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and freestanding mode,[15–18] the energy 
conversion efficiency and device durability 
may be limited by the frictional resis-
tive force between triboelectric surfaces, 
especially for the sliding-friction-based 
TENG.[19–21] Compared to in-plane sliding 
friction, rolling friction not only consumes 
less mechanical energy but also results 
in a higher robustness with minimized 
wearing of the materials.[21,22] In a pre-
vious work, a rolling triboelectric nano-
generator (RTENG) based on the rolling 
electrification between cylindrical steel 
rods and planar thin films of fluorinated 
ethylene propylene (FEP) was reported, 
and a high energy conversion efficiency 
of 55% was demonstrated, with a smaller 
surface wearing due to the low friction 

coefficient of the rolling movement.[21] Despite the unique 
merit of RTENGs, so far a systematic theoretical model to pro-
vide an in-depth understanding of their working principle is 
still lacking, and the issue of how to optimize their output per-
formance remains to be studied.

Recently, a standard method to quantitatively evaluate the 
performance of TENGs was proposed by Wang’s group.[23] The 
performance figure-of-merit for TENGs was defined, consisting 
of a structural figure-of-merit (FOMS), related to the structural 
design, and a material figure-of-merit (FOMM), related to the 
square of the surface charge density. Hence, the performance 
FOM is directly proportional to the highest possible average 
output power and associated with the highest achievable energy 
conversion efficiency, regardless of the mode and size of the 
TENG. Standards and evaluation methods would facilitate the 
comparison of various TENGs and lay the foundation for fur-
ther applications of TENG technology. In the above-mentioned 
report, the structural FOM for various working modes was 
calculated using analytical formulae and finite-element simu-
lations and it was found that the freestanding configuration 
possesses the highest FOMS because of the lower capacitance 
between the electrodes. Besides the effect of the working mode, 
it should be possible for a certain working mode to explore the 
impact of structural design on the structural FOM, which was 
not included in the previous work, such as the electrode-gap 
effect for freestanding TENGs.

In the present work, a theoretical model of rolling-friction-
based TENGs in a rolling, freestanding mode was con-
structed. The finite-element method (FEM) and theoretical 
equations were applied to reveal the fundamental physics 
and dynamic output characteristics of rolling TENGs for both 
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1. Introduction

Being able to scavenge energy from the ambient environment 
has attracted considerable interest due to the increasing con-
sumption of fossil fuels and related environmental issues.[1–5] 
Mechanical energy, as a universally available and sustainable 
resource, is present on extensive energy levels from human 
body movements to automobiles and even ocean waves. It has 
been harvested by approaches based on piezoelectrics,[6,7] elec-
tromagnetics,[8,9] electrostatics,[10] and so on. Recently, a new 
mechanical energy harvesting approach, in the form of tribo-
electric nanogenerators (TENGs), has been invented, which 
couples triboelectrification with electrostatic induction.[11–14] 
This technology exhibits distinct advantages in comparison 
to other harvesting approaches, such as its high power den-
sity, high efficiency, low fabrication cost, and no pollution. 
In TENGs based on one of the four basic working modes, 
namely, contact mode, sliding mode, single-electrode mode, 
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conductor-to-dielectric and dielectric-to-dielectric types. The 
influence of the structural parameters, including the electrode 
gap and rod diameter, on the basic properties and average 
output power were mainly addressed. Furthermore, the struc-
tural figure-of-merit was numerically calculated for various 
structural parameters, providing strategies for performance 
optimization of rolling TENGs.

2. Conductor-to-Dielectric Rolling-Friction-Based 
TENGs

A rolling-friction-based TENG in the freestanding mode has 
two categories: conductor-to-dielectric and dielectric-to-dielec-
tric, according to the materials of the freestanding rolling rods. 
The FEM model for the conductor-to-dielectric rolling TENG 
(metal RTENG) 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 film 
thickness (0.1 mm), a 2D model was utilized to simplify the cal-
culations. Two metal electrodes (Metal 1 and Metal 2, with a 
thickness of 0.01 mm each and length l = 10 cm) with a gap g 
(2 cm) in between them are coated with a dielectric layer that 
covers the electrodes and the gap (dielectric: εr = 2, a thickness 
of 0.1 mm, represented by d). The diameter of the metal rods 
is defined as dr, and the rods are arranged closely in line with a 
total length of l. The rods are rolling from the left of the dielec-
tric (the rolling displacement is represented by x). For clarity, a 

