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were driven by the planar sliding TENG and their optical direc-
tion and power could be modulated by the external mechanical 
energy. The active micro-actuators based on this TENG could 
open up the road to more important potential applications of 
independent and sustainable self-powered MEMS/NEMS. 

 The basic structure of the planar sliding TENG is composed 
of a freestanding triboelectric-layer and two pairs of orthogonal 
electrodes, as schematically illustrated in  Figure    1  a. For the 
fabrication of the planar sliding TENG device, Al and poly-
tetrafl uoroethylene (PTFE), with a large difference in tribo-
electric polarity, were selected as the conducting fi lm and the 
freestanding triboelectric layer, respectively. Two rectangular 
Al fi lms, each tailored to 7 cm × 14 cm, were deposited side 
by side on the bottom acrylic substrate with a 0.1 cm gap in 
the  X  direction in between them, and they served as the bottom 
electrodes. Two more rectangular Al fi lms of the same size 
were deposited side by side on the top acrylic substrate, this 
time with a 0.1 cm gap in the  Y  direction in between them, 
and they served as the top electrodes. Two square PTFE fi lms, 
each tailored to 7 cm × 7 cm, were then adhered on both sides 
of the supporting acrylic substrate of the same size and each 
was brought into close contact with either the top or bottom 
electrode. 

  In order to further improve the triboelectric charge density, 
the surface of both PTFE fi lms was treated by inductively cou-
pled plasma (ICP) to create nanoparticle structures, as shown 
in Figure  1 b. Driven by a planar force, the freestanding PTFE 
layer could slide in the plane between the top and bottom 
electrodes, through which dual-channel output voltages were 
supplied. 

 When the PTFE layer slides in plane rubbing against the 
Al electrodes, the triboelectric effect will render the PTFE sur-
face with negative charges, and the Al electrodes with positive 
charges. Figure  1 c shows the working principle of the planar 
sliding TENG if the PTFE layer slides in the  X  direction. In 
the original state (Figure  1 c<i>), the PTFE layer is at a position 
where it fully overlaps with the left bottom electrode. All the 
positive charges in the electrode will be attracted to the upper 
surface of the bottom electrode and there is no potential dif-
ference between the two bottom electrodes. Then, when the 
PTFE layer slides in the  X  direction (Figure  1 c<ii>), some of 
the positive charges will lose their constraints and will have 
a tendency to fl ow from the left bottom electrode to the right 
one. The potential difference between them will increase 
with the sliding distance in the  X  direction. When the PTFE 
square completely overlaps with the right bottom electrode 
(Figure  1 c<iii>), all of the positive charges on the left hand 
side will have lost their constraint and the potential difference 
will have reached its maximal value. Subsequently, a backward 
sliding of the PTFE layer in the  X  direction will attract the 
positive charges again and decrease the potential difference 

  With the development of micro/nano electromechanical sys-
tems (MEMS/NEMS), local power supplies have become 
especially important for their applications in human health, 
infrastructure, environmental aspects, and sensor network 
monitoring. [ 1 ]  Because of their disadvantages, such as their 
unsustainability, environmental pollution, and high resource 
consumption, batteries cannot meet the growing demands of 
the MEMS/NEMS technology and sensor network environ-
ments. Sustainable and self-powered technology by the scav-
enging of ambient mechanical energy would be a great solution 
and future trend. [ 2,3 ]  Based on micro/nano processing tech-
nology, various energy-harvesting technologies for micro/nano 
systems have been studied, such as electrostatic, [ 4 ]  piezoelec-
tric, [ 5 ]  electromagnetic, [ 6 ]  and magnetostriction. [ 7 ]  

 Recently, the invention of a triboelectric nanogenerator 
(TENG) has provided an effective approach to convert ambient 
mechanical energy into electricity. [ 8–14 ]  The working principle 
of the TENG is based on the coupling of contact electrifi ca-
tion and electrostatic induction. The performance of TENGs 
has been improved by orders of magnitude since their inven-
tion in 2011, [ 15 ]  and they have been validated to be equally 
important to traditional electromagnetic induction generators 
for power generation by systematic theoretical and experi-
mental comparison. [ 16,17 ]  So far, TENGs have been applied 
to drive microelectronic devices, such as LEDs, [ 18 ]  wireless 
transmitters, [ 19 ]  and thermometers, [ 20,21 ]  but not for micro/ 
nano-mechanical or MEMS/NEMS devices. Because of their 
continuously improving performances and their high output 
voltages, TENGs are very suitable for tuning/controlling the 
capacitor voltage in certain devices, such as tribotronic and 
triboelectric UV emission devices, [ 22,23 ]  and they could also be 
used to drive/control capacitive micro-actuators. 

