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ABSTRACT 
Flexible triboelectric nanogenerators (TENGs)-based pressure sensors are very essential for the wide-range applications, comprising wearable 
healthcare systems, intuitive human-device interfaces, electronic-skin (e-skin), and artificial intelligence. Most of conventional fabrication 
methods used to produce high-performance TENGs involve plasma treatment, photolithography, printing, and electro-deposition. However, 
these fabrication techniques are expensive, multi-step, time-consuming and not suitable for mass production, which are the main barriers for 
efficient and cost-effective commercialization of TENGs. Here, we established a highly reliable scheme for the fabrication of a novel eco-friendly, 
low cost, and TENG-based pressure sensor (TEPS) designed for usage in self-powered-human gesture detection (SP-HGD) likewise wearable 
healthcare applications. The sensors with microstructured electrodes performed well with high sensitivity (7.697 kPa−1), a lower limit of detection 
(~ 1 Pa), faster response time (< 9.9 ms), and highly stable over > 4,000 compression–releasing cycles. The proposed method is suitable for 
the adaptable fabrication of TEPS at an extremely low cost with possible applications in self-powered systems, especially e-skin and healthcare 
applications. 
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1 Introduction 
There is a developing interest in a large area, flexible, and stretchable 
e-skins for facilitating robots and wearable electronics. A vital 
application of e-skins is the seamless sensing of pressure in human 
interactions. Human skin contains various types of touch receptors 
that reply to various types and degrees of mechanical forces. Highly 
sensitive piezoelectric-type, resistive-type, and capacitive-type 
microstructured/nanostructured pressure sensors have been reported 
[1–9]. In recent years, an innovative kind of pressure sensing device 
known as a triboelectric nanogenerator (TENG) was established 
on a coupling mechanism between the “triboelectric-charge and 
electrostatic-induction” [10–13]. This novel TENG technology was 
first reported by Fan et al. in 2012 [14]. Owing to the numerous 
benefits of TENGs, for example, their low-cost, simple engineering 
procedure, and high-power-density, they can be implemented 
successfully as self-powered pressure sensors without requiring a 
storage cell or outer energy supply [15–17]. TENGs pressure sensor has 
many potential commercial applications in sensing devices [18–20]. 
However, the mass fabrication of these pressure-sensing devices 
utilizing non-conventional materials is still challenging [21–23]. 
TENG-based pressure sensor (TEPS) has a great possibility to be 
used as self-powered applications because of their simple structure 
and fabrication [24–26]. Most previously reported TEPSs have large 
sensitivity at low-pressures (< 1 kPa) to allow ultra-sensitive detection, 
however, the sensitivity declines notably at large-pressures, thereby 
making them unsuitable for real applications [27, 28]. For example, 
mild touching and object handling can produce pressures that are 
lower than 10 kPa and between 10 and 100 kPa, respectively. Thus,  

