

gl —x) \eq1 e
Equation (12) is a first-order ordinary differential equation.
Considering that x (t = 0) = 0, the boundary condition is
Q (t = 0) = 0. With this boundary condition, Equation (12) can
be utilized to numerically calculate the Q, I and V for an arbi-
trary motion process. For some special motion processes, such
as moving at a constant speed v, Equation (12) can be analyti-

cally solved, and the results are given below. (d, is a thickness

constant defined as % 4 E%)
T T

Rwegv do [ — ot
Q= oclw{— n
Rwegv — dy Rweyv )
do ot (13a)
- Rweyv —d() (1 - T) " 1}
for Rwegv # do and t <1 /v
Q=o0w x |:vt+(l—vt)ln (1— th>:| (13b)

for Rwegv =dp and t < 1/v
The current I is derived from the differentiation of Q by t:

I=o0 do l ex do In bt 1
= owv _
Rwegv —dy |1 — vt P Rwegv I

(14a)

when Rwegv # dgand t < 1/v

I=0wvln(l_lvt> (14b)

when Rwegv =dgpand t <1/v
And the voltage output can be calculated by Ohmr's law and
is given by:

Veo R do I do 1 [ — vt 1
—owy Rwegv —dy |1 — vt P Rwegv . )
(15a)
when Rwegv # dg and t < /v
V=0valn<l_lvt> (15b)

Adv. Mater. 2013, 25, 6184-6193

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Table 1. Parameters utilized in the FEM calculation and constant
velocity theoretical calculation.

Dielectric 1 &1 =4,d;=220um
Dielectric 2 &,=2,d, =220 um
Width of Dielectrics w 0.1m
Length of Dielectrics | 0.1m
Tribo-charge surface density o 7uC m?
Maximum separation distance X, 0.08 m
Velocity v 1m/s

when Rwegv =dpand t < /v

When R approaches to infinity, the general Equation (15a)
can be simplified to Equation (7) to calculate V,. When R
approaches to 0, the general Equation (13a) can be simplified
to Equation (9) to calculate Qg¢. This also proves that the above
results are correct.

The theoretical results for the model built for the FEM cal-
culation at constant velocity moving mode is obtained through
Equation (13) to Equation (15) by specifying the parameters, in
the time range between 0 and x,,,,/v; when the time exceeds
Xmax/V, the in-plane charge separation stops and the current
starts to decay exponentially (Section 3 in Supporting Informa-
tion). These specified parameters are listed in Table 1, which is
the same value as we used in the FEM calculation.

The x-t relationship for constant v is given by:

x =t (t < %) (16a)
%= e (1 2 x’:“) (16b)

Figure 4a shows the comparison of analytical calculation results
of output current at R equals to 300 MQ through Equation (14a)
and semi-analytical model utilizing the data in Table S2 and
Equation (12). The result of the two calculation gave the almost
the same current output profile. Thus, the estimation by Equa-
tion (8) is accurate.

We calculated the profiles of Q, I and V at different loads
utilizing the analytical model, as shown in Figure 4b-d. When
the load resistance R is less than 1 MQ, all of the curves are
similar to the short-circuit curve that is given by Equation (9).
The short-circuit charge Qgc has a linear relationship with x
and get its maximum when x reaches x,,,,. The driving force
of this charge transfer is the electrostatic force from the tribo-
charges. This driving force will provide an “expected” charge
transfer rate from bottom electrode to top electrode. When
the load resistance R is small, the real charge transfer rate can
catch up with this “expected” charge transfer rate. Therefore,
all of the curves are similar to the curves at the SC condition.
Because of the constant speed we used in this calculation, when
the top electrodes is still moving, the current is constant and
proportional to the sliding speed of the top electrode. When
load resistance R continues to increase, the shape of Q begins
to deviate from the short-circuit curve. This is because the
load resistance R limits the real charge transfer speed. Thus,
the practical charge transfer speed cannot catch up with the
“expected” charge transfer rate. The charge accumulation
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Figure 4. Theoretical calculation results for sliding under constant velocity. (a) Comparison of the current outputs calculated by semi-analytical inter-
polation equation and analytical equation with the external load of 300 MQ. (b) Transferred charge-time relationship at different load resistances.
(c) Current-time relationship at different load resistances. (d) Voltage-time relationship at different load resistances. (e) The influence of the load
resistance on the maximum output current and voltage. (f) Maximum output power profile with load resistance.

process is slowed down and more time is needed for Q to get
saturated. When load resistance is sufficiently high, very few
charges can transfer from the bottom electrode. Therefore, the
output performance is close to the open-circuit limit.

