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Abstract
Fluid flow in small scale channel as droplet, continuous or discrete volume of liquid has been used in the multidisciplinary 
research field to be utilized in wide variety of applications in chemistry, biology, medical technologies. Recently, energy 
scavenging technique that merges the microfluidics with liquid–solid contact electrification charging from the small flows 
has become a new area of investigation to be applied as sensory module. In this article, a flexible fluid based mechanical 
sensing element using the triboelectrification of the oscillatory discrete volume of liquid flowing inside the hydrophobic mini 
channel over PTFE polymeric film is described. To achieve the high output efficiency and to reduce the wettability of the 
channel, micropatterned PDMS surface was implied for smooth operation and constant power output of the device. Pressure 
gradient was applied for the forward–backward motion of the liquid column over the free-standing mode porous PTFE thin 
film-based electrode and a maximum of 10 nA of short circuit current and 20 mV of open circuit voltage was achieved at 
40 mbar pressure and frequency of 1 Hz. Finally, the flexible DLC-TENG shows better performance as a transducer to be 
effectively used in measuring the frequency response to the angular displacement of the rotary actuator consequently pres-
sure fluctuation sensing. The obtained results are promising whereas counting nominal deflection of pressure such as in the 
robotic manipulator or actuator is regarded as an essential factor.
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Abbreviations
DLC-TENG	� Discrete liquid column triboelectric 

nanogenerator
PDMS	� Polydimethylsiloxane
MA-PDMS	� Micro-architectured PDMS
PTFE	� Poly tetra-fluoro Ethylene
DI	� Deionized water

1  Introduction

The innovation of novel strategies and advanced technolo-
gies for self-powered micro/nano systems with durability, 
eco-friendly, active sensing capabilities is the key realization 
arena for energy harvesting and still a challenging task for 

scientist and engineers. To mitigate the dependency on the 
large-scale power consumption from solar, wind, tidal etc. 
for powering portable electronics or sensor, energy sources 
compatible with the size and low power consumption are 
prerequisite demand. From the last few decades, concentra-
tions are given on developing green techniques to capture 
wasted but available energy sources in surroundings like 
human walking, mechanical actuation or vibration, water 
flowing, movement of hydraulic machinery [1–13]. Apart 
from many well developed techniques to harvest ambient 
energy from the environment that are in vogue since the 
past century such as thermoelectric [14], piezoelectric and 
pyroelectric energy conversion process [15, 16], streaming 
potential of continuous flow [17, 18], recently triboelectric 
approaches [19–21], which have drawn attention to be an 
attractive candidate for realizing self-powered, cost-effective 
active transducer for mechanical sensing [22–25], chemical 
detection [26, 27] etc.

Triboelectric nanogenerator (TENG) comprises of the 
contact electrification [28, 29] and electrostatic induction. 
When two dissimilar materials are bought into physical 
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contact with each other due to electrostatic induction there 
is a redistribution of charges with the opposite sign on the 
two surfaces according to tribopolarities. After a while, sep-
aration occurs by means of any external mechanical force 
which induces triboelectricity that can generate a potential 
drop and drive the electrons to flow between the electrodes 
attached with the surfaces [30, 31]. TENG has four funda-
mental modes till now, including, vertical contact-separation 
mode, lateral sliding mode, singe electrode mode, freestand-
ing sliding mode. In addition, a lot of structures, prototypes 
and functions have already been reported and are still going 
on [7, 32, 33].

Mostly triboelectric devices involve solid–solid contact 
electrification. The charge generation through friction pro-
cess solely depends on the difference of the ability of the two 
surfaces to loss or gain electrons. Electrical output can be 
improved via change of the surface morphological properties 
in this process [34]. Nevertheless, the performance can be 
greatly influenced by the air humidity, dust, which causes 
instability of the output values of the solid–solid TENG 
without any encapsulation [35]. Also wear abrasion due to 
physical collision deteriorates the long-term output stabil-
ity of the TENG. However, liquid–solid contact electrifica-
tion has demonstrated the capability of stable response with 
full contact separation process with the counter solid part. 
The output shows regular behavior for long term application 
with good wear resistance while using the liquid for con-
tact [36, 37]. In liquid–solid TENG, the liquid can change 
its shape and mostly work as a positive tribo-material that 
exhibit feasibility to be used in flexible and wearable sensor 
applications.