 In this work, we report the development of a planar sliding 
TENG with dual-output voltages that can independently charac-
terize the displacements of the triboelectric-layer in the  X  and 
 Y  directions, respectively. Based on this planar sliding TENG 
an active piezoelectric micro-actuator and an active electrostatic 
MEMS actuator were developed for optical modulation. Owing 
to the high-voltage, dual-channel outputs the micro-actuators 
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(Figure  1 c<iv>), until returning to the original state. During 
the whole process, the upper surface of the PTFE layer slides 
against the top electrode at the same time. Because all of 
the positive charges in the top electrode will be attracted to 
the lower surface by the PTFE layer, the potential difference 

between the two top electrodes will not be changed by sliding 
in the  X  direction. 

 When the PTFE layer slides in the  Y  direction, the 
working principle of the planar sliding TENG is illustrated 
in Figure  1 d. Again, when the PTFE layer is at the position 
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 Figure 1.    Device structure and working principles of the planar sliding triboelectric nanogenerator (TENG). a) Structural design drawing of the planar 
sliding TENG with two pairs of orthogonal electrodes. b) SEM image of PTFE nanoparticles on the surface of the PTFE fi lm. c) Schematic working 
principle of the planar sliding TENG when the PTFE layer slides in the  X  direction. d) Schematic working principle of the planar sliding TENG when 
the PTFE layer slides in the  Y  direction.
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where it fully overlaps with the left top electrode in the orig-
inal state (Figure  1 d<i>), there will be no potential difference 
between the two top electrodes. When the PTFE layer slides 
in the  Y  direction (Figure  1 d<ii>), the potential difference will 
increase with the sliding distance in the  Y  direction, and reach 
its maximal value when the PTFE overlaps fully with the top 
right electrode (Figure  1 d<iii>). Also, a backward sliding of the 
PTFE layer in the  Y  direction decreases the potential difference 
(Figure  1 d<iv>) until returning to the original state. Although 
the lower surface of the PTFE layer simultaneously slides 
against the bottom electrode in the whole process, the potential 
difference between the two bottom electrodes does not change 
by sliding in the  Y  direction. Therefore, when the PTFE layer 
slides in plane, the displacements in the  X  and  Y  directions are 
independently characterized by the dual-output voltages. 

 The dual-channel open-circuit voltages ( V  OC ) when the PTFE 
layer slides in the  X  and  Y  directions were measured as shown 
in  Figure    2  a,c, respectively, for 7 different sliding displacements 
from 10 to 70 mm at an acceleration rate of ±1 m s −2 . The  V  OC  
of the bottom and top electrodes have linear relationships to the 
sliding displacement in the  X  and  Y  direction, respectively, as 
shown in Figure  2 b,d. The sensitivity was 28.9 V mm −1  for the 
 X  direction and 29.6 V mm −1  for the  Y  direction. Figure  2 b,d 
shows that the bottom and top electrodes have almost no output 
voltages when the PTFE layer slides in the  Y  and  X  directions, 
respectively, because the PTFE layer is always in its original 
state (Figures  1 c<i> and  1 d<i>) in the direction that is perpen-
dicular to the sliding direction. The measurement results are 
in accordance with the structural design and working principle, 
which can linearly and independently represent the planar 
sliding. 

   Figure    3  a,c shows the measured dual-channel  V  OC  when the 
PTFE layer slides in the  X  and  Y  direction, respectively, for 6 
different sliding accelerations (which correspond to different 
maximum velocities) from 0.1 to 1 m s −2  at a sliding displace-
ment of 70 mm. The maximal  V  OC  of both the bottom and top 
electrodes were almost constant with increasing sliding speeds, 
which is shown in Figure  3 b,d. Though a slight increase was 
found at high speed, which may result from the relatively 
increased triboelectric charge density of the PTFE surface, the 
overall consensus is that the sliding speed has little infl uence 
on the dual-channel output voltages of around 1.83 kV and 
1.85 kV, respectively. 

  Because of the high output voltages the planar sliding TENG 
can be used to actuate capacitive devices. The relationships 
between the dual-channel applied voltages  U  b  and  U  t  and the 
load capacitance  C  load  were analyzed using Gauss’ Theorem in 
the Supporting Information, which can be described by:
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 where  Q  is the triboelectric charge quantity on each side of the 
PTFE surface,  L  is the side length of the PTFE layer,  L x   and  L y   
are the sliding distances to the original positions in the  X  and 
 Y  directions, respectively, and  C  0  is the capacitance between the 
two bottom electrodes, which is also the capacitance between 
the two top electrodes for the symmetric structures. Therefore, 
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 Figure 2.    Infl uence of the sliding displacement on the output voltages. a,c) The open-circuit voltages ( V  OC ) when the PTFE layer slides in the  X  and  Y  
direction, respectively, for 7 different sliding displacements from 10 to 70 mm at an acceleration rate of ±1 m s −2 . b,d) The relationship between  V  OC  
and the displacements in the  X  and  Y  direction. The sensitivity was 28.9 V mm −1  for the  X  direction and 29.6 V mm −1  for the  Y  direction.
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the maximal applied voltage on the load capacitance for each 
channel can be described by:

    
=

+max
0

U
Q

C Cload   

(3)

 

    Figure    4  a,c shows the measured dual-channel applied volt-
ages when the PTFE layer slides in the  X  and  Y  directions, 
respectively, for 6 different load capacitances from 200 pF to 
10 nF at a sliding displacement of 70 mm and an acceleration 
rate of ±1 m s −2 . The maximal applied voltages from both pairs 
of electrodes decrease with increasing load capacitance, which 
is shown in Figure  4 b,d. The measurement results accord 
well with Equation  ( 3)  , which indicates that the smaller the 
load capacitance, the larger the driving voltage that is applied 
on the device. As many piezoelectric and electrostatic micro-
actuators have a very small capacitance, planar sliding TENGs 
would be very suitable for actuating these types of devices. 

  Based on our planar sliding TENG, an active piezoelectric 
micro-actuator with two piezoelectric bimorphs was devel-
oped for two-dimensional optical direction modulation, as 
schematically illustrated in  Figure    5  a. The two piezoelectric 
bimorphs were orthogonally positioned and driven by the dual-
channel output voltages of the TENG. Each of the piezoelectric 
bimorphs was fi xed on one end as a micro-cantilever structure 
and subject to a bending deformation by the applied voltage. 
The structure and principle of the piezoelectric bimorph is 
detailed in the Supporting Information, as well as the rela-
tionship between the defl ection angle  θ  at the free end and 
the applied voltage  U  load  at small deformation, which can be 
described by: [ 24 ] 

     θ =
⋅ ⋅3
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    where  d  31  and  l  are the piezoelectric constant and length of the 
piezoelectric bimorph, respectively, and  h  is the thickness of 
the unimorph in the piezoelectric bimorph. Figure  5 b shows 
the calibration of the piezoelectric bimorph with a capacitance 
of 392 pF, which accords well with Equation  ( 4)   and demon-
strates a good linear mechanical output. 

 As shown in Figure  5 a, the laser beam is refl ected by both 
the piezoelectric bimorphs in sequence and received by the 
screen as a light-spot. The output voltage from one channel 
is used to drive the fi rst piezoelectric bimorph into a bending 
deformation, which causes the light spot to move in the OA 
direction. Whereas the output voltage from the other channel 
is used to drive the second piezoelectric bimorph into a 
bending deformation, which causes the light spot to move in 
the OB direction. Therefore, the dual-channel output voltages 
can modulate the optical direction two-dimensionally. The rela-
tionships between the moving distances of the light-spot on 
the screen and the sliding displacements  L x   and  L y   of the PTFE 
layer were analyzed in the Supporting Information, and can be 
described by:
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 Figure 3.    Infl uence of the sliding speeds (acceleration) on the output voltages. a,c) The open-circuit voltage ( V  OC ) when the PTFE layer slides in the 
 X  and  Y  direction, respectively, at 6 different sliding accelerations (which correspond to different maximum velocities) from 0.1 to 1 m s −2  at a sliding 
displacement of 70 mm. b,d) The relationship between the maximal  V  OC  and the acceleration in the  X  and  Y  directions, respectively.
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 where  S OA   and  S OB   are the moving distances of the light spot 
in the OA and OB directions, respectively,  D  is the distance to 
the screen and  C  bimorph  is the capacitance of the piezoelectric 
bimorph. 

 Figure  5 c,d shows the dependence of the moving distances 
of the light-spot on the screen 1.0 meters away of the sliding 
displacements of the PTFE layer in the  X  and  Y  directions, 
respectively, at the acceleration rate of ±1 m s −2 . The moving 
distances in the OA and OB directions have an independent 
and linear relationship to the sliding displacements in the 
 X  and  Y  direction, respectively, which demonstrates a good 
mechanical transmission of the active piezoelectric micro-
actuator. The sensitivities were 0.250 for the OA direction and 
0.247 for the OB direction, respectively. Figure  5 e,f shows the 
light-spot moving ranges on the screen for sliding of the PTFE 
layer over 70 mm in the  X  and  Y  directions, respectively, at 
6 different sliding accelerations from 0.1 to 4 m s −2 . The light-
spot moving ranges in both directions were almost constant 
with increasing sliding speed, which indicates that the sliding 
speed has little infl uence on the optical direction modula-
tion. Therefore, the active piezoelectric micro-actuator based 
on our planar sliding TENG and two piezoelectric bimorphs 
has successfully realized a two-dimensional optical direction 
modulation. 

