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  In the past decades, energy harvesting from our natural envi-
ronment [ 1–5 ]  has been attracting extensive research efforts to 
meet the worldwide energy needs. Mechanical energy – if it can 
be effi ciently harvested [ 1,6–10 ]  – could not only make a signifi cant 
contribution to the worldwide electricity demand, but also act as 
an independent and sustainable energy source for mobile elec-
tronic devices. Recently, triboelectric nanogenerators (TENGs) 
have been invented as an unprecedented technology, featuring 
advantages such as high effi ciency, low fabrication cost, reliable 
robustness and being environmentally friendly. [ 11–19 ]  Under 
external mechanical agitation, two triboelectric layers [ 20,21 ]  with 
opposite static charges periodically get in contact and separate 
from each other, which electrostatically induces an alternating 
current fl owing between the two electrodes. In order to maxi-
mize the energy conversion effi ciency under such a mecha-
nism, one of these triboelectric layers needs to be bonded to 
a moving object that acts as the mechanical energy source. 
However, in the existing basic modes of TENGs – the contact 
mode [ 11–14 ]  and the sliding mode, [ 15,16 ]  each triboelectric layer 
is attached with an electrode and a lead wire. Such a device 
confi guration largely limits TENGs’ versatility and applicability 
for harvesting energy from an arbitrary moving object or a 
walking human, because the object has to be connected to the 
entire system by an interconnect. Thus, it is highly desirable 
to develop a new mode of TENG based on a new mechanism 
that can scavenge energy from the mechanical motion of a free-
standing triboelectric layer, without an attached electrode. 

 The kernel of TENG-based electricity generation is a periodic 
change of the induced potential difference (IPD) between two 
electrodes as a result of the relative position change of the tribo-
charged surfaces. [ 12,15 ]  This general principle can be achieved by 
a new type of design and operation mode: a TENG with two sta-
tionary electrodes and one freestanding triboelectric layer that 
moves in between under the guidance of external mechanical 
energy. In this mode, the dielectric layer can alternatively get in 
direct contact with either one of metal electrodes (or just within 
a short distance), which enables periodic changing of IPD to 

drive the fl ow of charges in the external load. In this paper, we 
demonstrated the fi rst freestanding-triboelectric-layer based 
nanogenerator (FTENG) for harvesting energy from sliding 
motions. The triboelectric layer can be either pre-charged or 
charged during contact, because the electrostatic charges on 
an insulator fi lm surface can be preserved for hours even days. 
A comprehensive theoretical model is established and studied 
for understanding the sliding-induced IPD change and charge 
transfer between the two electrodes. Both numerical simula-
tions and experimental demonstrations indicate that this new 
mode of TENG is capable of generating an extremely-high 
open-circuit voltage over 10 kV and an effective charge transfer 
with the amount equals to the tribo-charges in each sliding. 
One typical FTENG can deliver a maximum power density of 
∼6.7 W/m 2  on an external load. Compared to the previously-
reported sliding TENGs, this new mode has a much better 
tolerance to a vertical gap between the triboelectric surface 
and the electrode plane, so that keeping a tight contact during 
sliding is not mandatory any more, which can largely increase 
the life time and the energy conversion effi ciency of the TENG. 
This new feature, together with the absence of the electrode on 
the sliding part, offers a lot of convenience and feasibility for 
energy harvesting from different sources, e.g., people walking, 
car/train wheels, sliding motion of human hand, and so on. 

 The fi rst type of the FTENG is based on the triboelectric effect 
between a freestanding dielectric layer and two metal fi lms that 
serve not only as the counter triboelectric material, but also as two 
electrodes ( Figure    1  a). In order to maximize the electrifi cation 
between the two layers, we purposely chose materials with a large 
difference in triboelectric polarity, i.e., Al as the conducting fi lms 
and fl uorinated ethylene propylene (FEP) as the freestanding tri-
boelectric layer. [ 22 ]  The FEP fi lm was tailored into a 7 cm × 5 cm 
rectangle, and then adhered on the supporting substrate (made 
of acrylic) of the same size. In order to further improve the tri-
boelectric charge (tribo-charge) density, the downside surface of 
the FEP fi lm was treated by inductive coupling plasma (ICP) to 
create nanorod structures (Figure S1). [ 12,23 ]  On the other side, 
two rectangular Al electrodes of this exact size were deposited on 
another acrylic substrate perpendicular to the sliding direction. 
The length ( L ) of the electrode along the sliding direction is 5 
cm, and the in-plane distance ( d ) between the two electrodes is 
purposely controlled as one of the most important parameters in 
the device structure (Figure  1 b<i>). Driven by a tangential force, 
the freestanding FEP layer can slide back and forth between the 
two electrodes (Figure  1 ), through which alternating-current is 
provided to the load connected between the two electrodes.  