Considering possible advantages of the liquid in TENG 
application, electricity generation with flow in a small chan-
nel has paved the way of micro/nano sensing for delicate 
measurement of pressure variation, angular displacement in 
precision engineering and mechanical motion. To achieve 
the best performance from micro, nano or mini channel 
based liquid TENG, hydrophobicity as well as slippery chan-
nel surface are considerable factors [38]. Slippery channel 
surface holds for Navier slip condition that allows the highly 
concentrated ions within the slip plane to be mobile [39, 
40]. From this perspective, surface irregularities or micro-
roughness or chemical modification can be done to reduce 
the wetting behavior as well as increasing the air gap in the 
liquid–solid channel interaction. A lot of studies have done 
till now regarding channel flow and surface modification in 
fluid-based TENG. In 2016, Lee et al. developed a micro-
fluidic channel for pressure sensing and finger motion moni-
toring but didn’t consider the fact of residual water that can 
stick to the channel surface. The output current was about 
1.62 nA at 11.6 N [41]. Choi et al. investigated on self-pow-
ered ion concentration sensor for chemical detection of liq-
uid. In his case, with DI water the current was generated up 

to 60 nA from ten microchannels [42]. Kim et al. developed 
an air slug sensor by periodic injection of air and water in 
the two different PDMS channels with same cross-sectional 
area of 2 mm × 1.9 mm; lengths were 18 mm and 36 mm 
long respectively. In this experiment, 10 cm 0.01 M NaCl 
solution column was used to create the air gap. The peak 
to peak current was found 0.331 µA [43]. All the processes 
described above, though efficient but the fabrication process 
is expensive and time-consuming. So, an easily viable and 
inexpensive pathway is needed for the robust application and 
to replace the conventional sensory module.

In our article, a 3D printed micro-architectured PDMS 
(MA-PDMS) channel assisted liquid–solid TENG is pro-
posed to measure the angular frequency with a certain 
amplitude and pressure fluctuation of the rotary actuator by 
deploying discrete DI water column inside the mini-chan-
nel and PTFE porous thin film as the counter solid mate-
rial. The hydrophobicity of the channel surface satisfies 
Navier–stokes slip boundary condition and ensures stable 
output from the oscillation of the water column. The novelty 
of this free-standing mode TENG includes: (1) Cost-effec-
tive and simple approach for fabricating hydrophobic chan-
nel; (2) self-powered flexible and portable sensor to replace 
the conventional expensive measuring device in hydraulics 
and robotics manipulator, actuating device.

2 � Experimental Section

To develop the mini-channel for DLC-TENG, instead of the 
conventional soft lithography process, we have adopted 3D 
printing technique to develop the micro structured pattern of 
the mini-channel on the prepared mold which is more viable 
and easier process.

3 � Materials and Methods

As the solid tribomaterial, porous PTFE thin film with 
50 µm thickness was purchased from Good Fellow Mate-
rial (GFM), Korea. PDMS sylgard-184 elastomer precursor 
part-A, precursor part-B were purchased from Dow Corning. 
Double distilled water (DI water) (Ultrapure system from 
our lab) was used for better understanding the electrical out-
put behavior of solid–liquid interaction phenomena in case 
of different test conditions. All the chemical substances and 
working liquids were used as received without any further 
purification process. To characterize the surface morphol-
ogy and hydrophobicity FE-SEM was conducted by using a 
Hitachi cold FE-SEM microscopy which operates at 10 kV 
and contact angle of DI water was determined by the DSA 
100 Goniometer (error 1°) according to the sessile-drop 
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method with 5 µL droplet (KRUSSG mbh, Hamburg, 
Germany).

3.1 � Fabrication Techniques of the MA‑PDMS 
Channel and DLC‑TENG

As PDMS itself is hydrophobic in nature, so to improve 
the working function as well as hydrophobicity, micro/
nano roughness is a considerable factor. The hierarchical 
surface roughness attributes to create the air gap between 
the water–solid interface and water can easily slide over the 
surface if it is used as column or droplet and the phenomena 
have already reported by many literatures to develop the 
PDMS based channel [44, 45]. Figure 1 shows the sche-
matic of the detailed procedure from the fabrication of the 
micropatterned PDMS channel to the development of the 
DLC-TENG. Whereas the conventional process as depicted 
in Fig. 1a described in the above literatures to create micro-
structure based channel involves complicated fabrication 
process i.e. wafer cleaning and priming, sacrificial layer 
growth on the Si wafer, photolithography, pattern trans-
fer, photoresist removal, wet etching, removal of the sac-
rificial layer by dipping into acetone, spin coating of the 
PDMS, curing and peeling off the patterned channel. On the 

contrary, our proposed method only consists of three easy 
steps to make the patterned channel which is very convenient 
and inexpensive method. A major advantage of this method 
is the precision of the pattern replication is improved, as any 
kind of surfactant coating is not required.

