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or control various microelectronic devices 
and even to drive some micromechanical 
systems.[4,5] The common characteristic of 
the TENG is a high output voltage (over 
1 000 V) under open-circuit condition, 
while such output voltage decreases dra-
matically with the decrease of the external 
resistance. Accordingly, the TENG is good 
for controlling the capacitive device with 
a high internal resistance.[6] The rapid 
response characteristic and high output 
voltage signal can help the TENG to serve 
as a bridge between ambient environment 
and microelectronic/mechanical system, 
where the mechanical motion or vibration 
can function as both the trigger signal and 
the driving power.

On the other hand, using dielectric elas-
tomer actuators (DEAs) as artificial mus-

cles for soft robotics or soft electronics has attracted consider-
able interests in the last decade.[7] The dielectric elastomers 
have similar mechanical properties as human skin, namely 
a low elastic modulus and a large strain capability, and their 
deformation can be actuated and controlled by applying an 
external electric voltage.[8] However, the driving voltage is usu-
ally a few thousand volts,[9] which means that the high-voltage 
power supplier may add extra volume/weight for the practical 
applications of the device. Alternatively, TENG has a unique 
advantage that its output voltage is typically high even its 
volume is rather small, which can be advantageous for driving 
the dielectric elastomers. Using ambient motion to directly 
drive the deformation of an elastomer can be used for human–
robotics interaction.

In this study, we have demonstrated a self-powered actuation 
system by coupling a single-electrode TENG and a DEA. The 
fabricated TENG-DEA system can be powered and controlled 
by a simple contact-separation motion applied to the TENG. 
Due to the tribo-electrification process facilitated by the nano-
patterned contact-surface, the separation motion between two 
surfaces generates a high voltage that is directly applied to the 
DEA film, which is enough for the DEA film to show some sig-
nificant deformation strains (10%–20%, depending on the elec-
trode size). Given this working principle, we select a series of 
structural and working parameters (separation distance, dura-
tion time, velocity, and so on) of the devices and give in-depth 
analysis of their effects on the performance of the system. For 
perspective, based on this TENG-DEA system, two simple pro-
totypes of intelligent switch and self-powered clamper have 
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1. Introduction

Self-powered systems have tremendous applications in the 
fields of portable/wearable personal electronics, wireless 
health, remote and mobile environmental sensors.[1] The core 
element of the self-powered system is a packaged energy har-
vester that can collect energy from ambient environment 
to realize various functions. For the last decade, the nano-
generator has been considered as one of the most promising 
technologies to serve as an energy harvester for the self-pow-
ered system.[2] Ever since the first report on the triboelectric 
nanogenerator (TENG) in 2012, the performance of this kind 
of device has been improved dramatically and the energy conve-
rsion efficiency reaches up to 50%–85%.[3] The rapid develop-
ment of the efficiency of the TENG makes it possible to drive 
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been demonstrated, which shows promising application poten-
tial of this system in the research field of soft electronics and 
artificial muscle.

2. Results and Discussions

The single-electrode TENG was fabricated based on the con-
tact-separation working mode,[10] whereas the contact layers 
are Kapton film and Al foil. Figure 1a shows the structure of 
the single-electrode TENG integrated with a DEA. The elas-
tomer film is fixed on a frame and the circular electrodes are 
applied on the top and bottom of the film. The contact-sepa-
ration motion of the Kapton film can control the mechanical 
strain of the elastomer film, where the motion itself can serve 
as both the power supplier and trigger signal for the deforma-
tion of the elastomer. Moreover, in order to increase the surface 
charge density induced from contact-electrification and further 
enhance the output performance of the TENG, a high surface 
area is achieved by covering the Kapton film with a series of 
nanopatterned structure using inductively coupled plasma 
(ICP) reactive-ion etching. Scanning electron microscopy (SEM) 
images of the Kapton film before and after ICP treatment are 
shown in Figure 1b. The detailed working mechanism of this 
integrated system can be seen in Figure S1 and Movie S1 in the 
Supporting Information. When the Kapton film contacts with 
the Al foil, the positive and negative surface charges are induced 
on the surface of Kapton and foil, respectively. The successive 
separation motion results in a high potential drop established 
between Al foil and the ground (the positive charges remain on 
the surface of Al foil). Accordingly, the dielectric elastomer con-
nected between foil and ground will endure this potential drop 

due to its capacitance characteristic and the deformation strain 
will be activated. When the Kapton film return to the contact 
position, the positive charges on the surface of Al foil as well as 
on the electrode of DEA are neutralized by the negative charges 
on the surface of Kapton.

