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with microsized grating disk-structure and 
radial-arrayed complementary electrodes 
has been demonstrated experimentally 
to possess unprecedentedly high perfor-
mance. [ 23–26 ]  However, there still lacks a 
theoretical model to systematically provide 
an in-depth understanding of its working 
principle. In addition, the impacts of 
structural parameters and operation con-
ditions of RF-TENG on the output perfor-
mance, which are critical for characteristic 
optimization, are still unclear enough. 

 In the present work, a comprehensive 
theoretical model was built for the rotary 
freestanding TENG with a grating struc-
ture. The fundamental physics of RF-
TENG was revealed by the fi nite element 
method (FEM), in which the infl uences 

of grating number and electrode gap were addressed. Based 
on the FEM results, an approximate analytical governing equa-
tion was constructed, and the dynamic output characteristics of 
TENG were mathematically calculated for both conductor-to-
dielectric and dielectric-to-dielectric types. Finally, we investi-
gated the effects of structural parameters and rotation rate on 
the output power and optimum resistance.  

  2.     Conductor-to-Dielectric Rotary Freestanding 
TENG 

 A rotary freestanding TENG consisting of a stator and a rotator 
can have many types due to the diversity design of triboelec-
tric materials and their structures. We mainly focused on the 
TENGs designed based on the triboelectrifi cation between 
metal or dielectric layer of rotator and dielectric layer of stator, 
i.e., conductor-to-dielectric and dielectric-to-dielectric catego-
ries. We fi rst take the conductor-to-dielectric category as an 
example. The FEM model for this type of TENG (metal RF-
TENG) with a grating structure was constructed as shown in 
 Figure    1  a. A 3D model was utilized, in which the dimensions 
are close to those of real devices. In the stator part, comple-
mentary A and B metal electrodes with a thickness of 0.01 mm 
are attached by a dielectric layer (a thickness of 0.05 mm, rep-
resented by  d ) with the same grating. The gap angle between 
each A and B metal unit and the center angle of grating unit 
are defi ned as  θ  g  and  θ  0 , respectively. A metal freestanding layer 
with the same size and grating as Electrode A stands on the 
top surface of dielectrics. The freestanding layer with the thick-
ness of 0.01 mm can rotate clockwise around the central axis of 
TENG (the rotation angle is represented by  α ). The number of 
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  1.     Introduction 

 Harvesting energy from our natural environment has attracted 
extensive interests due to the increasing demands on world-
wide energy supply. [ 1–3 ]  Mechanical energy, as a universally 
available and sustainable resource, has been primarily scav-
enged through diverse approaches based on piezoelectric 
effect, [ 4,5 ]  electrostatic effect, [ 6 ]  and thermoelectric effect, [ 7 ]  etc. 
Recently, triboelectric nanogenerator (TENG) has emerged as 
a powerful technology for harvesting mechanical energy, with 
advantages of high output power, high effi ciency, low fabrica-
tion cost, and no pollution. [ 8–13 ]  The TENG can convert mechan-
ical energy to electricity through the coupling effect of contact 
electrifi cation and electrostatic induction. [ 14–16 ]  Compared with 
two basic modes of TENG, i.e., sliding-mode [ 17 ]  and contact-
mode, [ 18,19 ]  it is not necessary to attach the moving triboelec-
tric layer with an electrode and a lead wire for freestanding 
TENG, therefore this TENG presents advantageous in har-
vesting mechanical energies from an arbitrary moving object or 
a walking human. [ 20–22 ]  Rotary freestanding TENG (RF-TENG) 
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grating units in the freestanding layer is defi ned as  N , and the 
inner and outer radius of TENG (denoted by  r  1  and  r  2 ) are fi xed 
as 5 and 50 mm. (Detailed calculation parameters are listed in 
 Table    1  .) Due to contact electrifi cation, different signs of static 
charges (called tribo-charges) are distributed at the freestanding 
metal and the upper surface of dielectrics. We assume that the 
negative tribo-charges are uniformly distributed on the die-
lectric surface with a density of − σ . For charge conservation, 
the freestanding metal will have the same amount of positive 
charges in total. 