Figure 1b shows the detailed procedure of the mini-
channel preparation that utilizes the commercially avail-
able Fused deposition modeling 3D printing techniques to 
develop the desired template. The positive pattern of the 
channel was first designed with the inventor and then 3D 
printing technique was used to get the desired positive pat-
tern as a casting template. The channel width and height 
were kept accordingly at 2.8 mm and 0.8 mm. To create the 
micro surface roughness in the PDMS microchannel, we uti-
lize the layer thickness and fill factor percentage of the FDM 
printer. The PLA (Poly Lactic Acid) material from our 3D 
printer Ultimaker Cura 3 was used in this process. At first, 
three kinds of template were prepared with the varying layer 
thicknesses (0.06, 0.15, 0.3 and 0.4) mm. Obviously, the 
0.4 mm shows the better performance to generate the surface 
roughness on the PDMS. So, the layer thickness was set to 
0.4 mm and the infill density was counted 50% for the linear 
infill pattern with the nozzle speed of 150 mm/s. The sample 
was developed by putting it on the XY plane in layer by layer 

Fig. 1   a Difference between conventional process and proposed pro-
cess to develop the micro structured PDMS channel, b preparation 
of the PDMS casting solution from the base polymer and the curing 
agent, c Schematic diagram showing the fabrication of the PDMS 

channel, electrode setup on the flat PDMS and PDMS-PDMS bond-
ing. d Experimental photograph of the fabrication techniques (Inset: 
FE-SEM image of the pristine porous PTFE thin film)
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formation process. The layer thickness can contribute to the 
generation of the roughness as reported by Hartcher-O’Brien 
et al. In the report, the roughness was varied in micro-meter 
level with the variation in the layer height [46]. For the 
0.2 mm layer height, the roughness was found about 35 μm. 
After preparing the mold to cast the PDMS, at first the mold 
was rinsed with Iso-propyl alcohol, DI water and then dried 
in the hot plate for about half an hour. After that, PDMS 
precursor part-A and precursor part-B were mixed in 10:1 
ratio and manually stirred for 10 min to get the uniformly 
mixed solution, Fig. 1c. Then the solution was casted on the 
mold pattern and then degassed for 1 h to remove excess air 
bubbles. After that, the casted PDMS with the mold was kept 
in the oven at 45 °C overnight. Then, the micro patterned 
PDMS channel with negative patterning was peeled off 
from the mold. While peeling off, no mold release material 
was used that has proved that the adopted procedure is very 
convenient, viable and reusable. Here, it is noted that, the 
temperature was kept low, as with the repeated experiment 
with high temperature it is found that, the polyacrylonitrile 
plastic shape can be deformed and can damage the proper 
shape of the PDMS channel. The micro-surface roughness 
has increased the hydrophobicity of the channel which has 
discussed in Sect. 2.3.

To obtain the micro-surface roughness based flat PDMS, 
the same procedure was applied using flat 3D printed mold. 
PTFE thin film was cut into 2 mm width strip and Cu foil 
tape was attached on the one side of the film. After that, the 
adhesive double-sided tape was attached on the bottom side 
of the Cu foil to complete the electrode making. The Cu foil 
width was kept nominal smaller than the PTFE film to make 
ensure the proper sealing to avoid the contact of the Cu foil 
with the liquid. After peeling off the cured flat PDMS the 
electrodes are attached on the rough surface.

To complete the fabrication of the DLC-TENG, par-
tially cured PDMS–PDMS bonding technique has been 
done using PDMS mixture as adhesive [47]. Following this 
system, PDMS mixture with 10:1 ratio was applied on the 
patterned surface other than the channel with the scrapping 
bar. The two-part was then procured at 40 °C for 30 min 
prior to bonding. After that, both parts gently pushed to each 
other such that no air bubble is existed and kept in the oven 
at 60 °C overnight to get fully cured. Two holes with the 
same size were punched in the two ends and silicon tube 
was inserted into the hole to complete the fabrication of the 
DLC -TENG. Figure 1d has represented the real photograph 
of the development of the proposed TENG.