top-view diagram of the TENG structure is plotted in Figure S1  
in the Supporting Information. The charge density at the 
upper surface of the dielectric was assigned as −σ (10 μC m−2). 
Because of charge conservation, the rolling rods have the 
same amount of charge as the dielectric surface. The length 
and width of the upper surface of the dielectric are 2l + g and 
w, respectively, so the rods have positive charges with a total 
amount of σw(2l + g).

The FEM calculations under short-circuit (SC) and open-
circuit (OC) conditions were carried out using COMSOL soft-
ware. The metal rods were assigned with the same electric 
potential to reflect the direct contact. The initial state where the 
left sides of the rods and the dielectrics overlap under the SC 
condition was chosen as the charge reference state, and the 
SC charge QSC was calculated as the total transferred charges 
under SC (Qnet,SC) subtracted by the charges at such reference 
state, similar to previously reported work.[24,25] The total capac-
itance C, which is an inherent character of the TENG that is 
independent of the reference state, was extracted by the linear 
interpolation from the FEM results based on the V-Q-x relation-
ship.[26,27] Then the OC voltage VOC was obtained from the rela-
tion VOC = QSC/C.

The typical OC electric potential distributions for various 
rolling displacements x under the charge reference state are 
shown in Figure 1b. The electrode gap was fixed as g = 2 cm, 
and the rod diameter dr was set to be 2 mm. As x increased 
from zero to maximum displacement (l + g = 12 cm), the poten-
tial difference between Metal 2 and Metal 1 first increased 
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Figure 1. a) FEM model of a rolling-friction-based TENG. b) Electric potential distribution for various rolling displacements under the charge reference 
state. c,d) Short-circuit charge, QSC, open-circuit voltage, VOC, and capacitance, C, as a function of x for plane and rolling TENGs. e) CMEO for various 
load resistances for a rolling TENG with xmax = 12 cm. f) Structural figure-of-merit, FOMS, versus xmax for two TENGs.
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slowly and then increased sharply up to around 90 kV, and the 
open-circuit voltage VOC followed the same trend (Figure 1d). 
The sharp increase in the VOC can be ascribed to the quick 
drop in capacitance (inset of Figure 1d). The QSC curve indi-
cates that the QSC slightly increases in the displacement range 
of 0 ≤ x ≤ g and l ≤ x ≤ l + g, but follows a rapid linear increase 
in the middle range (Figure 1c). A comparison between a plane 
TENG and a rolling TENG is made in Figure 1c,d, where the 
freestanding layer of the plane TENG is a metal layer with a 
length of 10 cm and a thickness of 0.01 mm. It can be seen that 
the two QSC curves nearly overlap, and the maximum QSC and 
VOC of the rolling TENG are slightly smaller than those of the 
plane TENG (inset in Figure 1c). The capacitance of the rolling 
TENG exhibited an obvious decrease due to the raised mass 
center of the freestanding layer.

Similar to a previous report in the literature,[23] to capture 
the cycles for maximized energy output (CMEO) of the TENG, 
a switch in parallel with a load resistor was turned off and 
on alternately. The following repeated steps were performed: 
rolling of metal rods from x = 0 to x = l + g at switch off; turn the 
switch on to realize the maximum transferred charge; rolling of 
metal rods back from x = l + g to x = 0 at switch off; turn the 
switch on to enable zero charge. The CMEO at the resistance R 
result in voltage–charge (V–Q) curves, which can be obtained 
by the interpolation method and semi-analytical solution of the 
V-Q-x relationship.[28–30] Coupling this with Ohm’s law, the gov-
erning equation of the RTENG is given by 

1
( )

( )= = − × +R
dQ

dt
V

C x
Q V xOC  (1)

where 1/C(x) and VOC(x) are obtained by the continuous frac-
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where xmax is the maximum rolling displacement, and v is 
1.0 m s−1, the differential equation can be solved, and the Q-t, 
V-t equations at the first half cycle with the boundary condition 
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At the second half cycle, the differential equation is similarly 
solved under the boundary condition of Q(t = xmax/v) = QSC,max 
(QSC,max is the maximum SC transferred charge).