   It is noted that the infl uence of contact force between triboe-
lectric surfaces (tribo-surfaces) was not considered in this work. 
Compared with the infl uences of rotation angle and rate on the 
electrical output performance, the infl uence of contact force 
is rather complicated. Generally speaking, the surface charge 
density ( σ ) in the steady state depends on the material prop-
erties (e.g., work function difference, dielectric constant, etc.) 

of two contacted materials, which is independent of applied 
contact force. [ 27,28 ]  However, if the contact force is lower than 
a threshold value, the incomplete contact between two surfaces 
results in the decrease of saturated surface charge density. 
Meanwhile, it is much diffi cult to get some quantitative analysis 
between the contact force and the contact completeness due to 
the variability of surface morphology and experimental repeat-
ability. Therefore, to simplify the numerical calculations, we 
assume that the contact between two tribo-surfaces is perfect 
and thereby the contribution from contact force is negligible. 
On the other hand, the tribo-charges need to experience several 
rotation cycles until they can reach their saturated values. The 
contact force may accelerate this process, leading to different 
output performances of TENG in the fi rst few cycles. Neverthe-
less, fi nally, the steady-state output performance is still inde-
pendent of the applied contact force. 

 The FEM calculations under the short-circuit (SC) and open-
circuit (OC) conditions were carried out utilizing the COMSOL 
software. The metal units in each electrode group were 
assigned with the same electric potential to refl ect the external 
connection. At the initial state, the freestanding metal layer is 
placed to match with Electrode A. The total charge on Elec-
trode A is  Q  +  Q  initial  and that on Electrode B is − Q  −  Q  initial , in 
which  Q  initial  is the equilibrium charge level at the initial state 
and  Q  is the amount of transferred charges at a certain rota-
tion angle  α .  Q  initial  was assigned to the total amount of charges 
transferred at  α  = 0 under SC condition. The SC transferred 
charges ( Q  SC ) was calculated by deducting  Q  initial  from total 
transferred charges under SC ( Q  net,SC ) at a certain angle  α . The 
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 Figure 1.    a) FEM model of metal rotary freestanding TENG. The complementary electrode structure is also shown. b) Electric potential distributions 
on the electrodes under the reference state for  N  = 4 and  θ  g / θ  0  = 1/5. c) Short-circuit charge and open-circuit voltage as functions of rotation angle 
during one full cycle under the reference state. d) Capacitance versus rotation angle.

  Table 1.    Parameters utilized in the FEM calculation for metal RF-TENG. 

Dielectric  ε  r  = 3, d = 50 mm

Inner radius  r  1  of TENG 5 mm

Outer radius  r  2  of TENG 50 mm

Tribo-charge surface density  σ 10 µC m −2 

Grating number  N 1–8

Center angle of grating unit  θ  0 , gap angle  θ  g  θ  0  +  θ  g  = π/ N 

Angle velocity  ω  of rotation 20π rad s −1 
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charge reference state (SC state at  α  = 0) was chosen to facili-
tate the theoretic calculations, similar to our previous work. [ 29 ]  
Then the OC voltage ( V  OC , voltage at  Q  = 0) for various  α  was 
obtained by assigning the total charges of Electrode A and Elec-
trode B to  Q  initial  and − Q  initial . The total capacitance, which is an 
inherent character of TENG and independent of the reference 
state, was extracted by the interpolation method based on the 
 V – Q – α  relationship. [ 30,31 ]  