3.2 � Surface Morphology Characterization 
of the PDMS Channel and Porous PTFE Thin Film

Discrete liquid–solid contact electrification involves suc-
cessive attachment and separation of liquid from the solid 

surface and therefore net electrical charge is generated. 
In this context, the solid surface from naturally inspired 
lotus leaf to triboelectrically sound laboratory developed 
fluoro-polymer or the polymer treated with silane, protein, 
etc. should exhibit the hydrophobic property that discrete 
volume of water can be rolled-off easily from the surface 
[48]. In our paper, the channel surface with micropatterned 
roughness facilitates the water column to flow spontane-
ously without leaving any residuals that satisfy the slip 
boundary condition U ≠ 0; in case of mini-channel and 
effectively increase the uniform output of the electrical 
performance. Figure 2a shows the FE-SEM images of the 
regularly patterned linear array of the micro convex curve 
produced by 3D printing in the inner surface of the PDMS 
channel which forms the micro air gap between the con-
tact surface and the liquid. The contact angle, depicted in 
the inset image of the Fig. 2(a), was found 135° for the 
micro-architectured PDMS channel which proves the obvi-
ous hydrophobicity as well as a cost-effective technique 
to develop the hydrophobic surface. We also checked the 
FE-SEM and contact angle for the flat PDMS surface pro-
duced by 3D printed acrylic plastic material to distinguish 
the improved performance of MA-PDMS channel. In case 
of flat PDMS, the contact angle was found 114°. For the 
development of the flat-PDMS, we have used the acrylic 
resin based transparent material in the stereolithography 
(SLA) printer from the central research facility of our uni-
versity. In this process, the ultraviolet laser guide is pass-
ing back and forth according to the input model over the 
liquid plastic resin supplied from the resin tank and gradu-
ally cured it with the increasing temperature. After that, 
the model has dipped into the acetone to rub off the excess 
resin. The developed casting template is far smoother than 
the FDM produced template. Furthermore, the surface 
characteristics of the micro-porous PTFE thin film that 
comprises the DLC-TENG cell was analyzed and is shown 
in Fig. 2c. The micro-porosity with an average pore diam-
eter of 0.866 µm of the commercially bought PTFE thin 
film produced the contact angle 110.3°. The PTFE thin 
film has fluorine atoms at both end of long carbon chains 
which shows excellent water repellency and high electron-
egativity according to triboelectric series [49].

3.3 � Instrumentation for Measuring Voc and Isc

To measure the open circuit voltage and short circuit cur-
rent, a simple circuit was made by placing a 10 µF capaci-
tor across the two electrodes to get the stable AC output. A 
Keithley source meter (Keithley Instruments, DMM7510) 
with the probe resistance value of 10 MΩ was used to 
measure the Voc and Isc.
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4 � Results and Discussion

As shown in Fig. 3a, The DLC-TENG cell is comprised of 
flexible micropatterned PDMS channel with two micropo-
rous PTFE thin film-based electrodes attached inside the 
channel. The Cu adhesive tapes were shouldered with the 
copper wire to the capacitor to get the stable and regulated 
current and voltage signal. For measuring the electrical out-
put of the DLC-TENG, a motion generator was used with 
controllable frequencies and amplitudes, incorporated by a 
rotary actuator (SMC-MSQ20A) that generated a pressure 
gradient for the water column sliding back and forth inside 
the channel. The actuator consists of a DC motor, adjustable 
arms connected with the motor shaft and can be synchro-
nized with the frequency response and different amplitude 
of the pressure provided by the computer-controlled Arduino 
based IDE as shown in Fig. 3b. The inlet compressed pres-
sure was precisely controlled for different resonance fre-
quency with fixed angular amplitudes ranging from 2.3° to 
5.6° and different pressure values to get the desired precise 
electrical output from the oscillation of the water column 
inside the MA-PDMS channel.