there is a high demand to sustain larger sensitivity within a broad- 
range pressure. One of the essential issues that affect the performance 
of the contact-electrification procedure is the surface structure of the 
triboelectric contact faces, which determines the charge generation 
procedure throughout contact electrification. Various approaches 
have been conceived to enhance the surface structure and properties, 
including soft lithography, plasma etching, nanoparticle deposition, 
block copolymer self-assembly, and chemical-treatment [29–31]. 
However, these fabrication methods and techniques are expensive 
and also inappropriate for fabricating relatively large samples. Hence, 
it is desirable to develop alternative methods for fabricating self- 
powered pressure sensors using low-cost techniques [32]. However, 
the adaptability and expenditure of the available fabrication methods 
still hinder the commercial production of the devices based on 
the triboelectric mechanism [33]. Moreover, the adaptability of the 
fabrication procedures is also vital for producing large-scale sensors. 
In order to measure pressure over large surfaces, it is required to make 
a large-scale sensor [34]. The application area such as artificial skin 
(e-skin), the tactile system for future robots, foot and gait pressure 
measurement and human activity recognition through pressure 
mapping all needs large-scale flexible sensor arrays [35]. For example, 
a sensor with a small area can cover few areas which make the data 
acquisition system complex and also, the fabrication of a sensor 
comprising of many pressure arrays is difficult in conventional 
fabrication techniques. The current TENG fabrication techniques 
have the limitations of wafer-size or chamber-size in the fabrication 
set-up, thereby restraining their suitability to small samples. To address 
these limitations, it is essential to develop inexpensive, large scale 
flexible sensors that are reliable, mechanically-robust, and electrically- 
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stable with iterative external forces. Here, we created a self-powered 
triboelectric pressure sensor using laser ablated graphene (LAG) 
[36] and abrasive sandpaper [37], which was used to implement a 
pressure sensor with high sensitivities (7.697, 0.938 and 0.136 kPa−1) 
over a large range (up to 100 kPa). The newly designed LAG-TEPS 
has dramatically improved mechanical flexibility, and also the 
proposed LAG-TEPS exhibited excellent stability above 4,000 cycles 
of iterative contact-separation tests. The proposed LAG-TEPS can be 
applied fruitfully in the human body and used in self-powered-human 
gesture detection (SP-HGD) processes for body-based wearable 
applications as well as healthcare applications [38]. The LAG and 
sandpaper fabrication processes facilitate the large sample, cheap, and 
time-saving production of reliable pressure sensors. An illustration 
of the proposed LAG-TEPS based on LAG and sandpaper is shown 
in Fig. 1(a). 

The proposed LAG-TEPS mainly comprises three layers: A 
layer of microstructured polydimethylsiloxane (PDMS) with LAG 
attached to the bottom, which acts as the bottom electrode; and a 
polyethylene terephthalate/indium tin oxide (PET/ITO) film with 
opposite triboelectric polarity (Fig. S1 in the Electronic Supplementary 
Materials (ESM)), where the whole configuration is inserted in the 
middle of 2 acrylic sheets, as presented in Fig. 1(a). The main principle 
of the suggested LAG-TEPS is illustrated in Fig. 1(b). In the proposed 
LAG-TEPS, triboelectric charging happens at the contact surface 
interface due to iterative physical contact between the microstructured 
PDMS and ITO materials with dissimilar polarities with regard 
to the triboelectric series [39–41]. Initially, the surface charges are 
generated via the electrification effect and then a potential difference 
established by electrostatic induction. The triboelectric pair comprising 
the microstructured PDMS and ITO is isolated at the preliminary 
condition, so the LAG-TEPS is electrically impartial with no charges 
on the surface. The upper slice of the LAG-TEPS is pushed down to 
touch the bottom slice of the LAG-TEPS using an external force as 
shown in Fig. 1(b). 

In addition, electrons are created at the surface between the 
microstructured PDMS and ITO films because of the electrification 
process. An inner electric potential is produced when the pressure 
is detached since the 2 slices of the LAG-TEPS are separated. While  

 
Figure 1 Schematic of the operation principle of the flexible LAG-TEPS.    
(a) Flexible LAG-TEPS and inset show its structure. (b) Working principle of the 
LAG-TEPS. (c) Finite-element analysis (FEA) simulation of the generated voltage. 

the distance between the two slices deviates, the inner potential 
drop varies, as a result, the total charge will be collected by ITO & 
LAG due to electrostatic field effect. Thus, the current flows in the 
closed-circuit loop when the electrodes on the LAG-TEPS are 
associated with the load. Likewise, the performance can be further 
developed by using a nanostructured PDMS-based LAG-TEPS. The 
proposed LAG-TEPS can be functioned in two modes based on the 
output voltage = Vpp and output current = Ipp. 