The CMEO for various load resistances for the metal RTENG 
with xmax = 12 cm are plotted in Figure 1e. As can be seen, 
the output energy per cycle of the CMEO is higher for larger 
external load resistances, R, as observed from the V–Q curves. 
When the R is infinitely large, the maximized output energy 
per cycle can be achieved. In this case, we removed the load 
resistor to continue the simulations, therefore, the “switch-off” 
state becomes the OC state, and the “switch-on” state is the SC 
state. The CMEO at such state exhibits a rhomboidal shape, 
whose vertices are determined by the maximum OC voltage, 
VOC,max, maximum SC charge, QSC,max, and the maximum 
achievable absolute voltage V'max at Q = QSC,max. It can be found 
that the V'max is equivalent to VOC,max at xmax = 12 cm due to the 
structural symmetry (the capacitances at x = 0 and x = l + g are 
the same). If the xmax is smaller than 12 cm, the V'max is not 
equal to VOC,max (the CMEO has a trapezoidal shape), because 
the VOC,max is given by QSC,max/C(xmax), whereas the V'max 
is obtained by QSC,max/C(0). Through calculating the largest 
possible output energy per cycle, Em, the performance FOM 
(FOMP) of the TENG can be further calculated as[23]
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where ε0 is the vacuum permittivity, A is the tribo-surface area 
of the dielectric layer, and FOMS and Em are given by 
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In the calculations, the charge density σ was kept constant 
(FOMM was unchanged), and the dimensionless FOMS was 
mainly considered. The structural figure-of-merits (FOMS) as a 
function of xmax were calculated for a plane and rolling TENG 
and are shown in Figure 1f. As the xmax increased, the FOMS 
curve shows three regions: first, a constant region (0 ≤ x ≤ g), in 
the middle a linearly increasing region (g ≤ x ≤ l), and, finally, a 
sharply increasing region (l ≤ x ≤ l + g). It reaches a maximum 
value at xmax = l + g for both the plane and rolling TENGs, and 
the maximum FOMS of the rolling TENG is slightly lower than 
that of the plane TENG.

To get an in-depth understanding of the output performance 
for the metal RTENG, we calculated the real-time dynamic 
resistive load characteristics during the harmonic motion 
as shown in Equation (2). By applying the periodic boundary 
conditions[29,31]
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the steady-state transferred charge Q of the RTENG for an arbi-
trary load resistance R is obtained: 
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where Q0 is given by
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Through the differentiation of Q by t, we can obtain the 
equations of the steady-state current I for the arbitrary load 
resistance and then the steady-state voltage V can be calculated 
using Ohm’s law. After that, the average output power Pave can 
be calculated according to:

d
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The numerical calculation results of the steady-state Q, I, V 
at various load resistances for a metal RTENG with g = 2 cm 
are presented in Figure 2a–c. Periodic waves with a period of 

2xmax/v (0.24 s) were obtained for all Q-t, I-t, and V-t curves. 
Under short-circuit conditions these curves were symmetrical 
with respect to the half cycle. As the resistance R increased, 
the curves deviated gradually from the SC state, and the oscil-
lation magnitude of the Q curve decreased gradually due to 
the increasing limitations of charge transport. The charge at 
infinitely large resistance remained constant at half of the 
maximum QSC. The peak of the current curve first increased 
from the SC current and then decreased until 0 at the OC state. 
The peak of the voltage curve also increased first and then 
slightly decreased to its saturation value. The V peak at 10 GΩ 
can exceed the V peak at infinitely large resistance, because 
the voltage curve at infinitely large resistance obtained using the 
periodic boundary conditions is not the same as the VOC.[31] The 
metal RTENG shows a three-working-region behavior, which is 
inherent because of the “impedance” match of the TENG capac-
itance and the load resistance. When R matches the impedance 
of the TENG, a maximum average output power, Pave, can be 
reached at an optimum resistance of about 7 GΩ (Figure 2d).