 When the FEP slides against the Al electrodes with surfaces 
in contact, the triboelectric effect will render FEP surface with 
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negative charges, and Al electrodes with positive charges. There 
are two scenarios. In the fi rst case, if the dielectric FEP and 
the electrodes are uncharged at the fi rst place, all of the static 
charges are then to be generated by the triboelectrifi cation 
after their physical contact. The negative charges on the FEP 
surface should have an equal amount with the positive charges 
in the electrodes. When the FEP is at the position fully over-
lapped with the fi rst electrode (e.g., the left electrode as shown 
in Figure  1 b<i>), all of the positive charges in the loop will be 
attracted to the upper surface of the left-hand electrode (LE). 
Then, when the FEP layer slides towards the right-hand elec-
trode (RE) (Figure  1 b<ii>), the positive charges in the loop will 
fl ow from the LE to the RE via the load to screen the local fi eld 
of the non-mobile negative charges on the dielectric, which 
is the fi rst half cycle of electricity generation. When the FEP 
reaches the overlapping position of the RE (Figure  1 b<iii>), all 
of the positive charges will then be driven to the RE. Subse-
quently, a backward sliding of the FEP layer from the RE to the 
LE should drive the fl ow of the positive charges in the same 
direction, forming a reverse current in the load (Figure  1 b<iv>). 
This is the second half of electricity generation process. 

 In the second case, if the dielectric FEP is already charged 
due to prior-triboelectrifi cation before approaching the 

electrodes, which may have or may not have electrostatic 
charges, electricity can be generated by swing the FEP between 
the two electrodes even without direct contact (Figure  1 c, with 
the full schematic working principle showing in Figure S2). 
This is feasible because triboelectric charges can be preserved 
on insulator surfaces for hours and even days. As long as the 
vertical separation is much smaller than the relative displace-
ment of the two electrodes (which could be on the order of sev-
eral centimeters or even larger), the sliding of the non-mobile 
charges on the FEP fi lm still can induce a signifi cant portion of 
charges to fl ow. Thus, unlike existing TENGs, this new mode of 
FTENG should be able to operate in non-contact sliding mode. 

 Besides, the other basic design of FTENGs is based on the 
triboelectrifi cation between two different dielectric fi lms, e.g. 
FEP as the freestanding layer and polyamide (Nylon) as the 
fi lm fully covering the two stationary electrodes (Figure  1 d). 
When the freestanding FEP fi lm is driven to slide on top of the 
Nylon fi lm, negative charges will be injected from the Nylon 
surface to the FEP surface. As for the positive static charges on 
the Nylon surface, since they are stationary all the time, their 
induced potentials on the two electrodes remain as constant, 
which cannot provide any driving force to the charge fl ow in 
the external load. Thus, all of the driving force of the current 

   Figure 1.    Device structure, basic operations and working principles of the freestanding-triboelectric-layer based nanogenerator (FTENG). (a) Typical 
device structure of a conductor-to-dielectric FTENG. (b) Schematic working principle of a conductor-to-dielectric FTENG in contact sliding mode. (c) 
Schematic diagram of a conductor-to-dielectric FTENG in non-contact sliding mode. (d) Schematic diagram of a dielectric-to-dielectric FTENG. 
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density in each sliding motion) with the 
increase of the sliding displacements ( x ) 
were theoretically studied for three typical 
structures with different electrode distances 
of 0.1 cm (Figure  2 b), 1 cm (Figure  2 c), and 
5 cm (Figure  2 d), respectively. As shown in 
the COMSOL simulation results (Figure 
 2 b-d),  V OC   and  Δσ SC   generated by all of the 
three structures gradually increase with the 
increase of  x , following symmetric profi les. 
As for charge transfer,  Δσ SC   will approach the 
same value (60 µC/m 2 ) of the tribo-charge 
density on FEP fi lm, when a full sliding 
motion is completed. As for the calculated 
 V OC  , the electrode distance does have a direct 
infl uence: when  d  increases from 0.1 cm to 
5 cm,  V OC   goes up from 86 kV to 216 kV. 
This effect can be understood from the gen-
eral relationship of  V OC   and  Δσ SC   in a TENG 
device, [ 24,25 ]  shown as follows:

 

σ= Δ ⋅
V

S

C
OC

SC

 
 (1)

 

   where  S  is the area of one electrode, and  C  is 
the capacitance between the two electrodes. 
Since  Δσ SC   and  S  are both constant,  V OC   is 
inversely proportional to  C . Because a larger 

distance between two electrodes will lower the value of  C ,  V OC   
should get higher as a result. Moreover, since two electrodes 
in a FTENG are stationary,  C  is approximately kept as con-
stant. Thus,  V OC   and  Δσ SC   are proportional to each other and 
follow the same increasing trend in each device, which can be 
observed from Figure  2 b-d. This inversely proportional relation-
ship also clearly explains the reason for FTENGs’ capability of 
generating such an extremely-high  V OC  : that is the very small 
 C  from the two in-plane displaced metal plates. We need to 
note that the above simulations of the sliding-induced voltage 
change under the open-circuit condition barely rely on the 
assumed boundary condition of the positive charge distribution 
between the two metals (Figure S4). From this theoretical study, 
the FTENG is twice as effi cient as the single-electrode TENG 
for mechanical energy harvesting. [ 17,26 ]  

 The electrical outputs were measured from 5 devices with dif-
ferent electrode distances (0.1 cm, 0.3 cm, 1 cm, 3 cm, and 5 
cm). As shown in  Figure    3  a, the 5 sets of  Δσ SC   all stay at the 
level around 65 µC/m 2 , which is very similar to the theoret-
ical expectation that  d  doesn’t have an infl uence on the charge 
transfer. There is only a minor decreasing trend when  d  gets 
larger, probably because of a larger tribo-charge density ( σ Tribo  ) 
on FEP surface resulted from a more intensive friction when 
two electrodes get closer. However, the measured  V OC   has a very 
different trend from the simulation results (Figure  3 b). Rather 
than showing a signifi cant increase along with the elevation of 
 d , the magnitudes of  V OC   from these 5 devices are all around 
the level of 15 kV, only presenting a bit enhancement from the 
increase of  d . Actually, the measured results are much smaller 
than the simulated values of  V OC   by almost an order of mag-
nitude. The possible cause of this difference is that the inner 

still comes from the sliding of the negatively-charged FEP fi lm, 
which is the same as the demonstrated dielectric-conductor 
FTENG structure. Therefore, this dielectric-dielectric structure 
should generate electricity in a similar manner. The full sche-
matic working principle is shown in Figure S3. 

 The theoretical model of FTENGs has been established to 
simulate the change of the open-circuit voltage ( V OC  ) between 
the two electrodes, as induced by the sliding of the freestanding 
triboelectric layer ( Figure    2  a). In this model constructed in 
COMSOL, two metal fi lms as the electrodes (with the length  L  
= 5 cm and a thickness of 10 µm) are placed on the same plane, 
with distance  d  = 0.02 L  = 0.1 cm. At the initial state, the FEP 
fi lm (with an assumed tribo-charge density ( σ Tribo  ) of 60 µC/m 2 , 
which is chosen based on the level of the actual  σ Tribo   on the 
FEP layer) is sitting on top of the left electrode (LE). All of the 
positive tribo-charges are assumed to distribute on the LE, in 
order to reach the electrostatic equilibrium at the initial state. 
As expected, the simulation result shows no potential differ-
ence across the electrodes (Figure  2 a<i>). Then, when the FEP 
fi lm with negative surface charges slides to the middle position 
(with the displacement  x  = 0.51 L ), a large potential difference 
( V OC  ) of ∼40 kV is generated between the two electrodes in the 
open-circuit condition (Figure  2 a<ii>). Finally, when the FEP 
gets to the overlapping position of the RE, the  V OC   will increase 
to ∼86 kV (Figure  2 a<iii>). Such an increase of potential differ-
ence between the two electrodes is the driving force of the cur-
rent fl owing from the LE to the RE during the sliding.  