The deformation of the elastomer is due to the existence of 
Maxwell stress caused by the electric field across the thickness 
direction.[11] The basic theory of dielectric elastomer actuation 
has been well established for many years. The Maxwell stress 
(P) is generated from the electrostatic attraction between the 
charges on the opposing electrodes, which can be given as 

2P Eε= −  (1)

where E is the electrical field strength and ε is the permittivity 
of the elastomer layer.[11] Accordingly, the elastomer film caught 
in the middle of the two electrodes is squeezed to become 
thinner in response to the Maxwell stress. The mechanical 
stiffness of elastomers is very small (four to seven orders of 
magnitudes smaller than that of conventional capacitor mate-
rials[9]) and therefore the induced deformation is significantly 
large in thickness direction. More importantly, since elastomers 
are incompressible materials (volume does not change during 
deformation), the squeezing force in the vertical direction leads 
to the extension in the perpendicular directions. Based on this 
kind of deformation behavior, elastomers can realize various 
functional mechanical actuations.

The established theoretical model of the integrated TENG-
DEA system can be seen in Figure 1c. The DEA can be simpli-
fied as a load capacitor (CL), while CT is the inherent capacitance 
of a single-electrode TENG with respect to the ground and it 
is nearly constant in our case.[10] Hence, the integrated system 
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Figure 1. a) Sketch of a TENG-DEA system and the deformation behavior caused by contact-electrification, where the nanopatterned structures are 
applied on the surface of the Kapton film. b) SEM image of the Kapton film before and after ICP treatment. c) Theoretical model for the TENG-DEA 
system.
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in Figure 1c can be considered as utilizing a single-electrode 
TENG to charge CL under a unidirectional mechanical motion. 
After the contact electrification, the top Kapton film carries neg-
ative charges with a density of −σ on its bottom surface and 
the Al electrode has the same amount of positive charges (σ). 
The Kapton film is vertically departing from Al electrode at a 
fixed velocity (the capacitance Ci between Kapton and Al will be 
decreased accordingly), and a potential drop will be established 
between the Al electrode and the ground due to the electrostatic 
induction. Finally, the voltage on the capacitors will saturate 
when a full separation is reached (x reaches xmax, Ci reaches 
zero). As analyzed by previous study, the voltage (Vmax) and the 
charges (Qmax) on the elastomer are given as[12] (Voc and Qsc 
stand for the open-circuit voltage and short-circuit transferred 
charges of the TENG when x = xmax) 
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To obtain an intuitive sense of such equations, numerical cal-
culations for the single-electrode TENG under constant velocity 
motion condition were performed with the help of finite ele-
ment method (FEM),[10,12] as shown in Figure 2a. (The detailed 
calculation parameters are listed in Table 1.) Both the open-cir-
cuit voltage and the short-circuit charge transfer from TENG 
will saturate after a motion distance of 20 cm (see Figure 2b,c). 
This distance may be smaller in the real measurements, since 
we did not consider the influence of the imperfect screening 