 Typical electric potential distributions on the electrodes with 
variable rotation angles under the reference state when setting 
 N  = 4 and  θ  g / θ  0  = 1/5 are shown in Figure  1 b. The results of 
half cycle show no electric potential difference between the two 
electrodes at  α  = 0, as expected. When the freestanding metal 
rotates to the middle position ( α  = ( θ  0  +  θ  g )/2, 22.5°), the poten-
tial difference is still very small. When the freestanding layer 
approaches the matched region of Electrode B ( α  =  θ  0  +  θ  g , 45°), 
a maximum potential difference of ≈10 kV is generated, and 
the  V  OC  starts increasing drastically at  α  =  θ  0  (Figure  1 c). 
The sharp increase in  V  OC  is ascribed to the quick drop of 
capacitance (Figure  1 d). The capacitance exhibits a bimodal fea-
ture during one full cycle, and has the maxima at the middle 
positions ( α  = ( θ  0  +  θ  g )/2, 3( θ  0  +  θ  g )/2). The  Q  SC  curve during 
one full cycle indicates that the  Q  SC  nearly keeps constant at the 
angle ranges of 0 ≤  α  ≤  θ  g ,  θ  0  ≤  α  ≤  θ  0  + 2 θ  g , and 2 θ  0  +  θ  g  ≤  α  ≤ 
2 θ  0  + 2 θ  g . However, it increases linearly with the rotation angle at 
 θ  g  ≤  α  ≤  θ  0  and decreases linearly at  θ  0  + 2 θ  g  ≤  α  ≤ 2 θ  0  +  θ  g . The 
simulation results of  Q  SC  are in accordance with the following 
theoretical  Q  SC – α  equation derived based on ideal charge distri-
bution under SC condition and electrostatic equilibrium. (For a 
detailed derivation, see the Supporting Information, Section 1.)

     0, 0 , and 2 2 2SC g 0 g 0 gQ α θ θ θ α θ θ= ≤ ≤ + ≤ ≤ +   (1a) 
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 Note that the rotating-induced transferred charge change under 
the SC condition barely depends on the choice of charge refer-
ence state, however, the  V  OC  curve is greatly affected (Figure S5, 
Supporting Information, real electric potential distribution, 
short-circuit charge, and open-circuit voltage). 

 The gap angle between two electrodes is an important design 
parameter of the RF-TENG, which may affect the basic proper-
ties of TENG. Due to the unique character of grafting disk struc-
ture, the relative ratio of gap angle to the center angle of grating 
unit ( θ  g / θ  0 ) was adopted to refl ect the gap effect. The infl uences 
of  θ  g / θ  0  ratio on the short-circuit charge ( Q  SC ), capacitance ( C ), 
open-circuit voltage ( V  OC ), and short-circuit current ( I  SC ) for 
 N  = 4 were studied, as shown in  Figure    2  . It can be seen that 
 Q  SC ,  C , and  V  OC  all have mirror symmetry in one cycle for 
assigned  θ  g / θ  0  ratios. The  Q  SC  in a half cycle ( T /2) has two con-
stant regions and a middle linear region, and reaches its max-
imum  Q  SC-max  at the  T /2 point, where the  Q  SC-max  decreases with 

the increase of  θ  g / θ  0  ratio due to the decrease of tribo-surface 
area (Figure  2 a). However, the  Q  SC  curve exhibits a higher slope 
in the linear region for a larger  θ  g / θ  0 , specifi cally, for  θ  g / θ  0  = 
1/1, the  Q  SC  sharply increases at  T /4 (full nonmatched between 
top metal and Electrode A). The total capacitance  C , which con-
tains the parasitic capacitance  C  p  between electrodes and the 
serial connection of capacitance between top metal and Elec-
trode A ( C  A ) and between top metal and Electrode B ( C  B ), was 
also found to decrease with the increase of  θ  g / θ  0  (Figure  2 b). 
Extremely, when  θ  g / θ  0  = 1/1, the  C  is nearly constant with the 
change of rotation angle, because the top metals only have 
overlapping region with dielectric units on top of one electrode 
( C  A  = 0 or  C  B  = 0). Note that for any  θ  g / θ  0 , at the zero and  T /2 
points (when top metal is matched with Electrode A or B), the 
capacitance  C  approximately equals the  C  p  between electrodes, 
so the  C  p  decreases (from 8.705 to 3.756 pF) with increasing the 
 θ  g / θ  0  ratio (from 1/14 to 1/1). The maximum value ( V  OC-max ) 
of  V  OC  fi rst increases as the  θ  g / θ  0  ratio increases, and then 
decreases at larger  θ  g / θ  0  (Figure  2 c), which may be ascribed to 
the competition between the decreasing speed of  Q  SC  and  C . 