The gap distance between the two electrodes (g) is an impor-
tant design parameter that can greatly affect the output charac-
teristics of a freestanding TENG because of its impact on the 
capacitance between electrodes.[24,25] The influence of g on the 
total output performance for a metal RTENG with xmax = 12 cm 
and dr = 2 mm was examined and plotted as shown in Figure 3. 
When the gap g was varied, the electrode length l was fixed, 
but the length of the dielectric was correspondingly changed, 
leading to a change in the amount of tribo-charge. The QSC, 
C, and VOC as a function of x/(l + g) for a metal RTENG with 
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Figure 2. a–c) Charge-time, current-time, and voltage-time relationships at various resistances for a metal RTENG with g = 2 cm. d) Average power 
with respect to the resistance R for this TENG.
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various g are shown in Figure 3a–c. For a very small rod dia-
meter (2 mm), the charge transfer efficiency can reach 100%, 
and the maximum value of QSC is then equal to the amount 
of tribo-charge. It can be seen that the QSC follows the same 
trend for all g values, in other words, a slow increase is seen at 
the two ends and a sharp increase is seen in the middle, and 
the maximum QSC increases with g because of the increase in 
tribo-charge. Note that for g > l, a folding distortion appears 
in the middle region of the QSC curve, which may be ascribed 
to the edge effect. The total capacitance of the metal RTENG 
decreased with increasing g, but this decrease is the result of 
two parts. First, the direct parasitic capacitance between the 
two electrodes decreases with g. Second, the overlapping region 
between the metal rods and both electrodes decreases with 
increasing g, leading to a decrease in the serial connection of 
capacitances between the top metal and Metal 1 and between 
the top metal and Metal 2. When g is larger than l, the free-
standing rods cannot overlap with both electrodes, and only a 
parasitic capacitance exists. The VOC can attain its maximum 
value for all g values when full separation is reached, and the 
maximum VOC increases with increasing g (Figure 3c). It should 
be noted that for smaller g values, the VOC curve has a small 
peak at smaller x because of the competition of the increasing 
speed of QSC and C, and for larger g, the VOC curve is higher at 
smaller x. Because of the nonlinear distortion, the VOC-x equa-
tion should be captured by a step-wise interpolation method.

The average output power dependent on R during the har-
monic mechanical motion with a period of T was calculated 
for various g values. The result in Figure 3d indicates that 
there is an optimum gap for the metal RTENG to generate the 
highest average power, and the optimum resistance (the resist-
ance at which Pave is maximized) shifts significantly to higher 

values with increasing g because of the according decrease in 
capacitance. When g first increased from 0, the period length T 
increased only a little because l still dominated the total period 
length, and the maximum VOC dominated the increase in Pave. 
However, when g became large enough, the decreasing slope 
of the total capacitance became flattened, and the increase in 
maximum VOC could not catch up with the increasing speed in 
T, leading to a drop in Pave.