Furthermore, to explain the working principle of our device, FEA 
technique, COMSOL Multiphysics software was utilized to examine 
the potential drop distribution in the proposed LAG-TEPS. We 
observed that the potential drop variation between the ITO and 
LAG decreased as the separation increased. We also estimated the 
Vpp in the LAG-TEPS based on distances of 0.5 and 1.0 mm, as 
indicated in the upper and lower portion of Fig. 1(c). The Vpp decreased 
as the distance increased because the electrification outcome was 
obtained by the gap separating the two opposing triboelectric materials 
throughout periodic contact-separation mode. To deliver a more 
comprehensive explanation, the separation distance and contact 
surface area were altered by pressing an external force, and the 
finite-element technique in COMSOL software was applied after 
measuring the amount of charge per unit region, where Eq. (1) was 
employed. The electric potential distribution was simulated in the 
open state in Fig. 1(c). The electric potential distribution of the Vpp 
is defined as follows [42] 

PDMS 0
PP

0

σ dV
ε
⋅

=                     (1) 

where σPDMS is the amount of charge per unit region, d0 is the separation 
between the ITO and LAG electrodes, and ε0 = free space permittivity. 
The charge density of ITO, PDMS, and LAG electrodes in the 
equilibrium state is defined as follows [43] 

ITO PDMS LAG 0σ σ σ+ + =                 (2) 

where the subscripts ITO, PDMS, and LAG represent indium tin 
oxide, polydimethylsiloxane, and laser ablated graphene, respectively. 
The potential difference between the ITO and LAG is achieved 
using an electric field (E-field) line integration, which might be said 
as follows 
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where εT is the relative dielectric permittivity of PDMS, dT is the 
thickness of the PDMS sheet, d0 is the distance between the LAG and 
the ITO electrode, and ε0 is the free-space dielectric permittivity. 
If the electrical thickness of PDMS as dTE = dT/εT and combining (2) 
and (3) 
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σ σ
d d

=- =
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(4) 
The average of output current, Ipp, flowing from the ITO to the LAG 
can be related as 

ITO ITO PDMS i f
pp

i TE i TE

Δ ( ) Δ
Δ Δ Δ

f iQ A σ σ τ d dI
t t t d d d d

æ ö- ÷ç= = = - ÷ç ÷çè ø+ +
  (5) 

where the preliminary and ending distances between the ITO and 
LAG are di and df, A is surface areas, and Δt is movement in seconds. 
According to Eqs. (4) and (5), when the ITO and the PDMS sheet 
are close to each other (which means df < di), then the current is 
negative. But when the ITO is moved (df > di), the positive current 
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flows in the reverse direction. When the ITO and LAG are in without 
load, their electric potential difference is able to vary with space d0. 
The potential difference is zero at an initial stage but it can be defined 
at the final state as below 

( ) ( )T LAG ITO PDMS
pp TE f TE 0

0 0 0
d

2 2
d d σ σ σV E l d d d d

ε ε
+ -

= ⋅ = + - -ò  (6) 

From Eqs. (6) and (4) 

( )TE i fPDMS
pp

0 i TE

σ d dσV
ε d d

-
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+
              (7) 

when the ITO moves down to make contact with the PDMS, if df = 
0, the voltage between the plates reaches [65] 

PDMS TE i
pp

0 i TE

σ σ τV
ε d d

⋅= ⋅
+

                (8) 

2 Experimental 

2.1 Fabrication of microstructured electrodes 

To make the PDMS microstructures, a piece of sandpaper was 
tape-fixed on the upper side of a silicon wafer as presented in Fig. 2 
(a) [44]. We made a solution of PDMS elastomer with its crosslinker 
(SYLGARD® 184, Dow Corning) mixed at 10:1 weight ratio and then 
steadily poured on sandpaper. Next, it was spin coated (SCS 6800, 
Specialty Coating System) on the sandpaper for 35 s. In order to 
remove the bubble from the spin-coated solution, we performed 

 
Figure 2 (a) Illustration of the fabrication sequence for the proposed TENG. 
Laser-ablated porous graphene on microstructured PDMS and PET/ITO were 
assembled together to make flexible LAG-TEPS. (b) Photograph of the LAG 
illustrating the scalable fabrication. 

20 min of degasification in a vacuum. Then the solution was cured at 
80 °C for 1 h. Finally, a thin (200 μm) microstructured PDMS film 
was peeled off from sandpaper template. 

2.2 LAG fabrication 

As depicted in Fig. 2(a), the LAG was fabricated by one-step laser 
scribing on a thin and highly flexible adhesive Kapton® polyimide 
(PI, 55 μm) film. The PI substrate was cleaned separately by isopropyl 
alcohol (IPA), methanol, and deionized (DI) water. Then, a CO2 pulsed 
laser (15 W) was used to convert the PI film into porous graphene 
under ambient conditions [45–47].  