  Based on the FEM results, we can also calculate short-circuit 
current  I  SC  of the metal RF-TENG with an assumed specifi c 
motion mode. When the freestanding metals are assumed 
to rotate at a constant angle velocity  ω  (20π rad s −1 ), the  I  SC  
curves were obtained through the differentiation of  Q  SC  data 
in Figure  2 a. As expected, the  I  SC  has a constant value in the 
middle linear region except for  θ  g / θ  0  = 1/1, which can be 
enhanced by the increase in  θ  g / θ  0  (Figure  2 d). The numerically 
calculated results are consistent with the theoretical formula of 
 I  SC  derived from Equations  ( 1a)  – ( 1d)  , given by
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   The equation is not suited for the special case of  θ  g / θ  0  = 1/1, in 
which two high acute peaks emerge at  T /4 and 3 T /4 in the  I  SC  
curve. 

 Besides the electrode gap, the grating number  N  is another 
important structural parameter having direct impacts on the 
output properties of TENG. When  N  starts to increase from 
1, the approximate ideal charge distribution is still satisfi ed 
because the geometric size of grating unit (arc length  l  of each 
unit) is still much larger than the thickness  d  of dielectrics. 
However, when  N  is increased to fairly large values and  l  is 
comparable with  d , the nonideal edge effect is signifi cant and 
cannot be neglected any longer. The infl uence of  N  in relatively 
small regions under ideal conditions can be learned from Equa-
tions  ( 1a)  – ( 1d)   and  ( 2a)  – ( 2c)  . The charge transfer effi ciency 
under SC condition ( η  SC , defi ned as the ratio of  Q  SC  to total 
tribo-charge amount  Q  tribo ) can reach 100% at the half-cycle 
 T /2. Based on the  Q  SC – N  relationship, we can also calculate the 
accumulated charges ( Q  SC-rectifi ed ) and charge transfer effi ciency 
( η  SC-rectifi ed ) after rectifi cation under SC when a rotation angle of 
π is fi nished by the following equations
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   From above equations, it can be seen that the saturated value 
of  I  SC ,  Q  SC-rectifi ed , and  η  SC-rectifi ed  in the grating-disk structure 
can be enhanced by  N  times through the subdivision process 
under ideal conditions for a fi xed  θ  g / θ  0  ratio. Note that the 
 η  SC-rectifi ed  can exceeds 100% due to the multiple cycles of 
charge separation. 

 In order to validate the theoretic analysis, FEM simulations 
were performed for the grating- structured metal RF-TENG 
under ideal conditions ( L / d  = 628.3,  L  denotes the circumfer-
ence of inner circle, detailed calculation parameters are the 
same as shown in Table  1 ). The results of  Q  SC ,  I  SC ,  C , and 
 V  OC  for a fi xed  θ  g / θ  0  (1/5) are presented in  Figure    3  a–d. The 
numerically calculated results are in good agreement with the 
theoretic equations. As the grating number  N  increases from 
1 to 8,  Q  SC  remains almost the same in each cycle, but the 
increase of cycle number for a given rotation angle signifi cantly 
elevates the amount of accumulated charges after rectifi cation 
(Figure  3 a). The  I  SC  increases with  N  because of the decrease of 
period  T  (Figure  3 b). However, for the open-circuit voltage, the 
 V  OC-max  at larger  N  signifi cantly drops (Figure  3 d), since a fi ner 
pitch leads to an increase in capacitance when the top metal is 
matched with Electrode B (Figure  3 c). 

  As the grating number  N  increases, the gaps between elec-
trodes become narrower, which leads to the increase of parasitic 
capacitance  C  p  between electrodes. The serial capacitance of  C  A  
and  C  B  is almost unaffected by the  N , because the overlapped 
region area between top metal and dielectric units cannot be 
changed by  N  for a given  θ  g / θ  0  ratio. Therefore, the total capac-
itance  C  increases with increasing the  N  value. As shown in 
Figure  3 a,c, the TENG exhibits a very low  C  close to  C  p  and 
a high nearly-saturated  Q  SC  at  θ  0  ≤  α  ≤  θ  0  +  θ  g . When the top 
metal is matched with Electrode B, the capacitance reaches its 
minimum value  C  p , while the  Q  SC  reaches its maximum value. 
Because the  C  p  increases from 3.67 to 13.857 pF (by 3–4 times) 
with increasing  N  from 1 to 8, the  V  OC  (obtained from  V  OC  = 
 Q  SC / C ) increases signifi cantly with  N . The marked change in 
capacitance with  N  can be viewed from the inset of Figure  3 c. 