 The most important structural parameter of the FTENGs is 
the distance ( d ) between two electrodes, which will also directly 
determine the necessary sliding displacement for achieving a 
full cycle of electricity generation. The output characteristics 

   Figure 2.    Theoretical model and study of FTENGs. (a) The simulated potential distributions 
at three different sliding displacements (0, 2.55 cm and 5.1 cm) of a FTENG with an electrode 
length of 5 cm and an electrode distance of 0.1 cm. (b–d) The simulated open-circuit volt-
ages ( V OC  ) and transferred change densities ( Δσ SC  ) at different sliding displacements ( x ) of 3 
FTENGs with the same electrode size ( L  = 5 cm) but different electrode distances ( d ): (b)  d  = 
0.1 cm; (c)  d  = 1 cm; (d)  d  = 5 cm. The insets are the schematics showing the corresponding 
FTENG structures. 
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from each device, as shown in Figure S5), 
 J SC   should be mostly determined by the time 
span of one sliding. Therefore, the increase 
of  d , which will lead to a longer sliding time, 
should be unfavorable for the magnitude 
of  J SC  . This agrees with the measurement 
results of  J SC   (Figure  3 c): the device with the 
smallest  d  of 0.1 cm generates the highest  J SC   
of ∼3.5 mA/m 2 . Thus, from this infl uence of 
 d , a smaller electrode distance is preferred in 
structural design for a high output power.  

 For a comprehensively characterization of 
the demonstrated FTENG as a power source, 
we measured the actual voltages and current 
densities of a FTENG with  d =  0.02 L  under a 
series of different load resistance. As shown 
in Figure  3 d, at the range below 10 MΩ, both 
the voltage and the current density have little 
variation from the short-circuit condition. 
Then, a further increase of the resistance 
beyond 10 MΩ will lead to the increase of the 
voltage and the decrease of the current den-
sity. At the resistance of ∼1 GΩ, the FTENG 
provides the maximum power density to a 
load, which is ∼6.7 W/m 2  (Figure  3 e). 

 In order to design an effi cient TENG, it 
is desirable to maintain an intimate contact 
between the freestanding triboelectric layer 
and the electrode fi lms during sliding. How-
ever, in real applications of such sliding-based 
TENGs, it is sometimes diffi cult to keep a 
good in-plane contact during sliding, due to 
possible irregularities of input mechanical 
motions. Thus, a good tolerance of a vertical 
separation between the two layers in elec-
tricity generation is critical for expanding 
TENGs’ applications. As we have discussed 
in Figure  1 c, the FTENG demonstrated here 
should be able to operate in non-contact 
sliding mode. We theoretically studied the 
infl uence of the vertical gap distance ( H ) 
between the two facing surfaces. As shown in 
 Figure    4  a, when  H  is increased from 0 to 10 
mm, the calculated transferred charge den-
sities ( Δσ SC  ) in one sliding motion still pre-
serve a considerable portion of the maximum 
value ( Δσ o  ): 61% for the structure with  d  = 0.1 
cm, and 77% for  d =  5 cm. This set of calcu-
lation results gives us a good prediction that 
the presence of a vertical gap during sliding 
will not have a severe infl uence on the effec-
tiveness of mechanical energy harvesting. In 

order to verify this prediction experimentally, the transferred 
charge densities were measured from those two devices, under 
a series of different  H  between 0 and 10 mm. From the data in 
Figure  4 b, although the measured outputs show a faster decay 
than the simulation results, the  Δσ SC   from the case of  H =  10 
mm still retains more than 20% of the maximum value (24% 
for  d  = 0.1 cm, and 29% for  d  = 5 cm). This higher decay rate of 

resistance of the electrometer is not infi nitely large, so that real 
 V OC   cannot be accurately recorded due to the internal leakage 
under such a high voltage. Thus, the measured results could not 
refl ect the infl uence of  d . As for the short-circuit current densi-
ties ( J SC  ) provided by these 5 FTENGs, since the total amounts of 
transferred charge densities are about the same for one sliding 
motion (which can be verifi ed by the integration of a single peak 