The detailed working mechanism of the DLC-TENG is 
described in the Fig. 3c, d and the corresponding AC sig-
nal generation is illustrated in Fig. 3e–i during repetitive 
motion of the liquid column in one cycle. The repetitive 
back and forth motion of the discrete DI water column 
over the two PTFE electrodes induces a triboelectric sig-
nal following freestanding sliding mode theory. At the 
steady state, the DI water column is positioned in the 
PDMS channel other than electrodes. As the PDMS is 
weakly negative according to the triboelectric series, it 
increases the positive charge on the surface of the water 
column by acquiring negative charge itself. When the arm 
of the rotary actuator moves in the anti-clockwise direc-
tion Fig. 3c, the water column moves over the surface of 
the PTFE thin film of electrode E(1), Fig. 3d. As the PTFE 
is highly triboelectrically negative, it induces maximum 
positive tribo-charges on the bottom surface of the water 
column. So, at the stage (i), the positive charges of the 
E1 electrode will be neutralized by the excess negative 
charges of the E2 electrode. When the water column starts 
approaching to E2 stated by the stage (ii) of Fig. 3d, there 
is an electrostatic potential difference between E2 and E1 

Fig. 2   FE-SEM images of a 
the micro-architectured PDMS 
inner surface; b the flat PDMS 
surface; c The porous PTFE 
thin film. (Inset images are the 
contact angle of each surface)
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that drives the electron to move from E1 to E2. During 
stage (iii), the water column fully covers the PTFE film 
of the E2 electrode so thus the Al electrode becomes fully 
neutralized by the excess release of the electrons from the 
E1 electrode. After a while, the rotary arm starts to move 
in the clockwise direction as described in the Fig. 3c. So 
at the stage (iv) of Fig. 3d, the water column tends to 
approach towards the E1 electrode causing electrostatic 
imbalance again and increasing potential is diminished 

by the electron flow from the E2 to E1. Thus, the water 
column reaches at the stage (i) causing the repetition of 
another cycle. Figure 3e (i) shows the consecutive posi-
tive–negative peak of short circuit current of a single oscil-
lation of liquid column that is compatible with the charge 
generation behavior during the clockwise and anti-clock-
wise movement of the rotary actuator. During the anti-
clockwise direction, positive peak comes out with respect 
to the E1 electrode and continuously peak is decreasing 

Fig. 3   a Febricated DLC-TENG cell with connecting silicon pipes. 
b Experimental setup of DLC-TENG with the rotary actuator. (Inset 
image of the Arduino IDE), c Schematic diagram to realize the oscil-
latory motion of DI water column with the angular rotation of the 
arm. d Mechanistic approach for generating Voc and Isc from the free-

standing mode DLC-TENG. e(i) Magnified view of Isc showing the 
aforementioned four stages in (c) & (d) that contribute to the AC sig-
nal generation in one cycle rotation of the rotary actuator. At the pres-
sure of 40 mbar and 1 Hz (ii) Open circuit voltage, (iii) Short circuit 
current
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with the water column leaving the electrode, the negative 
peak with the clockwise direction of the actuator denotes 
the water column is situated over the E2 electrode and con-
tinuously reaching the equilibrium state after completely 
covering the E1 electrode. The phenomenon indicates that 
the measured output data are in line with the agreement of 
the predicted theoretical AC behavior as reported in the 
previous kinds of literature.

The quantitative performance of the DLC-TENG was 
evaluated to show the effective performance of this simply 
fabricated device for active sensing of pressure fluctuation 
and frequency of the rotary oscillator. For this, 2.5 ml of DI 
water was injected in the channel to generate the oscillation 
motion in the channel. Figure 3e, (ii), (iii) show the short 

circuit current and open circuit voltage at the pressure of 
40 mbar and frequency of 1 Hz. The DLC-TENG generates 
peak to peak open-circuit voltage and short circuit current up 
to 11.82 nA and 23.2 mV respectively without the additional 
power supply. Furthermore, under different frequency cycle 
of specific pressure gradient, both the open circuit voltage 
and short circuit current show considerably concurrent sig-
nal over sequential measurements.