 When  N  increases to very large values ( l / d  is very small), the 
nonideal edge effect cannot be neglected, so those above theo-
retic equations will not be appropriate. To investigate the infl u-
ence of the nonideal effect, we calculated the  Q  SC  and  η  SC  for a 
grating RF-TENG with a small  L / d  ratio of 12.6 ( r  1  = 0.1 mm, 
 r  2  = 0.2 mm, and  d  = 0.05 mm) at  θ  g / θ  0  = 1/5 in one cycle, as 
shown in Figure  3 e. It indicates that the maximum values of 
 Q  SC  and  η  SC  in each period both descend markedly with the 
increase of  N . The maximum  η  SC  decreases from 67.7% to 
11.4% as the  N  increases from 1 to 8, where the charge transfer 
effi ciency becomes far from the theoretical value of 100% due to 
the nonideal effect. That results in the emerging of maximum 
 Q  SC-rectifi ed  and  η  SC-rectifi ed  at a low optimum grating number 
( N  = 4, Figure  3 f), which may guide the structural design of 
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 Figure 2.    a) Short-circuit charge  Q  SC , b) capacitance  C , c) open-circuit voltage  V  OC , and d) short-circuit current  I  SC  of metal RF-TENG ( N  = 4) during 
one full cycle for various  θ  g / θ  0  ratios under the reference state. In d), the inset shows the complete  I  SC  curve for  θ  g / θ  0  = 1/1.
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the grating RF-TENG to obtain the optimum charge for specifi c 
applications. 

 To better understand the fundamental physics and 
output characteristics of the metal RF-TENG, it is impor-
tant to provide analytical equations for the three basic 
property qualities of  Q  SC ,  C , and  V  OC , maybe utilizing 
some approximates. For a certain electrode gap ( θ  g / θ  0 ), 
the ideal  Q  SC – α  relationship of the TENGs can be found 
in Equations  ( 1a)  – ( 1d)  . However, there are no appropriate 
analytical equations for the capacitance and open-circuit 
voltage due to the edge effect. In the region at  θ  0  ≤  α  ≤  θ  0  
+  θ  g , the capacitance drops to a very low value close to the 
capacitance  C  p  between electrodes because the top metals 
move to only overlap with the top dielectrics of Electrode B 
( C  A  ≈ 0). The capacitance has a very slight decrease so that 
it can be considered unchanged relative to the maximum 
capacitance. But the  V  OC  exhibits a sharp rise in this region, 
which is contributed from the high  Q  SC  and the relation 
 V  OC  =  Q  SC / C . In this respect, the slight change of  C  including 
gap edge effect cannot be neglected. If the electrode gap is 
depressed to the degree at which it can be neglected (the 
sharp rising region of  V  OC  can be signifi cantly cut down), the 
edge effect may be eliminated approximately. Meanwhile, a 
smaller electrode gap leads to higher SC transferred charge 
and tribo-charge amounts for designed TENGs due to the 
larger tribo-surface area (Figure  2 a). The maximization of 
transferred charges and tribo-charges of TENG is necessary 
for specifi c practical applications such as charging a battery 
or a capacitor. Based on these considerations, the consequent 
resistive load characteristics of metal RF-TENG were calcu-
lated mathmatically focusing on the case of neglecting the 
electrode gap. 