From the above-mentioned, we found that the average output 
power in the specific motion mode (harmonic motion) can be 
controlled by adjusting the electrode gap. As a matter of fact, 
the potential output performance, that is, the greatest possible 
average output power, which is reflected by the structural FOM, 
may be different for different structural parameters (e.g., elec-
trode gap). The FOMS with respect to the xmax/(l+g) was sim-
ulated for various g, as shown in Figure 3e. At smaller g, the 
FOMS first remained steady followed by a linear increase, sim-
ilar to the shape of the QSC curve, and then sharply increased, 
like the VOC curve. This implies that the FOMS is determined 
by the competition between QSC and VOC for smaller gaps. The 
maximum FOMS (FOMS,max) can be reached at the maximum 
rolling displacement (xmax = 12 cm). When g was increased up 
to 5 cm, the FOMS exhibited two flat regions at either end and 
one sharp region in the middle, similar to the shape of the QSC 
curve, indicating that the QSC dominates the FOMS as a func-
tion of xmax for larger gaps. At the end of the FOMS-xmax curve, 
a slight decrease in the FOMS makes the FOMS,max appear at a 
slightly lower xmax than the maximum xmax. The FOMS,max was 
extracted for various g values and there is an optimum gap in 
order to obtain the maximum value (Figure 3f). The optimiza-
tion of the structural FOM will provide an effective route toward 
optimizing the potential output performance of metal RTENGs.
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Figure 3. a–c) Short-circuit charge, QSC, capacitance, C, and open-circuit voltage, VOC, as a function of x/(l + g) for metal RTENGs with various g.  
d) Average power versus R for various g. e) FOMS versus xmax/(l + g) for various g. f) Maximum FOMS for various g.
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Apart from the electrode gap, the diameter dr of the top 
metal rods is another important structural parameter that has 
a direct impact on the output properties of the TENG. The total 
length of the metal rods in the horizontal direction was kept 
constant (l), therefore a change in dr represents a change in 
the number of cylindrical rods. The results of QSC, C, and VOC 
for a metal RTENG with various dr values at a fixed g (2 cm) 
are presented in Figure 4a,b. As the dr increased from 2 mm 
to 1 cm, the QSC remained nearly unchanged; however, for 
dr = 2 cm, the QSC showed small, nonlinear distortions near the 
x = g and x = l regions. When dr was increased up to 5 cm, the 
QSC exhibited a ladder-like character due to the flattened capaci-
tance for the middle x range (inset of Figure 4a). The dr did 
not significantly influence the maximum QSC, and the charge-
transfer efficiency can reach nearly 100% for any dr value. The 
capacitance C at the middle position was found to decrease 
markedly with increasing dr. This is because the mass centers 
of the metal rods are higher at a larger dr, which induces a 
decrease in the serial capacitance between the top metal and 
the two electrodes. Figure 4b shows that the VOC increased at 
smaller x with increasing dr due to the decreasing capacitance, 
whereas it decreased at larger x. The maximum VOC decreased 
with increasing dr, because of a slight increase in capacitance 
at full separation, where the total capacitance resulted mainly 
from the parasitic capacitance between the two electrodes.

Subsequently, the average output power for the metal 
RTENG with various dr was numerically calculated, as shown 
in Figure 4c. The peak value of Pave (optimum power) decreased 
with increasing dr, where the generated power was mainly 
determined by VOC. The optimum resistance shifted slightly 

toward larger values, which may be ascribed to the decrease 
in average capacitance. The impedance of the inherent capaci-
tance of a TENG can be expressed as 1/ωC, but C is the average 
capacitance, because the capacitance is time-dependent due to 
the changes in the position of the metal rods.

In addition, the FOMS with respect to the xmax/(l + g) was 
studied and plotted, indicating that the maximum FOMS also 
decreased when the rods became thicker (Figure 4d). For dr var-
ying from 2 mm to 2 cm, we first observed a constant region, 
then a middle, linearly increasing, region, and finally a sharply 
increasing region was observed, due to the combined action of 
QSC and VOC. For a dr of 5 cm, the sharp region for the FOMS 
was seen at a smaller xmax, and there was a drop at the end, 
which may result from the staged QSC. The above results for 
the FOMS reveal that metal RTENGs possess higher poten-
tial output performances if thinner metal rods are used. The 
most extreme case is a plane TENG, which has a slightly higher 
FOMS than the rolling TENG, as shown in Figure 1f. However, 
considering its better material-wearing and device-durability 
properties, the rolling TENG is the desirable choice as only a 
slight decrease in the structural FOM was found.

The theoretical predictions on the structural dependence of 
the output performance for metal RTENGs were compared with 
our previous experimental results. In this previous work, for a 
RTENG device containing cylindrical steel rods and a planar 
FEP film, increasing the gap distance between the two elec-
trodes on each FEP film resulted in slight enhancement in the 
VOC, whereas the current density, JSC, decayed drastically. The 
optimum output power density also decreased with increasing 
gap distance. However, in the present work, an optimum gap 
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distance was observed that led to a maximum average power. 
The difference is that in the experimental device the electrode 
lengths were adjusted rather than the FEP film length when 
varying the electrode gap. The constant charge amount and 
longer charge-transfer time thus led to decreases in the current 
and power. On the other hand, the dependence of the output 
power on the rod diameter of the experimental set-up was in 
good agreement with our theoretical results. The VOC, JSC, and 
power density all decreased with an increase in the diameter 
of the rolling rods, because the distance between the charge 
center and the electrodes steadily increased.