effect of the real electrode in the FEM simulation. The output 
voltage from TENG decreases dramatically with the decrease of 
the external resistance, as can be seen in Figure 2d, indicating 
that the insulating performance of the elastomer film is crucial 
to the TENG. Furthermore, the output voltage with different 
load capacitance is also calculated, as can be seen in Figure 2e. 
Here, the increase of the CL leads to the decrease of the output 
voltage, while the decrease of the CL results in insufficient 
charge transfer from CT to CL. Hence, the elastomer film with 
high resistivity and low capacity can significantly enhance the 
output voltage signal from TENG. It is also important to note 
that the CT of the TENG devices also shares the tribo-induced 
charges (see Figure 1c). Therefore, in order to guarantee more 
charges that can be transferred to CL for driving DEA, the 
inherent capacitance CT needs to be very small. Accordingly, 
the single-electrode mode or the free-standing mode TENG 
devices with a rather small inherent capacitance CT can be good 
for driving DEA devices.
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Figure 2. Simulation of the output signal from single-electrode TENG to elastomer. a) The established electrostatic field during the separation. b) The 
open-circuit voltage (Voc) from TENG. c) The short-circuit transferred charges (Qsc) from TENG. d) The output voltage from TENG in response to dif-
ferent external resistance. e) The output voltage from TENG in response to different load capacitance.

Table 1. Parameters utilized for the TENG calculation.

Single electrode mode TENG

Length of the electrode, W 10 cm

Reference electrode distance 2 cm

Dielectric constant 5

Dielectric thickness 100 μm

Inherent capacitance, CT 5.7 pF

Surface charge density, σ 10 μC m−2

Velocity, v 1 m s−1
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For the electrical measurement of the prepared single-elec-
trode TENG, two plates (top and bottom) are designed to be the 
moving objects, as explained later in the experimental section. 
The Kapton film is attached to the top plate, which is guided by 
a linear motor in the vertical direction of the bottom plate. At 
the beginning, two plates are aligned with each other and the 
separating displacement of the top plate can be controlled by 
the linear motor with a position resolution of 1 mm. The sepa-
rating movement is in a symmetric acceleration–deceleration 
mode with an acceleration rate of ±20 m s−2 and the velocity 
can be changed optionally by a control system. The open-cir-
cuit voltage (Voc) and short-circuit current (Isc) are measured by 
an electrometer and the results can be seen in Figure 3a,b. By 
changing the surface size of the Kapton tribo-layer, the output 

voltage as well as the transferred charges will be changed accord-
ingly. For the Voc larger than 300 V, an oscilloscope is employed 
to capture the peak signal of the voltage and the results are 
summarized in Figure 3c, where the tribo-surface area changes 
from 20 to 100 cm2. The voltage signal measured by the oscil-
loscope is related to the integration of the transferred charges 
through the oscilloscope and this is determined by the working 
principle of the oscilloscope. Hence, the increase of the tribo-
surface area results in more charges transferred to oscilloscope 
and leads to the increase of Voc observed by the oscilloscope. 
The transferred charges from TENG are also measured, as can 
be seen in Figure 3d. The similar measurements are repeated 
for more than eight times and the generated error bars are 
also shown in Figure 3d. For the tribo-surface of 100 cm2, the 
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Figure 3. Output performance of a single-electrode TENG. a) Voc of a TENG with a tribo-surface of 20 cm2. b) Isc of a TENG with a tribo-surface of 20 cm2. 
c) Summarized Voc values with different tribo-surface (from 100 to 20 cm2), which are the peak values recorded by the oscilloscope. d) Summarized  
Qsc values obtained from different tribo-surfaces (from 100 to 20 cm2). e) The deformation performance of the DEA sample under the control of 
TENG, where the actuated strain induced by TENGs with different tribo surfaces was measured for three different samples with area pre-strain ratios 
of λ = 3, 4, 5. f) The relaxation process of the actuated strain.
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maximum output voltage can reach 1 600 V, while the trans-
ferred charges are 350 nC. It is important to note that the 
voltage value measured through oscilloscope may be influenced 
by the leakage of the tribo-charges to the internal circuits and 
the real instantaneous voltage from the single-electrode TENG 
to elastomer can be higher than this value.[13]