2.3 Fabrication of the LAG-TEPS 

A stack-like architecture was employed for the design of the 
LAG-TEPS as shown in Fig. 1(a). We attached the opposite layer of 
the rough PDMS surface to the adhesive side of the LAG. We used 
127 μm thick commercial PET/ITO film as the friction material. The 
PET/ITO film was adhered to the surface of the microstructured 
PDMS layer. The total area of the LAG-TEPS was 12 cm2 as shown 
in Fig. 1(a). An image of fabricated large-scaled LAG sample is 
illustrated in Fig. 2(b). The total 25 samples with unit sample size of 
3 cm  3 cm was prepared. 

2.4 Electrical and physical characterization 

Figure 3(a) shows the image of the LAG on Kapton and the inset 
illustrates the FE-SEM image of the corresponding LAG. The sheet 
resistance of the LAG and PET/ITO films were 40 Ω/sq. and 100 Ω/sq., 
respectively. The sheet resistivity meter (RC2175, EDTM) [48] was 
used to measure the sheet resistance, as shown in Figs. 3(b) and 3(c), 
respectively. The roughness of the PDMS surface was characterized 
by FE-SEM (FEI, Quanta 250 FEG), as shown in Fig. 3(d), where 
the microstructures are clearly seen on the PDMS surface. One of 
the crucial factors responsible for increasing the contact area is the 
surface roughness that essentially changes the effective rubbing area 
owing to the surface pattern. Thus, increasing the surface irregularity 
enhances the electrical properties of a LAG-TEPS. Hence, we 
employed a stamping procedure based on sandpaper to produce the 
microstructure on the surface of the PDMS layer. The non-uniform 
microstructure on the surface of the sandpaper was simply transferred 
into the surface of the PDMS, bringing greater sensitivity under high 
pressures. The electrical performance of the LAG-TEPS was measured 
using a digital oscilloscope (WaveSurfer 510 Oscilloscope, Teledyne 
LeCroy), Datalogger (DrDAQ) and an electrometer (Keithley 6514) 
to measure the Vpp and Ipp. The sensitivity was measured and 
characterized using a model comprising JSV-H1000 and HF-10, JISC. 
The characterizations and investigations of the LAG-TEPS were 

 
Figure 3 Physical & electrical characterization of flexible LAG-TEPS. (a) Field emission scanning electron microscopy (FE-SEM) image of LAG. (b) Sheet resistance 
of LAG. (c) Sheet resistance of PET/ITO. (d) FESEM image of microstructured PDMS. 
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obtained under ambient circumstances at a temperature and humidity 
of 25 °C, 30%–35%. 

3 Results and discussion 

3.1 Pressure sensor response 

The proposed LAG-TEPS is composed of two frictional layers: a 
microstructured PDMS film as one frictional material and the ITO- 
coated PET, which served as the opposite frictional component. The 
operation principle of the pressure sensor can be classified as a single 
electrode mode TENG according to the four kinds of fundamental 
modes of TENG. When the triboelectric materials come in contact 
with each other, identical amounts of triboelectric positive and 
negative charges formed over the surfaces of the microstructured 
PDMS and ITO owing to their dissimilar triboelectric polarities. Two 
equally sized acrylic sheets were utilized to examine the response of 
the LAG-TEPS to dynamic loadings. Figures 4(a) and 4(b) show 
the Vpp and Ipp of the TENG at a frequency of 4 Hz, respectively. 
The average Vpp and Ipp values reached about ~ 60 V and ~ 14 nA, 
respectively. The output voltage has bidirectional peaks because 
positive and negative peaks come from pressing and releasing 
condition from Fig. 1(b). Additional peaks come due to the inertia 
of static charge which is shown in the inset of Fig. 4(a). The Vpp and 
Ipp of the LAG-TEPS under external load are shown in Fig. S2 in the 
ESM. Furthermore, the LAG-TEPS exhibited good stability under a 
mechanical pressure of 30 kPa at a frequency of 0.5 Hz for 4,000 cycles 
with no significant degradation in the performance, as illustrated 
in Fig. 4(c). The average value of Ipp was about 50 nA. The dynamic 

pressure loading was used to investigate the response of the LAG- 
TEPS. The LAG-TEPS electrical output profiles were analyzed to 
calculate the sensitivity from the resulting electric signals with respect 
to change in the applied pressures.  