To better characterize the output performance of TENG
change with the load resistance R, the peak values of cur-
rent and voltage during this sliding process at different load
resistances were extracted from Figure 4c and d and plotted
in Figure 4e. The peak value of the output voltage is close to
0 when the load resistance is small. When the load resistance
reaches about 10 MQ, the output voltage begins to increase dra-
matically. When the load resistance reaches 10 GQ, the output
voltage is close to V¢ and gets saturated. The peak value of
the output current has a different trend with that of the output
voltage. When R is small, the peak value of the output current
is close that of Isc. When R increases, the peak value increases
first, and then decreases to approximately 0 when R is suffi-
ciently high. This increase is because that at this resistance
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region, the increasing speed of the voltage peak value is greater
than the resistance increasing speed. The peak value of the
power output is plotted in Figure 4f. An optimum resistance is
observed for the instantaneous power output to reach its max-
imum, since either the output current or voltage will be close to
zero at the high resistance or low resistance end, respectively.
Moreover, the optimum resistance occurs at the region where
output current and output voltage are dramatically changed.

To further verify the theoretical equation presented above,
an experiment was designed to compare the experimental
measurement results with the theoretical expectations. The exper-
iment setup is shown in Figure 5a, similar to the experiment in
our previous report.’l The dielectrics we chose are Nylon and
PTFE. Two metal electrodes were sputtered to one side of the
polymer. Two glass slides were employed to support the whole
structure. The bottom plate is fixed on the measurement plat-
form and the top plate is driven by a linear motor. In the experi-
ment, the motor was first accelerated and then decelerated with a
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Figure 5. Theoretical calculation results of acceleration-deceleration model and the comparison with the corresponding experimental results (a) Device
structure of the TENG used in the experiment. (b-c) Comparisons of current profiles from theoretical calculation and experiments at load resistances
of (b) 1 k€ and (c) 100 MQ. (d-f) The theoretical influence of the load resistance on the maximum output (d) current, (e) voltage, and (f) power, with

the comparison to the experimental results.

constant acceleration a. Therefore, in the theoretical calculation,
the x-t relationship is given by the following equations.

1 ax
x=-at (t < 2o (17a)
2 a

U P T Y Ry | Yomax
X Hmax 2a<2 a t) < a st<2 a > (17b)
X = Yo (tzz /%) (17¢)

The parameters used in the calculation and experiment are
listed in Table 2.

The numerical theoretical prediction is calculated by utilizing the
Equation (12) with x-t relationship given by the Equation (17). The
theoretical results and corresponding experimental data are plotted
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in Figure 5b—f for comparison. Figure 5b and ¢ show the current
wave shape when R is 1 kQ and 100 MQ. The trend of the theo-
retical calculation matches the experimental data quite well. Fur-
thermore, the theoretical and experimental peak values of current,
voltage and power output are plotted in Figure 5d, e, and f. The

Table 2. Parameters utilized in the experiment and the acceleration-
deceleration theoretical calculation.