   Figure 3.    Measurement results of FTENGs’ electrical outputs. (a) The transferred charge densi-
ties ( Δσ SC  ) of 5 FTENGs with different electrode distances (0.1 cm, 0.3 cm, 1 cm, 3 cm, 5 cm). 
(b) The open-circuit voltage ( V OC  ) of the above 5 FTENGs. (c) The short-circuit current density 
( J SC  ) of the above 5 FTENGs. (d–e) The dependence of the electrical outputs on the load resist-
ance, obtained from the FTENG with the electrode distance of 0.1 cm: (d) the voltage and the 
current density; (e) the power density. 
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fl ow of electricity without any further contact 
or friction between the two surfaces needed. 
In order to test the stability of the FTENG in 
the non-contact mode, we continuously ran 
one FTENG for ∼20,000 cycles with a vertical 
distance of 5 mm. As shown in Figure  4 d, 
the generated short-circuit charge density 
of ∼25 µC/m 2  didn’t have an obvious decay 
after these ∼20,000 cycles. The capability 
of working in non-contact mode provides a 
number of advantages for mechanical energy 
harvesting: extremely-high energy conversion 
effi ciency (theoretically 100%) due to a low 
mechanical energy input that doesn’t need 
to overcome the sliding friction; the mini-
mized surface wearing from sliding friction; 
expanded types of applicable mechanical 
energies. 

 As presented by Figure  1 d, this free-
standing triboelectric layer based mechan-
ical energy conversion can also be realized 
by the sliding-electrifi cation between two 
dielectric materials. This type of dielectric-
to-dielectric (D-D) FTENG can be fabricated 
by simply depositing two electrode patches 
at the back side of the other dielectric fi lm, 
which is chosen as Nylon because of its com-
plete reverse triboelectric polarity with FEP 
fi lm ( Figure    5  a). Similarly to the discussed 
dielectric-to-conductor (D-C) FTENG, a 
smaller distance between the two electrodes 
should be favorable. Thus, we studied the 

D-D FTENG with the same size (7 cm × 5 cm) as the D-C type 
and an electrode distance of 0.1 cm. Its basic working principle 
can be verifi ed by the numerical calculation of the  V OC   and the 
 Δσ SC   at different sliding displacements. From Figure  5 b, they 
have very similar behaviors to those from the corresponding 
D-C FTENG structure of the same  d  (Figure  2 b). The addition 
of the dielectric layer attached to the two electrodes only leads 
to small decreases on  V OC   (from 86.5 kV to 66.9 kV) and  Δσ SC   
(from 60 µC/m 2  to 59.9 µC/m 2 ), which possibly result from the 
slight separation of the sliding FEP layer and the electrode by 
the Nylon fi lm. The D-D FTENG was also studied experimen-
tally by measuring the electrical outputs from a real device. As 
shown in Figure  5 c, the back-and-forth sliding of the FEP layer 
on the Nylon surface drove the alternating charge fl ow with a 
density of ∼55 µC/m 2 . An open-voltage of ∼12 kV (Figure  5 d) 
and a short-circuit current density of ∼3 mA/m 2  (Figure  5 e) 
were obtained from the device. All of these three parameters 
are a little bit smaller than those from the D-C FTENG device.  

 With the unique advantages of being able to be triggered by 
freestanding and non-contact sliding motions, the development 
of this new mode FTENG will largely expand the applications of 
this new technology for versatile mechanical energy harvesting. 
Without a connection to the system by a lead wire, the objects 
as the energy sources can move freely without any constraint. 
This advantage has been demonstrated on generating electricity 
from the free sliding motions of a human hand. As covered 

the measured output possibly comes from the reverse electro-
static-induction effect of the upper side of the acrylic substrate 
(with a thickness of 6.3 mm), which could carry some positive 
static charges due to its triboelectric polarity. The FTENGs’ tol-
erance of the vertical separation between the sliding surface 
and the electrode should improve when the device dimensional 
( L ) along the sliding direction increases, as shown by the simu-
lation results in Figure S6. This tolerance of non-contact sliding 
is much better than traditional sliding-mode TENG in which 
one electrode is attached with the sliding triboelectric layer. [ 15 ]  
As shown in Figure  4 c, when  H  increases to merely 2 mm, the 
 Δσ SC   from the traditional sliding TENG dramatically decays to 
almost 0. Therefore, a good tolerance of vertical separation is a 
unique feature of FTENGs.  