The Vpp produced by a TENG relies on the σ, which is influenced 
by the surface contact area between two different polymers. We found 
that as the mechanical pressure increased gradually, the surface 
contact region increased caused by macroscopic change at the interface 
across the two dissimilar polymers, as shown in Figs. 4(d) and 4(e), 
respectively. When the two dissimilar polymers get in touch with 
each other, the electrification induced surface charges get saturated, 
thereby preventing any additional enhancement in the Vpp, as shown 
in Fig. 4(f). The sensitivity can be expressed as [3] 

( )pp oppΔ
Δ

I I
S

P
=                  (9) 

pp pp oppΔI I I= -                  (10) 

where Iopp is the output current without pressure, ΔIpp is the calculated 
output current change when an outer pressure is applied, and ΔP is 
the change in pressure. The response time of the LAG-TEPS was 
excellent with a rise time of only 9.9 ms, which we calculated based 
on the enlarged output current signal, as shown in Fig. 5(a). The 
external pressure with respect to the displacement behavior of 
LAG-TEPS for loading and unloading cycle is shown in Fig. S3 in 
the ESM. The sensor exhibited three distinct sensitivity values up to 
100 kPa. The sensitivities of the pressure sensor in the low-pressure 
region (< 1 kPa), medium-pressure region (1−20 kPa), and high- 
pressure region (> 20 kPa) were 7.697, 0.938, and 0.136 kPa−1,  

 
Figure 4 Electrical performance of the LAG-TEPS. (a) Output voltage (inset showing the magnified view of the two cycles), (b) output current, (c) stability test over 
> 4,000 cycles. Output current (d) under low pressure, (e) in the medium pressure, and (f) in the high-pressure region. 

 
Figure 5 Characterization of the flexible LAG-TEPS. (a) Response time during pressing and releasing. (b) Pressure sensitivity indicating different sensitivities at
different pressure regimes. (c) Transferred charges of LAG-TEPS. 
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respectively. The sensitivity was estimated based on the current 
response slope, as shown in Fig. 5(b). An enlarged view of the 
sensitivity in the low-pressure region from 0 to 1 kPa is shown in the 
inset of Fig. 5(b). The LAG-TEPS revealed high sensitivity within 
low to medium (< 1–20 kPa) pressure ranges. On the other hand, the 
sensitivity of the LAG-TEPS declined to 0.136 kPa−1 for pressure 
above 70 kPa, which is because of the output current saturated when 
the pressure increased. At low (0–1 kPa) and medium (1–20 kPa) 
pressures, the pressure sensor exhibited a linear enlargement in the 
output current as the dynamic pressure increased, as shown in 
Fig. 5(b). The quantity of transferred charge reached 7.5 nC under a 
mechanical pressure of 1 kPa with rising time of 0.35 and 0.47 s as 
presented in Fig. 5(c). The experimental setup for the electro- 
mechanical analysis of the as-fabricated LAG-TEPS is depicted in 
Fig. S4 in the ESM. Table 1 shows the performance comparison of 
our sensor with recently reported pressure sensors. The enhanced 
pressure sensitivity of 7.697 kPa−1 was achieved, which is better than 
many recently reported pressure sensors. The LAG-TEPS showed 
excellent sensitivity both in the low-pressure and medium-pressure 
region with a wider working range. 

3.2 Self-powered human gestures detection 

Our LAG-TEPS designed with flexibility and high sensitivity is 
particularly suitable for e-skin applications because of its flexible 
and highly sensitive nature to externally applied pressures [49–57].  
We investigated the flexibility of the pressure sensor in terms of its 
action as an SP-HGD. To examine the performance of the pressure 
sensor for sensing human gestures, LAG-TEPS was finger tapped 

and attached to the different portions of the human body, for 
example, the elbow, knee, and wrist as shown in photograph image 
of Fig. 6(a). 