 When neglecting the electrode gap, the ideal equation of  Q  SC  
(Equations  ( 1a)  – ( 1d)  ) can be transformed into the following 
equation
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   Then the total capacitance  C  composed of  C  A ,  C  B , and 
 C  p  is deducted. According to the parallel-plate capacitor 
model, the capacitance  C  can be estimated by the following 
equation:
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 where  ε  0  and  ε  r  represent the permittivity of vacuum and rela-
tive permittivity of dielectrics. For details, see Section 3 in 
the Supporting Information. It is noted that when one of two 
overlapped regions between top metal and dielectrics is very 
narrow, this approximate equation is still available although 
the edge effect exists, since the capacitance component in the 
narrow overlapped region makes slight contribution to the total 
capacitance. The  V  OC  will be obtained from the  Q  SC  divided by 
 C . These theoretical equations were found to match the FEM 
results quite well (Figure S7, Supporting Information). There-
fore, the governing equation of metal RF-TENG, i.e.,  V – Q – α  
relationship
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 Figure 3.    a) Short-circuit charge, b) short-circuit current, c) capacitance, and d) open-circuit voltage of metal RF-TENG during one cycle for various 
grating numbers under the reference state. e)  Q  SC  and  η  SC  profi les of TENG with a small  L / d  ratio during one cycle at different  N . f) Total SC transferred 
charge and effi ciency with respect to  N  when rotating for the angle of π.
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   The load characteristics can be calculated by combining the 
analytical  V – Q – α  relationship and Ohm’s law through the fol-
lowing equation:
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( )
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dt
V

C
Q V

α
α= = − × +

  
(9)

 

   This differential equation can be solved by specifying the 
motion process (specifi ed  α ( t ) profi le) and the boundary condi-
tion. We chose a constant angle velocity rotation for the motion 
process as a typical example. The  α – t  relationship for constant 
 ω  is mathematically given by

     ( )t tα ω=   (10) 

   Since the disk structure and rotation process is periodic, 
output from any initial boundary condition will gradually con-
verge to a periodic output wave with the same period after 
the fi rst few periods. [ 29 ]  By applying the periodic boundary 
condition
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 the steady-state output of metal RF-TENG for arbitrary load 
resistance can be calculated. This boundary condition can also 
be given by

     

( 0)

( )( )
d

1

0

0 2
2

1
2 2

0

2

1 10

1

Q Q t

N r r
a

b

A t

a t t b

a t

t b
t

a

b

A A

A

∫σθ ( )
= = =

− − −⎛
⎝⎜

⎞
⎠⎟ − −

−
−

⎛
⎝⎜

⎞
⎠⎟

−⎛
⎝⎜

⎞
⎠⎟ +

θ
ω

  

(12)

 

 where  a ,  b ,  A  1 , and  A  2  are, respectively, defi ned as
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   The equations for  Q  are presented as follows
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   Through the differentiation of  Q  by  t , we can obtain the 
equations of current  I  for arbitrary load resistance. Then 
the voltage  V  can be calculated by the Ohm’s law. For a 
more detailed derivation, see the Supporting Information, 
Section 4.1. 

 We calculated the profi les of  Q ,  I , and  V  at different loads 
for  N  = 4 and  ω  = 20π rad s −1  utilizing the analytical model, 
as shown in  Figure    4  a–c. The calculated parameters were set 
the same as shown in Table  1 , and the  C  p  adopted the FEM 
data for a very small  θ  g / θ  0  ratio of 1/89. The outputs at any 
resistance load are periodic waves, and the results only in one 
cycle are presented. When the load resistance  R  is less than 
1 MΩ, the curves of  Q ,  I , and  V  are similar to the SC curve 
that is given by Equation  ( 5)  . The charge curve is nearly linear, 
and the current curve is close to a square wave. The voltage 
is essentially zero due to the low resistance of charge trans-
port. As the resistance  R  increases, the oscillation magnitude 
of the charge curve decreases gradually, because the charge 
transport becomes more limited. The voltage curve converges 
toward the OC curve with an increasing positive peak value. 
It should be noted that the  V  at infi nitely large resistance is 
the real open-circuit voltage. The positive peak value of cur-
rent increases fi rst, ascribed to the greater increasing speed 
of voltage peak value than that of resistance, and then drops 
to 0. When the load resistance is suffi ciently high, very few 
charges can transfer leading to nearly zero charge and zero 
current. An important feature of the curves of  I  and  V  is that 
the integration of the AC signals in the entire period is zero, 
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which is the unique characteristics of TENGs with periodic 
structure. 