 With this capability of generating electricity by non-contact 
sliding, if the charges on the dielectric surface can preserve 
for a suffi ciently long time, the FTENG will be able to continu-
ously operate in this non-contact condition, under which there 
is no friction so that the energy conversion effi ciency could 
achieve theoretically expected 100% (Supporting Information) 
although the actual output power is lowered. In the FTENG 
structure demonstrated in this paper, the material used for the 
freestanding triboelectric layer—FEP—is a type of electret (the 
category of materials that can quasi-permanently retain the 
static charges on them). [ 27,28 ]  Thus, once the tribo-charges are 
generated on FEP by the contact sliding in the fi rst few cycles, 

   Figure 4.    FTENGs’ tolerance of vertical separation between the sliding triboelectric layer and 
the electrode surface. (a) The FEM simulated infl uence of the vertical separation ( H ) on the 
 Δσ SC   of two FTENG structures with  d  of 0.1 cm and 5 cm respectively. The dots are simulated 
 Δσ SC   at certain  H , and the lines are the interpolation results. The inset is a 2-dimensional 
diagram showing the FTENG with a vertical gap. (b) The experimentally measured infl uence of 
the vertical separation ( H ) on the  Δσ SC   of the above two FTENGs. The dots are measurement 
results, and the lines are the interpolation results. (c) The infl uence of vertical separation on the 
traditional sliding TENG, in which one electrode is attached with the sliding triboelectric layer. 
The inset shows the structure of the tested sliding TENG of the same size and materials. In all 
the above three fi gures (a–c),  Δσ 0   is the maximum transferred charge density of each FTENG 
in contact-sliding mode. (d) The output stability of the FTENG working in non-contact sliding 
mode, over ∼20,000 continuous cycles. 
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sliding, it still can be effectively harvested 
by FTENGs in non-contact mode. Moreover, 
because there is no need to connect a lead to 
a human foot, such a group of electrodes on 
the road can harvest the walking energy from 
anyone who steps on the pads (Video S3). 
Such design can be extended to automobiles 
and trains.  

 In summary, this paper demonstrates a 
new mode of triboelectric nanogenerator, 
in which a freestanding triboelectric-layer 
slides between two stationary electrodes on 
the same plane. With two electrodes alterna-
tively approached by the tribo-charges on the 
sliding layer, an alternating current is gener-
ated between the electrodes due to electro-
static induction at contact and non-contact 
modes. From both theoretical analysis and 
experimental demonstration, the FTENG 
is proven to be very effective in mechanical 
energy conversion, which can generate an 
open-circuit voltage over 10 kV and drive the 
fl ow of equal amount of charges as the total 
tribo-charges in each sliding motion. Also, a 
systematical study on the infl uence of elec-
trode distance in device structure indicates 
that a smaller separation is more favorable. 
A FTENG with an electrode distance of 
merely 1 mm can provide a maximum power 
density of 6.7 W/m 2  to a load. Compared to 
the existing sliding TENG, this FTENG has 
a good tolerance to the vertical separation 
between the sliding triboelectric surface 
and the electrode, so that it can operate in 
both contact and non-contact sliding mode. 
Because of these unique features, the FTENG 
can achieve versatile energy harvesting from 

unrestricted and freely moving mechanical-energy sources at a 
greatly enhanced effi ciency. This new operation mode can gen-
erate a series of new device structures and largely expand the 
applications of TENG both as effective energy sources and also 
as active sensors. This newly designed TENG allows energy 
harvesting from a walking person, a moving car or train.   