For the illustration of LAG-TEPS in an e-skin application, we 
pressed the LAG-TEPS using a finger tapping and the electric signal 
from the LAG-TEPS changed immediately, as shown in Fig. 6(b) 
(Video ESM1-Finger tapping). The self-powered signals obtained 
throughout iterative bending-stretching cycles are displayed in Figs. 
6(c)–6(e) (Video ESM2-Small vibration and Video ESM3-Human 
gestures). The pressure sensor revealed great responsiveness and stable 
repeatability under gestures owing to body movements, and without 
requiring a storage cell or outer energy supply. Different signal shapes 
were produced using LAG-TEPS sensor to distinguish various human 
body gestures, including the finger, knee, and elbow. These outcomes 
demonstrate that the LAG-TEPS might be utilized in wearable 
sensors due to its ability for SP-HGD. 

3.3 Finger pulse monitoring 

The high sensitivity and rapid response time of pressure sensors are 
advantageous for uses in bio-health monitoring and telemedicine. 
For example, the sensor can be put over the human skin for pulse 
and blood pressure if correctly calibrated. In this study, we also 
investigated and demonstrated that our LAG-TEPS can be used for 
detecting the pulse from the human fingertips as reported in [58], 
even though it was operated through the power supply. Figure 6(f) 
shows the signal obtained from the proposed LAG-TEPS system 
when a human finger was put over the sensor. The sensor output from 
the human fingertip exhibited a clear pulse waveform. The finger 

Table 1 Performance comparison of recently developed pressure sensors 

Type Materials Pressure range (kPa) Sensitivity (kPa1) Ref. 
Resistive rGO coated sponge < 2/210 0.26/0.03 [59] 
Resistive CB coated sponge 0.091/16.4 0.068/0.023 [60] 

Piezoelectric PDMS-Gold-(P(VDF-TrFE)) < 5/60600 0.104/0.055 [61] 
Piezoresistive Graphene-PDMS < 0.25/18 0.24/0.034 [62] 

Capacitive SWNT-PDMS-Ecoflex 10200 0.59 [63] 
Triboelectric PVDF-AgNPs < 40/40160 0.385/0.065 [64] 
Triboelectric LAG-PDMS-ITO/PET < 1/120 7.697/0.938 This work 

 
Figure 6 Output voltage responses to repeated contact/separation of the flexible TEPS: (a) photograph of the LAG-TEPS placed to the different parts of the body for 
the detection of human gestures. The corresponding voltage response for (b) finger tapping, (c) elbow bending, (d) wrist bending, (e) knee bending, and (f) finger 
pulses. 
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pulse signal was sorted out by a resistor-capacitor bandpass filter and 
digital converter (ADC, Arduino UNO) after the instrumentation 
amplification (AD624). Finally, we used MATLAB to eliminate the 
noise from the obtained signal using a finite impulse response (FIR) 
filter. The Arduino UNO output was visualized on a computer using 
open source demonstration processing software (sampling rate: 1 kHz, 
2-bit resolution) [65]. Videos of self-powered human gestures 
detection can be found in the ESM. 

4 Conclusion 
In summary, we fabricated and analyzed a LAG-TEPS established 
on the triboelectric principle to implement self-powered sensing 
without an outer storage cell. The response time and the sensitivity 
of the LAG-TEPS were 9.9 ms and 7.697 kPa−1, respectively. Moreover, 
LAG-TEPS was put to several parts of the body, and we showed that 
based on the mechanical deformation due to iterative human gestures, 
it was promising to operate the device in a stable manner via upward 
and downward directions. Therefore, this LAG-TEPS sensor can be 
self-powered and it does not require an outer power source. We 
also demonstrated that our LAG-TEPS can be applied as a pulse 
monitoring sensor with an outer power supply. Our proposed method 
can potentially facilitate the large-scale production of flexible, 
self-powered, and inexpensive pressure sensors in a time-efficient 
manner. 
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