The deformation strain of DEA under certain driving voltage 
is one of the most important parameter for evaluating its per-
formance. Figure S2a (Supporting Information) shows the 
actuated strains of DEA film under the control of the contact-
separation motion. The photograph in Figure S2a (Supporting 
Information) gives a good impression of the expanded circular 
electrode on the surface of elastomer film. Here, the output 
voltage from TENG was applied on one electrode of elastomer 
film with the other electrode grounded, as illustrated in Figure 1a, 
and the deformation strain can be regulated by the motion of 
the Kapton film. Three elastomer samples with different area 
pre-strain ratios (λ = 3, 4, 5) were prepared for the measure-
ment. The measured strain in response to different tribo-sur-
face was summarized in Figure 3e, where the maximum sepa-
ration distance is 20 cm and the moving velocity is 1 m s−1. For 
all three samples, the larger tribo-surface always results in the 
larger actuated strain, which is due to the increase of the output 
voltage. Meanwhile, as shown in the Figure 3e, the increase 
of the pre-strain ratio can also lead to the increase of the actu-
ated strain. According to Maxwell-stress (see Equation (1)), the 
electrostatic pressure is determined by the electric field in the 
thickness direction. Therefore, the increase of pre-strain ratio 
will decrease the thickness of the film and a larger electrostatic 
pressure can be achieved. The detailed deformation strain for 
each sample may also be influenced by the homogeneity of the 
complaint electrode and the stiffness of the film (different pre-
strain ratio may change tangent modulus of the film). However, 
the changing tendency of the deformation strain in response to 
different pre-stain ratio can always be repeated. After the tribo-
electrification, the tribo-charges on the surface of DEA film 
may experience a relaxation process due to the neutralization 
from the free ion in the air and the possible leakage current 
across the elastomer film. It is thus necessary to study the per-
sistence of tribo-induced strain. The variation of the actuated 
strain within 2 min after tribo-electrification were measured, as 
shown in Figure 3f. Here, the tribo-surface area is 100 cm2. In 
Figure 3f, the sample with the largest pre-strain ratio (λ = 5) 
relaxed faster (decreased 40% within 2 min), while the strain 
reduction for the sample with smaller prestrain ratio (λ = 3) 
is insignificant. It is probably due to the charge leakage in the 
thickness direction, which is enhanced by the smaller thickness 
and the larger electrode area (after expansion) of the sample 
with larger prestrain ratio (λ = 5). For all three samples, the 
actuated strain show almost no relaxation within at least 20 s, 
which provides a promising stability for the utilization of this 
system as some actuator or manipulator. We believe that the 
persistence of the DEA sample with larger pre-strain ratio can 
be further improved by using some more advanced elastomer 
materials with better insulating performance.

The same DEA samples driven by stable high-voltage source 
were also studied, as can be seen in Figure S2b (Supporting 
Information) and the results can be compared with the TENG-
based results. Moreover, the transferred charges from TENG to 

elastomer film and from TENG to the ground (short-circuited) 
were also tested (see Figure S2c in the Supporting Information). 
The transferred charges with DEA film are slightly decreased 
in comparison with that of the short-circuit condition, which 
is because that the inherent capacitance (CT) of TENG shares 
part of the tribo-induced charges. From Figure S2c (Supporting 
Information), it can be figured out that the inherent capacitance 
of TENG is ≈1/6 of the capacitance of the elastomer (λ = 5). 
If we can further reduce CT by employing some structure opti-
mization methods or the electrostatic screening process, the 
deformation of the elastomer will be enhanced. It is important 
to note that it is not possible to directly check the potential drop 
on the tribo-excited elastomer by using oscilloscope. If the elas-
tomer and TENG were both connected to an oscilloscope, the 
elastomer will show no deformation with the motion of the 
TENG. The possible reason is that the tribo-induced charges 
are collected by the internal circuits of the oscilloscope because 
the high internal resistance of the elastomer is almost like that 
of open-circuit state and thus no charge will accumulate on the 
surface of the elastomer. Hence, some large range electrom-
eter with very high internal resistance and very small inherent 
capacitance is necessary for this kind of measurement. In order 
to study the resistance of the TENG-DEA system to harsh envi-
ronmental conditions, we further performed a stability test of 
the TENG-DEA system under different humidities. The vari-
ation of the actuated strain under three different humidities 
(20%, 50%, and 80%) were shown in Figure S3 (Supporting 
Information). The decrease of the actuated strain with the 
increase of humidity suggests that high humidity condition is 
not favorable for triboelectric effect and this process is deter-
mined by the materials properties of the tribo surface.[14] How-
ever, it is also important to note that the TENG-DEA system can 
effectively operate under the common environmental condi-
tions (humidity 20%–50%), which demonstrates its promising 
application perspective.