 Experimental Section 
  Fabrication of the nanorod array on the surface of the PFE fi lm : First, a 

piece of FEP fi lm (with the thickness of 50 µm) was rinsed with menthol, 
isopropyl alcohol and de-ionized water, consecutively. Subsequently, a 
10-nm thick Au was sputtered onto the FEP surface, which will act as 
the mask for the etching process. Then the inductively coupled plasma 
(ICP) reactive ion etching was used to produce the aligned nanorods on 
the surface. Ar, O 2  and CF 4  were used as the reaction gases in the ICP 
process with the fl ow ratio of 15.0, 10.0, and 30.0 sccm, respectively. 
One power source of 400 W was used to generate a large density of 
plasma and the other power of 100 W was used to accelerate the plasma 
ions. The FEP fi lm was etched under such condition for 40 s. [ 23 ]  

  Fabrication of the dielectric-to-conductor freestanding triboelectric layer 
based nanogenerator : Two pieces of acrylic sheets with the thickness of 
1/4 inches were tailored by laser cutter, as the supporting substrates. 

by a FEP fi lm on a hand, the sliding of the hand between two 
electrodes can effectively produce electricity, which is capable of 
instantaneously driving 100 commercial LEDs ( Figure    6  a and 
Video S1). From the real-time measurement results shown in 
Figure  6 b, the current through these 100 LEDs reaches ∼8 µA. 
Because there is no electrical wire extending out, the hand can 
move to any place, without suffering from any inconvenience 
caused by the energy harvesting device. Another important 
feature of the FTENG is its capability of generating electricity 
from non-contact sliding. As shown in Figure  6 c, the FTENG 
still can act as a direct power source for 100 LEDs, with a 
gap existing between the FEP surface and the electrode plane 
(Video S2). These two features make FTENG an effective tech-
nology for harvesting mechanical energy from human walking 
without a constraint of contact. During the contacts with the 
ground while waking, the bottoms of human shoes are natu-
rally charged. With a group of electrode patches laminated on 
the road surface along people’s walking track, the feet can bring 
the shoe-sole-attached FEP fi lms from one electrode to another, 
through which a current fl ow will be generated (as indicated 
by the LEDs connected between any two adjacent electrodes). 
Although the motion of people’s foot is not a perfect in-plane 

   Figure 5.    Dielectric-to-dielectric (D-D) FTENG. (a) Schematic diagram of device structure and 
operation. (b) The FEM simulated  V OC   and  Δσ SC   at difference  x , which are calculated from 
a D-D FTENG with an electrode length of 5 cm and an electrode distance of 0.1 cm. (c–e) 
The measured electrical outputs of a D-D FTENG with the above structural parameters: (c) 
the transferred charge density ( Δσ SC  ); (d) the open-circuit voltage ( V OC  ); (e) the short-circuit 
current density ( J SC  ). 
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The fi rst acrylic sheets were cut into a rectangular shape with the size 
of 7 cm × 5 cm. Then, a piece of ICP-treated FEP fi lm with the same 
size was carefully laminated onto this acrylic sheet with the treated 
surface facing up. As the supporting substrate of the electrodes, the 
other acrylic sheet was cut into a rectangle with a size of 7 cm × 17 cm. 
Right in the middle of the substrate, a gap with the width equaling to the 
desired electrode distance was carved off, in order to separate the two 
electrodes. Then, two 7 cm × 5 cm rectangular regions locating next to 
the gap were deposited with 30nm of Cr, and then 100 nm of Al, using 
e-beam evaporator. Finally, two leads were made to the two electrodes. 

  Fabrication of the dielectric-to-dielectric freestanding triboelectric layer 
based nanogenerator : The fabrication of the acrylic-supported FEP plate 
is the same as the D-C FTENG, as described above. As for the counter 
dielectric layer made of Nylon, two rectangular regions with the size 
of 7 cm × 5 cm on the backside were deposited with 30nm of Cr, and 
then 100 nm of Al, using e-beam evaporator. Then, two copper wires are 
connected to the two electrodes, as the leads. Finally, the Nylon fi lm was 
adhered to a rectangular acrylic substrate to ensure a fl at surface, with 
the electrode-deposit surface facing down.  
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   Figure 6.    Niche applications of FTENGs for versatile mechanical energy 
harvesting. (a) Electrical energy generated by the sliding of a human hand 
without lead connection, which is capable of instantaneously driving 100 
LEDs. (b) Real-time measurement of the current through these 100 LEDs, 
which is generated by the human hand. (c) 100 LEDs driven by a FTENG 
(marked by the yellow square in the lower picture) working in non-contact 
mode, with a vertical gap distance of 3 mm. The upper picture is the 
magnifi ed portrait of the FTENG, clearly showing the gap between the two 
layers. (d) The concept of FTENG used for harvesting the walking energy 
from any people who step on the pads. 
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