3. Dielectric-to-Dielectric Rolling-Friction-Based 
TENG

Apart from the conductor-to-dielectric RTENG, the output char-
acteristics and figure-of-merit of the dielectric-to-dielectric type 
of RTENG (dielectric RTENG) were also investigated. In the 
FEM model of a dielectric RTENG, the freestanding metal rods 
were replaced with dielectric rods. The relative permittivity of 
these dielectric rods with diameter dr was chosen to be εr2 = 5.  
The contact electrification between the dielectric rods and the 
dielectric layer on top of the electrodes generated net posi-
tive electrostatic charges on the surface of the dielectric rods 
and net negative charges on the surface of the dielectric layer. 
Under SC and OC conditions, the charge density on the upper 
face of the dielectric layer was assigned as –σ, and the rod sur-
faces attained a charge density of (2l + g)σ/πl due to charge 

conservation. For the dielectric layer and the dielectric rods, 
the charge density of the uniformly distributed charges was 
assigned to be on the surface. The charge density at the surface 
of the dielectric rods was calculated based on the total lateral 
area of the rods. In contrast, for the metal rods, the total charge 
amount was assigned to be equal to the charge amount on the 
dielectric surface, because the charges in the metal rods could 
move freely. This forms a criterion for assigning the triboelec-
tric charge of TENGs with different materials. The charge den-
sity at the surface of the planar dielectric layer was kept the 
same for both the conductor-to-dielectric and dielectric-to-die-
lectric types, because the dielectric layers contained the same 
material for both TENG types. The size parameters and other 
boundary conditions for the dielectric-to-dielectric RTENG were 
also the same as those of the metal RTENG.

The QSC, C, and VOC for the dielectric RTENG with 
dr = 2 mm as a function of the gap g were simulated and are 
shown in Figure 5a–c. As g increased, the maximum QSC and 
VOC both increased, whereas the C decreased, as was the case 
for the metal RTENG. The charge-transfer efficiency attained 
was still 100% for all g values, and the maximum QSC equalled 
the amount of tribo-charges. The increase in the tribo-surface 
area and charges with g led to an increase in the maximum 
QSC. The capacitance profiles were nearly constant, because the 
total capacitance resulted mainly from the parasitic capacitance 
between the two electrodes, without any metal screening effect. 
Therefore, the VOC curves had the same shape as the QSC curve 
(a gradual increase with respect to x). The difference between 
the QSC, C, and VOC of the dielectric RTENG and those of the 
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metal RTENG can be found by comparing the results shown 
in Figure S2a-c in the Supporting Information. The structural 
FOM of the dielectric RTENG was also calculated and com-
pared with that of the metal RTENG (Figure 5d, g = 2 cm). Dif-
ferent from that of the metal RTENG, the FOMS curve of the 
dielectric RTENG had two flat regions at either end and one 
middle region that showed a linear increase, which was similar 
to the results found for the QSC and VOC curves. The FOMS of 
the dielectric RTENG was higher than that of the metal RTENG 
due to the higher VOC, although the FOMS values for both 
RTENGs at xmax = l + g were the same.

The resistive load output characteristics were also studied for 
the dielectric RTENG. The real-time Q-t, I-t, and V-t relation-
ships at various load resistances for g = 2 cm and dr = 2 mm 
are shown in Figure 6a–c. During the harmonic motion pro-
cess, the output curve was nearly harmonic, but not a pure har-
monic curve, as it contained some nonlinear distortion because 
of the nonlinear VOC-x characteristics. The VOC-x curve was 
only nonlinear at the two ends, and the capacitance was quite 
close to being constant (see Figure 5), therefore, the nonlinear 

distortion was not severe in the Q-t, I-t, and V-t curves. When R 
was increased from 0 to 100 MΩ, the impedance of the TENG 
capacitance (1/ωC) was much larger than R, and the Q and I 
profiles remained close to the SC profile. With increasing R, 
the total impedance of the serial connection of 1/ωC and R 
slowly increased too, leading to a decrease of the current ampli-
tude and an increase in the voltage amplitude. Compared to the 
metal RTENG, in the dielectric RTENG the current amplitude 
for any resistance cannot exceed the SC current amplitude, and 
the voltage attains the maximum amplitude under OC condi-
tions. The dielectric RTENG delivered a lower optimum power 
at a higher optimum resistance, which is dependent of the 
capacitance (Figure S2d, Supporting Information).