 Based on the planar sliding TENG, an active electrostatic 
micro-actuator with two dynamic variable infrared optical 
attenuators for double-channel optical power modulation was 
also developed, as schematically illustrated in  Figure    6  a. As the 
usual MEMS variable optical attenuators, [ 25,26 ]  the optical atten-
uation can be adjusted by the applied voltage  with this device.  

Figure  6 b shows the calibration of the MEMS optical attenuator 
with 11 pF capacitance, which indicates that the insertion loss 
is −0.5 dB and the attenuation range is 28.5 dB from 0 to 5 V. 
The two optical attenuators were driven by the dual-channel 
output voltages of the TENG. A capacitance of 47 nF was con-
nected in parallel for each channel to adjust the output voltage 
to within the working voltage range of the optical attenuator. 
Two infrared laser beams were transmitted to the attenuators 
by the fi bers and received by the Watt meters. 

  Figure  6 c,d shows the dependence of the attenuation for 
the two channels on the displacements of the PTFE layer in 
the  X  and  Y  directions, respectively, at the acceleration rate of 
±1 m s −2 . The attenuation in each channel could be adjusted 
independently by the sliding displacement in the  X  and  Y  direc-
tion, respectively. The attenuation curves are very similar to the 
calibrated characteristics in Figure  6 b, which also demonstrate a 
good mechanical transmission of the active electrostatic micro-
actuator. The attenuation range was 25.9 dB for attenuator I 
and 24.9 dB for attenuator II. Figure  6 e,f shows the attenuation 
ranges with the PTFE layer sliding 70 mm in the  X  and  Y  direc-
tions, respectively, at 6 different sliding accelerations ranging 
from 0.1 to 4 m s −2 . The attenuations in both channels were 
almost constant with increasing sliding speed, which indicates 
that the sliding speed has little infl uence on the optical power 
modulation. Therefore, an active electrostatic micro-actuator 
based on the planar sliding TENG and two MEMS optical atten-
uators has successfully been realized for dual-channel optical 
power modulation. 

 In summary, we present a planar sliding triboelectric 
nanogenerator with two pairs of orthogonal electrodes and 

 Figure 4.    Infl uence of the load capacitances on the output voltages. a,c) The applied voltages for 6 different load capacitances from 200 pF to 
10 nF when the PTFE layer slides in the  X  and  Y  directions, respectively, at a sliding displacement of 70 mm and an acceleration rate of ±1 m s −2 . 
b,d) The relationship between the maximal applied voltages and the load capacitances when the PTFE layer slides in the  X  and  Y  direction, 
respectively.
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dual-channel output voltages, which are used for driving the 
capacitive micro-actuators. The dual-channel output voltages 
were independently proportional to the sliding displacements 
of the triboelectric-layer in the  X  and  Y  directions, respec-
tively. The smaller the load capacitance actuated by the TENG, 
the larger the applied voltage on the capacitive device. Based 
on this planar sliding TENG, active piezoelectric and electro-
static micro-actuators were developed for two-dimensional 
optical direction and dual-channel power modulation, respec-
tively. The modulation effects were dependent on the sliding 
displacements in the plane of the triboelectric layer, however, 
the sliding speeds had little effect. This work presents for the 
fi rst time active micro-actuators driven by mechanical energy 

without the need for external power or mechanical joints. We 
have as such demonstrated the great capabilities of TENGs for 
actuating micromechanics and their broad prospects for inde-
pendent and sustainable self-powered MEMS/NEMS. Together 
with tribotronics, these active micro-actuators have opened up 
new applications for TENGs in triboelectric-voltage-controlled 
devices.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

 Figure 5.    Structure and performances of the active piezoelectric actuator for two-dimensional direction modulation. a) The structure of the active 
two-dimensional direction modulator with two orthogonal positioned piezoelectric bimorphs and the planar sliding TENG. b) Calibration of the 
piezoelectric bimorph with 392 pF capacitance. c,d) The dependence of the planar displacements of the light-spot on a screen 1.0 meters away on the 
displacements of the PTFE layer in the  X  and  Y  directions, respectively, at an acceleration rate of ±1 m s −2 , respectively. The sensitivity was 0.250 for 
the  X  direction and 0.247 for the  Y  direction. e,f) The light-spot moving range at different acceleration rates of the PTFE layer sliding over 70 mm in 
the  X  and  Y  directions, respectively.
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