  Subsequently, the average output power  P  ave  of metal 
RF-TENG was calculated for various grating numbers 
( ω  = 20π rad s −1 ) and rotation rates ( N  = 4). The  P  ave  was defi ned 
by the following equation

     

d
,

2
ave

2

0 0P
I R t

T
T

T

∫ θ
ω

= =
  

(14)
 

   The numerical results are shown in Figure  4 d–f. For the infl u-
ence of  N , a fi ner pitch can generate higher output power in 
the low resistance range, where the power is mainly dominated 
by  I  SC . However, a wider pitch can generate higher output 

power in the high resistance range, where the generated power is 
mainly determined by  V  OC . The optimum resistance (the resist-
ance at which the  P  ave  is maximized) shifts signifi cantly to lower 
values with increasing the  N  due to the higher  I  SC  and lower  V  OC  
(Figure  3 b,d). The underlying reason is that the grating number 
has a great infl uence on the inherent capacitance of TENG, and 
thereby manipulates the impedance match between the  C  and 
load resistance. Considering the peak value of  P  ave  (optimum 
power, in Figure  4 d), a fi ner pitch does not signifi cantly improve 
the power output, since the  V  OC  decreases more markedly than 
 I  SC  increases in the low  N  range. On the other hand, when the 
rotation rate increases, the optimum resistance decreases, but 
the peak value of  P  ave  increases linearly (Figure  4 e,f). The trend 
of optimum resistance can further validate the availability of 
impedance expression of 1/ ωC  for a TENG.  
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 Figure 4.    Output characteristics for metal RF-TENG during one cycle with grating number  N  = 4: a) transferred charge–time relationship at different 
load resistances, b) current–time relationship at different load resistances, and c) voltage–time relationship at different load resistances. d) Average 
power  P  ave  as a function of resistance for various grating numbers. e)  P  ave  as a function of resistance for various rotation rates. f) Dependences of 
 P  ave  peak and matched load on rotation rate.
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  3.     Dielectric-to-Dielectric Rotary Freestanding TENG 

 Besides the conductor-to-dielectric RF-TENG, we also studied 
the basic properties and load output performance of dielectric-to-
dielectric type of RF-TENG (dielectric RF-TENG). Its FEM model 
was constructed and shown in  Figure    5  a, and the only geomet-
rical structure difference is that the freestanding metal layer is 
displaced by another dielectric layer. The dielectrics on top of 
electrodes and freestanding dielectrics with the same thickness 
of  d  (50 µm) are denoted by Dielectrics 1 and 2, whose relative 
permittivities were chosen as  ε  r1  = 3 and  ε  r2  = 5. Since Dielectric 
1 is more triboelectrically negative than Dielectric 2, there are net 
positive electrostatic charges generated on surface of Dielectric 
2 and net negative electrostatic charges on surface of Dielectric 
1. Under SC and OC conditions, the charge density of the lower 
face of Dielectric 2 was assigned as + σ  in the overlapped region 
with Dielectric 1 and +2 σ  in the non-overlapped region, and 
other boundary conditions are the same as the metal RF-TENG. 

  The  Q  SC ,  C , and  V  OC  for the dielectric RF-TENG as functions 
of gap/unit ratio  θ  g / θ  0  and grating number  N  were numerically 

calculated and plotted in Figure  5 b–g. Similar to the metal RF-
TENG, as the  θ  g / θ  0  increases, the  Q  SC-max  and  C  both decrease, 
but  V  OC-max  fi rst rises and then drops (Figure  5 b–d). Different 
from the metal RF-TENG, the constant regions of  Q  SC  at two 
ends of one half-cycle disappear for the dielectric RF-TENG 
because the charges on the dielectric surface cannot move 
freely. The  I  SC  also has a large difference (Figure S8, Supporting 
Information). The  C  profi les of dielectric RF-TENG are nearly 
constant due to the absence of metal screening effect when the 
freestanding layer rotates. As a result, the  V  OC  has the same 
profi le shape as the  Q  SC  (without a sharp change). On the other 
hand, the grating number  N  does not infl uence the  Q  SC  in each 
cycle but can increase the accumulated charge and  I  SC  (Figure 
 5 e and Figure S8b, Supporting Information). The increase 
of capacitance with increasing  N  leads to the decrease of  V  OC  
(Figure  5 f–g). 