Dielectric 1 Nylon €1=4,d;=50um

Dielectric 2 PTFE €,=2.1,d,=50um

Width of Dielectrics w 0.05m
Length of Dielectrics | 0.071 m
Tribo-charge surface density o 200 uC m=2
Maximum separation distance X, 0.05m
Acceleration a 20 m/s?
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Figure 6. FEM calculation result of conductor-to-dielectric TENG at OC condition. (a) Structure of the FEM model. (b-c) Calculated charge distribution
of (b) the upper face of the bottom electrode and (c) the lower face of the top electrode, the inset is the enlarged profile of the surface charge at the
edges when x = 0.09 m. (d) Comparison of theoretical Voc-x relationship with the values calculated by FEM, the inset is the profile of the V¢ when x

approaches to [.

theoretical data and the experimental data show the same trend.
The theoretical optimum resistance matches with the experimental
result as well. This result again proves that our theoretical model is
correct and can be utilized to estimate the experimental cases.

3. Conductor-to-Dielectric Sliding-Mode TENG

Besides the dielectric-to-dielectric sliding-mode TENG model,
we derived the model for the conductor-to-dielectric case as
well. The studied structure for this type of TENG is shown
in Figure 6a. The only geometrical structure difference is the
absence of Dielectric 1. In this case, Metal 1 is not only the
top triboelectric layer, but also the top electrode itself. When
Metal 1 and Dielectric 2 are separated, due to the triboelectric
effect, the upper surface at the separated region of Dielectric 2
has the uniform tribo-charges (surface density is —o) and the
same amount of tribocharges with opposite sign will exist on
the surface of Metal 1. Therefore, at the OC condition, the total
amount of charges on the bottom electrode is 0. For the ease of
simulation in FEM, the tribo-charges on the dielectric surface
in the overlapped region has been deemed to cancel the oppo-
site tribo-charge portions on the top metal layer, with the den-
sity of ¢ and amount of w(l-x)o. Thus, in our FEM calculation,
the total amount of charges on the top electrode is wxo.

The model built in Figure 6a is calculated with COMSOL
software at OC condition, which shows the similar charge dis-
tribution on the electrodes, as shown in Figure 6b and c. At
each region, the charge distribution is still uniform. Similar to

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the above discussion and derivation, the ideal charge distribu-
tion can be given by:

For the non-overlapped region of the bottom electrode: p = ¢
(18a)

For the overlapped region of the bottom electrode: p =— g%

I —x
(18b)

For the non-overlapped region of the top electrode: p = 0 (18¢)

For the overlapped region of the top electrode: p = % (18d)
Utilizing the above charge distribution and Gauss Theorem,
the electric field of the overlapped region in Dielectric 2 Ey, can
be given by:

B — ox
2 et (I — x) (19)
Thus, the theoretical Vo is given by:
ox d2
Voc = Epdy = ———— —
oc 12 g (I —x) e (20)

The Vo results from Equation (20) are compared with the FEM
calculation results for the verification of the theoretical model,
as shown in Figure 6d. When x is not close to J, the estimation
by Equation (20) is very accurate.
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Similarly, the capacitance C can be estimated by the parallel-
plate capacitance at the overlapped region and is given by:

_ €o€r W (l — .’X)
R (21)
Merge Equation (20) and (21) into Equation (2), the V-Q-x rela-
tionship for this type of TENG is given by:
L by, ox &

Weq (l - x) €2

c

0 (1 — ) &2 (22)

Equation (22) is in the same form as Equation (8) when d,
is set to 0. Therefore, all of the discussion in the dielectric-to-
dielectric TENG applies to the conductor-to-dielectric TENG.

4, Conclusions

In summary, a theoretical model for the sliding-mode TENG
is presented in this work. The finite element method has been
utilized to characterize the distributions of electric potential,
electric field, and charges on the metal electrodes of the TENG.
Based on the FEM calculation, the semi-analytical results from
the interpolation method and the analytical V-Q-x relationship
were built to study the sliding-mode TENG. The analytical
V-Q-x equation was validated through comparison with the
semi-analytical results. Furthermore, based on the analytical
V-Q-x equation, dynamic output performance of sliding-mode
TENG was calculated with arbitrary load resistance, and good
agreement with experimental data was reached. The theory pre-
sented here is a milestone work for in-depth understanding of
the working mechanism of the sliding-mode TENG, and pro-
vides theoretical basis for further enhancement of the sliding-
mode TENG for both energy scavenging and self-powered
sensor applications.
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