In order to further analyze the working principle of the elas-
tomer film under the control of the single-electrode TENG, we 
designed several further experiments to focus on the handling 
characteristic of the TENG-DEA system. Figure 4a shows the 
dependence of actuated strain with different separation dis-
tance, where the velocity is 10 cm s−1 and four kinds of tribo-
surface areas are selected for references. In Figure 4, the tar-
geted DEA film has the pre-strain ratio of 5. It is interesting 
to find that the actuated stain stops when the separation dis-
tance increases up to 3 cm. This value is much smaller than 
that derived theoretically in Figure 2b, which suggests that the 
capacitance (Ci) between Kapton film and Al foil decreases very 
fast in the real open air. The reason for this inconsistency may 
have two origins. First of all, in the experiments (Figure 4a), 
the TENG is working with DEA device and this condition is 
different from the open-circuited condition in Figure 2b. The 
DEA device has very large internal resistance and it is usually 
larger than 10 GΩ. However, it still cannot be considered as 
the real open-circuited condition. Especially, in the theoretical 
model, the open-circuited condition is a kind of mathematical 
boundary condition, where leakage current and free ion from 
air are not considered in the simulation. As can be seen in 
Figure 2d, if the external resistance decreases, the saturation 
of the output voltage is accelerated. Hence, the leakage current 
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through DEA can be one reason for the fast saturation of the 
output voltage from TENG. Second, the edge effect of the elec-
trode can enhance the decrease of the Ci during the separa-
tion motion. However, the theoretical model in Figure 2a is a 
2D-model and it can only simulate the edge effect on the right 
and left sides. In the real measurement, the imperfect edges 
of the front and back sides can also help to decrease the Ci. 
Hence, the decrease of the Ci in the 3D measurement will be 
faster than that in the 2D simulation. For the theoretical model, 
as analyzed by our colleagues’ previous study,[10] the length of 
the electrode is the most important parameter for regulating 
the saturation process of Voc. If the length of the electrode is 
decreased to be 2 cm, the Voc and Qsc will stop changing after a 
separation distance of 2 cm, as can be seen in Figure S4 (Sup-
porting Information). These results are in good agreement with 
the previous study.[10]

On the other hand, it has also been found that the motion 
velocity shows little influence on the deformation (see 
Figure 4b), which is not surprising since the tribo-charges 
need a long time (at least tens of seconds) to relax in the air. 
By using a rather slow velocity (1 cm s−1), we demonstrated a 
possible way to use separation distance to regulate the actuated 
strain, as can be seen in Figure 4c, where the transient defor-
mation can follow the separation motion of the TENG very 
well. For each situation in Figure 4a–c, the experiments have 
been repeated for more than five times, in order to confirm 

the repeatability, and the generated error bar is also exhibited 
in the figures. These results proved the compatibility between 
TENG and DEA techniques, which confirms the possibility to 
utilize self-powered TENG technique to provide a safe, efficient, 
and precise driving of DEA-based devices. On the other hand, it 
is also important to note that the size of the circular electrode 
can also change the deformation performance of the elastomer, 
as can be seen in Figure 4d. As we analyzed in the theoretical 
part, the capacitance of the elastomer can influence the estab-
lished voltage. The decrease of the electrode size will increase 
the established voltage drop across the elastomer and thus 
enhance the deformation strain (see Figure 4d). Moreover, for 
the larger electrode’s case, the inhomogeneity and the leakage 
of the tribo-induced charges become more significant, which 
can also suppress the actuation performance. This behavior 
is totally different from the case using stable voltage source, 
where the deformation strain show little variation with different 
electrodes. However, this disadvantage of the TENG technique 
can be easily solved by employing some more advanced elec-
trode materials, for example, as reported by Dr. Shian et al., the 
stiff fiber electrode.[8]