The output performance of the DLC-TENG was charac-
terized by the behavior of the current and voltage output 
under difference frequency cycle of the rotary oscillator 
maintaining fixed pressure with definite amplitude and 
variable pressure gradients. In case of frequency response 
behavior of the AC signal output, the pressure profile was 

Fig. 4   Short circuit current and 
open circuit voltage at different 
oscillation frequency of the a, 
b, at different pressure gradient 
c, d, respectively. e Induced 
coulomb charge for different 
frequency at the pressure of 
40 mbar
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maintained like triangular amplitude to observe that the 
proposed DLC-TENG is instantaneously responsive to the 
sudden fluctuation of pressure. As shown in Fig. 4a, b, 
with the fixed pressure value of 40 mbar, the frequencies of 
the back and forth motion of the rotary oscillator were kept 
0.4 Hz, 0.5 Hz, 0.87 Hz and 1 Hz. Under these resonance 
frequencies, the peak to peak short circuit current and 
open circuit voltage of the oscillating water column are 
4.43 nA, 6.41 nA, 10.5 nA, 11.82 nA; 11.8 mV, 15.6 mV, 
19.2 mV, 23.9 mV, respectively. From this observation, 
the uniform AC signal shows good performance with the 
increment of the frequency. For different pressure values 
applied with a frequency of 0.5 Hz, the output data was 
analyzed as depicted in Fig. 4c, d. The Isc and Voc (Peak 
to peak) for 37, 43 and 49 mbar are 2.33 nA; 3.27 nA; 
3.97 nA, 13.56 mV; 15.42 mV; 15.58 mV, respectively. 
Though the voltage output was slightly varied when the 
pressure value changes from 43 and 49 mbar but the cur-
rent values can be distinguished to be effectively utilized 
as a pressure sensor. The induced coulomb charges with 
0.4, 0.5, 0.87 and 1 Hz are 9.41 nC; 9.92 nC; 21.9 nC; 25.6 
nC, respectively and is shown in Fig. 4e. It is to be noted 

that, the peak to peak Isc and Voc for each frequency and 
pressure value were analyzed over a definite time interval. 
As to quantify a triboelectric nanogenerator for the self-
powered sensor, time is an essential factor. The generated 
Isc and Voc should be stable over a certain time period at 
the same parameter, otherwise the proposed system can’t 
be regarded as a sensor.

The DLC-TENG performance was visualized by employ-
ing one PDMS channel in the experimental setup but var-
ying the gap of the electrode. Figure 5a shows the Isc of 
the 5 mm and 10 mm of a gap of the electrode while the 
discrete liquid column volume and position was kept fixed. 
For all frequencies, the DLC-TENG cell, with the 10 mm 
electrode gap between them shows better performance. 
As it can be explained that, with the reduction of the gap 
of the electrode, the water column moves back and forth 
very fast over the polymer surface, hence the water col-
umn doesn’t have enough time interval for the charge to be 
induced consequently generates lower output. The prospect 
of the DLC-TENG as a frequency and pressure measurement 
device is illustrated in Fig. 5b, c respectively. The tendency 
of the curves is almost linear with frequency and pressure 

Fig. 5   a Short circuit current at the various frequency for 10 mm and 
5 mm electrode gap. The linear increasing trend of the current curve 
with respect to the b frequency and c pressure variation response to 

be applied as a sensor. d At the frequency of the 1 Hz the voltage and 
current output against different load resistance
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responses. Finally, to be realized as a self-powered device, 
the voltage and current were measured with respect to dif-
ferent load resistance at the frequency of 1 Hz as shown in 
Fig. 5d. The resistance was varied from the 0 to 12 MΩ and 
the maximum voltage of 25 mV and current of 9 nA were 
found at 12 MΩ and 1 MΩ respectively. From this observa-
tion, it is conspicuous that our proposed DLC-TENG can 
be effectively applied for the self-powered robust, flexible, 
cost-effective, easily fabricated transducer, where observ-
ing small scale change of physical properties is needed to 
be observed.

5 � Conclusions

In summary, a regular AC output has obtained from the 
DLC-TENG to be effectively utilized for sensing applica-
tions and energy harvesting. The developed DLC-TENG 
with easy fabrication techniques is eco-friendly and portable. 
The proposed TENG is highly durable with lower volumes 
of injected liquid in the channel to generate the desirable 
consistent output of Voc and Isc. The mechanistic pathway 
evolved in the system based on free-standing sliding mode 
TENG from the cited previous reports has supported the 
generation of current and voltage. The surface morphology, 
checked by the FE-SEM, has proved the obvious structural 
change of the contact surface and further improved hydro-
phobicity has confirmed by the contact angle analysis. The 
DLC-TENG has shown sensible response to the different 
frequency and pressure values. Therefore, we expect that our 
self powered DLC-TENG would provide a simple way for 
possible application in various physical parameter sensing 
and detection.
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