 Then we also studied the resistive output characteristics for 
the dielectric RF-TENG under ideal conditions. The equation of 
 Q  SC  at a low  N  when neglecting the electrode gap is the same 
as that of metal RF-TENG (Equation  ( 5)  ), but the capacitance  C  

 Figure 5.    a) FEM model of dielectric rotary freestanding TENG. b) Short-circuit charge  Q  SC , c) capacitance  C , and d) open-circuit voltage  V  OC  of 
dielectric RF-TENG with  N  = 4 during one cycle for various  θ  g / θ  0  ratios under the reference state. e–g)  Q  SC ,  C , and  V  OC  of the dielectric RF-TENG with 
 θ  g / θ  0  = 1/5 during one full cycle for various  N .
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approximately equals the  C  p  between electrodes constantly. So 
the governing equation is relatively simple, given by
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   By applying above-mentioned periodic boundary condition, 
which can also be given by
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 we obtain the  Q – t  relationship equation as follows
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   For a detailed derivation, see the Supporting Information, Sec-
tion 4.2. 

 Figure 6.    Output characteristics for dielectric RF-TENG during one cycle with grating number  N  = 4: a) transferred charge–time relationship at different 
load resistances, b) current–time relationship at different load resistances, and c) voltage–time relationship at different load resistances. d) Average 
power  P  ave  as a function of resistance for various grating numbers. e)  P  ave  as a function of resistance for various rotation rates. f) Dependences of 
 P  ave  peak and matched load on rotation rate.
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 The real-time output characteristics of dielectric RF-
TENG, i.e.,  Q – t ,  I – t , and  V – t  relationships, were calculated 
as shown in  Figure    6  a–c. The trend of  Q  with the resistance 
 R  is similar to that of metal RF-TENG. However, for these  I  
and  V  curves, there exists some differences with the metal 
RF-TENG. The maximum current at a load resistance cannot 
exceed the SC current (Figure  6 b), and the voltage curve is 
nearly linear close to the OC curve when the load resistance 
is suffi ciently high (Figure  6 c). The linearity of voltage at infi -
nitely large resistance is due to the constant capacitance and 
linear  Q  SC . In addition, the dielectric RF-TENG delivers the 
optimum power at a lower optimum resistance for a larger 
 N  which is dependent of the capacitance (Figure  6 d). Mean-
while, the optimum resistance decreases with increasing 
the rotation rate, but the optimum power increases linearly 
(Figure  6 e,f). Through a comparison, we can fi nd that the 
dielectric RF-TENG generates higher average output power at 
a higher optimum resistance relative to the metal RF-TENG, 
which may serve as important guidance for rational design of 
TENG structure in specifi c applications. The higher optimum 
resistance of dielectric RF-TENG is because of its smaller 
capacitance, which is time-invariant and nearly equal to the 
parasitic capacitance  C  p  between electrodes. The capacitance 
for metal RF-TENG is the combination of two parts, i.e.,  C  p  
and serial connection of  C  A  and  C  B , which is induced by the 
screening effect of metal rotator. Although this capacitance 
is time-variant due to the position changing of metal rotator, 
the average capacitance is still much larger than the  C  p  in the 
dielectric RF-TENG case. The detailed results can be seen in 
Figures  2 b and  3 c. The optimum resistance can be thought 
as the “impedance” match between  C  and the load resist-
ance, therefore, the smaller average capacitance elevates the 
optimum resistance of dielectric RF-TENG. 

    4.     Conclusions 

 In this work, a theoretical model was built for the grating-struc-
tured RF-TENG, including the metal RF-TENG and dielectric 
RF-TENG. The FEM simulations were fi rst carried out to char-
acterize the basic properties of RF-TENG. The  Q  SC ,  C , and  V  OC  
were found to be controlled by the structural parameters of 
TENG, i.e., the electrode gap and grating number. Based on the 
FEM results, approximate analytical equations were derived for 
two types of RF-TENG under ideal conditions. Then the dynamic 
output performance of TENG at arbitrary load resistance was 
calculated. Finally, the dependencies of optimum output power 
and optimum resistance on the structural parameters and rota-
tion rate were demonstrated. The results gained from this work 
provide useful theoretical information for further improvement 
of the RF-TENG in energy harvesting and self-powered system 
applications.  
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