Our TENG-DEA system provides a promising approach as 
a self-powered actuator to drive or control various macro elec-
tromechanical systems. For the practical applications, the soft 
and stretchable electronics can be a good direction for the 
application of this self-powered system. The soft texture of the 
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Figure 4. The deformation performance of DEA sample with different motion parameters. a) The induced strain of DEA with different separation 
heights of the TENG, where the tribo-surface area changes from 40 to 100 cm2. b) The induced strain of DEA with different motion velocities of the 
TENG. c) The transient performance of the induced strain, where the velocity is 1 cm s−1. d) The induced strain of DEA with different diameter (R) of 
the circular electrode, where the tribo-surface area is 100 cm2, the velocity is 10 cm s−1, and the separation height is 10 cm.
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elastomer film and its good insulating performance can make 
this kind of materials to be applied as packaging materials. All 
the electrical circuits or wires can be covered within the elas-
tomer, while the TENG devices can work from the outside to 
control the deformation of the elastomer and thus to regulate 
the operation of the circuit inside the film. We have validated 
the possibility of this concept by a simple demonstration of an 
intelligent switch based on TENG-DEA system. As illustrated 
in Figure 5a, two electrical wires (diameter of ≈0.8 mm) are 
directly covered by two elastomer films from top and bottom. 
One of the ends of each wire is bent into a small angle and two 
wires are contacted with each other, as shown in Figure 5a. The 
wires are firmly fixed inside the elastomers (the elastomer film 
is very sticky) and they are always electrical short-circuited (con-
sidered as “switch on”). The compliant electrodes are placed 
near the contact position of the wire and therefore the actuated 
deformation of the elastomer film can open the connection of 
two wires (considered as “switch off”). The operation of this 
switch element can be seen in Figure 5b and Movie S2 (Sup-
porting Information). The electrical signal across this switch 
element has been recorded, as shown in Figure 5c, where the 
switching time is smaller than 1 ms. It is important to note 
that in comparison with the printed metal circuits with the line 
thickness of a few hundred nanometers, the electrical wire with 
a thickness of millimeter is much more difficult to be manipu-
lated. The thickness and the weight of the wire can both jeop-
ardize the deformation of the elastomer film. Hence, we use 
the wires in our experiments to demonstrate the capability of 
this fabricated switching system. In the real application, more 
complicated circuits can be printed on the surface of the elas-
tomer by using thermal evaporation methods and more func-
tional performance can be realized by using similar method.

In addition to the application in soft electronics, the TENG-
DEA system can also work as artificial muscle. Accordingly, 
we have also demonstrated a simple application of TENG-DEA 
system as a clamper, as can be seen in Figure S5 and Movie S3 
in the Supporting Information. The elastomer films with the 
pre-strain (λ = 5) are stick to two “U” shaped frames. By con-
trolling the applied stretching force during the pre-strain pro-
cess, the edge of the film will turn to arc shape (Figure S5a, 
Supporting Information). The complaint electrodes are placed 
near the edge of the film. With the actuation from TENG, the 
curved edge of DE film becomes flat. The two frames together 
can work as a small clamper to grip some tiny stuff. Under the 
driving of a TENG with the Kapton film of 100 cm2, the closing 
distance of the clamper is about 4 mm and clamping force is 
about 0.2 N (see Figure S5b,c in the Supporting Information). 
The performance of the reported prototype can be further opti-
mized by employing some more advanced fabrication crafts. 
Since the current research is the first report about the self-pow-
ered TENG-DEA system, a series of continuous works will be 
done to further modify the performance and the appearance of 
the devices.

3. Conclusions

In summary, by directly applying the output voltage from a 
single-electrode TENG to the elastomer films, we have demon-
strated a novel self-powered TENG-DEA system to provide con-
trollable and notable actuation motion. The separation motion of 
a Kapton film with the size of 100 cm2, can induce the expansion 
strain of 14.5% for the DEA samples (electrode diameter 0.6 cm). 
The separation distance of TENG can be used to regulate the 