The influences of the structural parameters, namely, the 
electrode gap and the rod diameter, on the average power Pave 
and structural FOM for the dielectric RTENG are revealed 
in Figure 6d–f. When studying the effect of g, the dr was set 
to 2 mm, and when changing the dr, the g was fixed at 2 cm. 
The trend of Pave with g was found to be similar to that of 
the metal RTENG, in other words, the peak value of Pave first 
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increased and then decreased with increasing g. The optimum 
power attained its maximum at an optimal gap because of 
the competition between the increasing speeds of VOC and T, 
and the optimal resistance also increased with increasing g, 
as a result of the drop in capacitance. Moreover, the optimal 
power decreased with increasing dr, and the optimal resistance 
decreased slightly. The effect of the rod diameter on the optimal 
resistance was different from that of the metal RTENG. That is 
because the capacitance is mainly related to the parasitic capac-
itance, which only slightly increased with dr for the dielectric 
RTENG (Figure S3, Supporting Information). In addition, the 
QSC and VOC with respect to x for various dr were also different. 
The QSC and VOC both gradually increased with increasing x, 
as opposed to the ladder-like increase of QSC and the sharp 
increase of VOC (Figure S3a,c, Supporting Information) for the 
metal RTENG. The maximum QSC decreased with dr, implying 
that an increase of dr lowered the charge-transfer efficiency in 
the absence of the top-metal screening effect.

The above results provide the possibility to predict the output 
performance of a dielectric RTENG in the common harmonic 
motion process. For any motion mode, the possible highest 
performance was characterized by the structural FOM at a fixed 
material FOM, and the results of the FOMS are presented in 
Figure 6e,f. At a very small g (1 mm), the FOMS curve, as well 
as the QSC and VOC curves, was approximately linear and the 
maximum FOMS was obtained at full separation (xmax = 12 cm). 
When g increased, the FOMS had two flat regions at either end 
and one middle region with a rapidly increasing curve because 
of the cooperative action between QSC and VOC. At the end of 
the FOMS-xmax curve, there was a slight decrease in the FOMS. 
The FOMS,max was found to first rise and then subsequently 
drop as g increased. Therefore, an optimal gap could also be 
observed for the dielectric RTENG. On the other hand, the 
FOMS,max decreased markedly with increasing dr. For dr = 5 cm, 
the FOMS exhibited a staged character that resembled the shape 
of the QSC and VOC curves, and the FOMS,max largely decreased 
to about 0.7. Through comparison, we found that the dielectric 
RTENG possessed a higher structural FOM at smaller elec-
trode gap or rod diameter, whereas a lower structural FOM was 
found at larger electrode gap or rod diameter, which may serve 
as an important guideline for the rational structural design of 
RTENGs for specific applications.

4. Conclusions

We have constructed a theoretical model for rolling-friction-
based TENGs for both the conductor-to-dielectric and dielectric-
to-dielectric configurations. FEM simulations were performed 
to study the basic properties of RTENGs and the dynamic 
output characteristics at arbitrary load resistance were theoreti-
cally calculated. The results indicated that the QSC, C, and VOC 
are influenced by the material of the freestanding rods, and 
by structural parameters, such as the electrode gap and rod 
diameter. We found that there is an optimal gap g for reaching 
a maximal average output power in a harmonic motion for 
both the metal and dielectric RTENGs, and the optimal power 
decreased with increasing diameter dr. Also, the optimal resist-
ance was greatly influenced by the structural parameters. More 

importantly, the structural FOM characterizing the greatest 
average output power possible was examined for both metal 
and dielectric RTENGs. The FOMS can be maximized by 
adjusting g and dr, and the difference in the FOMS between the 
two RTENGs was demonstrated. The present work facilitates 
the comparison of RTENGs with different structural designs 
and deepens the understanding of potential performance 
improvements for RTENGs.
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from the author.
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