Figure 5. Demonstion of the intelligent switch based the on TENG-DEA system. a) The layout and the working mechanism. b) Two working states of 
the switch (“switch on” and “switch off”), where the two wires can be separated by the actuated expansion of the DE film. c) The recorded electrical 
signal of the switch, where the scanning rate is 0.1 ms and the switching time is smaller than 1 ms.
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deformation, while the system can also work stably within 
a contact-separation velocity ranging from 0.1 to 10 cm s−1.  
The repeatability and persistence studies of this system sug-
gest that the TENG device can provide reliable and constant 
driving force to DEA devices. Finally, an intelligent switch and 
a self-powered clamper based on the TENG-DEA are fabricated 
to demonstrate the application perspective of this system. The 
flexibility of the DEA materials can also open various possible 
applications in the field of electronic skin or some other soft 
electronics devices. Together with the self-powered capability 
of TENG, this actuation system could also potentially be used 
as a self-powered soft robotic or driving element in the Micro-
Electro-Mechanical System. Plenty of important and novel 
applications based on this working principle are expected to be 
explored in the near future.

4. Experimental Section
Fabrication of Single-Electrode TENG: In the measurement, the single-

electrode TENG was structurally composed of two plates with plastic 
slides as the supporting substrates to ensure the surface flatness 
(Figure 1a and Figure S1, Supporting Information). The Al foil with 
rectangular shape (150 mm × 100 mm) was attached on the surface of 
one of the plates, where the foil plays dual roles of a tribo-surface and 
the output electrode. The Kapton adhesive tape (thickness ≈50 μm) with 
nanopatterned surface was purposely chosen as the tribo-electric layers 
adhered on surface of another plate. The Kapton film with nanopatterned 
surface was fabricated by inductively coupled plasma (ICP) reactive-ion 
etching. Briefly, a 50 μm thick Kapton thin film (American Durafilm) 
was cleaned with methanol, isopropyl alcohol, and deionized water 
sequentially, and then blown dried with nitrogen gas. Subsequently, 
Ar, O2, and CF4 gases were introduced into the ICP chamber at a flow 
rate of 10, 20, and 30 sccm, respectively. The Kapton film was etched 
(plasma-ion acceleration = 100 W) for 15 min to obtain the nanowire 
array structure on its surface. The two plates are kept in parallel with 
each other, where the inner surfaces are in intimate contact.

Electric Measurements of the Single-Electrode TENG: The single-
electrode TENG was driven periodically by a linear motor. The plate 
with the Al foil was fixed to a stationary stage, whereas the plate with 
only Kapton film could be moved by motor and thus contact-separation 
motion could be achieved. By employing a numerical control linear motor 
to drive the Kapton-plate, we could precisely regulate the speed and the 
moving distance of the plate. The output performance of the single-
electrode TENG was measured by an oscilloscope and Stanford Research 
Systems. A Tektronix DPO3034 oscilloscope and Keithley 4200 were used 
to detect the voltage and transferred charges of TENG, respectively.

Fabrication of DEA Film: Acrylic elastomers (0.25 mm thick, VHB 
9473, 3M) were cut into 20 × 40 mm2 sheets. The elastomer sheet was 
first stretched according to different prestrain ratios (λ = 3, 4, and 5) 
and then the film was fixed uniformly along a frame for the strain test. 
In our case, the prestrain ratio was defined as the ratio between area of 
the elastomer film after (A′) and before (A) stretching (λ = A′/A). We also 
found the shape of the frame shows little influence to the deformation. 
The circular area at the center of the film was coated with the compliant 
electrode on the upper and lower side (electrode thickness: ≈80 μm). 
The compliant electrodes (circular shape) were prepared by directly 
smearing graphite/silicone grease and curing agent onto the surface of 
the dielectric elastomers.[15] The electrodes were connected to TENG or 
a high voltage supplier through a thin metal wire.

Characterization of Strain: A circular strain test was carried out to 
measure the actuated strain. Both the external power supplier and the 
TENG could be loaded on the electrode area to obtain planar strain. During 
actuation, video images of the biaxial extension of the electrode area were 
captured using a camera (Canon 600D, Japan). The strain was defined as 

the relative change in the pixel of the electrodes’ area, which was determined 
by analyzing the captured video images using Adobe Photoshop software. 
The planar strain was calculated according to Strain = (A − A0)/A0 × 100%, 
where A is the actuated planar area and A0 is the original area.

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