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The triboelectric effect is one of themost trending effects in energy harvesting technologies, which use one

of the most common effects in daily life. Herein, an impervious silicone elastomer-based triboelectric

nanogenerator (SE-TENG) is reported with a micro roughness-created silicone elastomer film and Ni

foam as triboelectric layers with opposite surface charges. The surface roughness modification process

was performed via a cost-effective soft lithography technique using sandpaper. The replicated film was

then used as the negative triboelectric layer and porous Ni foam was used as the positive triboelectric

layer. The device exhibited the advantage of high stability due to the porous nature of the Ni foam,

which could not damage the roughness pattern of the elastomer film. The device generated a maximum

electrical output of �370 V/6.1 mA with a maximum area power density of �17 mW m�2 at a load

resistance of 1 GU. Furthermore, the SE-TENG device was packed using polyethylene to protect it from

humidity and made to be a water-resistant SE-TENG (WR-SE-TENG). The device was stable under

different percentages of relative humidity, showing a uniform electrical output in the range of 10% RH to

99% RH. This proves that the packing is highly resistant against moisture and humidity. The device was

also used for demonstrating its capability in powering small electronic components such as charging

commercial capacitors, glowing LEDs and powering wrist watches. Further, the WR-SE-TENG device was

used to scavenge bio-mechanical energy from human motions and also used for a real-time application

of zero power consuming/self-powered pressure sensors. As an active sensor, the device showed linear

sensing behavior and a sensitivity of 0.492 mA kPa�1.

1. Introduction

Energy harvesting technologies have recently been the trending

topic, which have potential as solutions to the global energy

crisis. In recent years harvesting energy from sustainable energy

sources such as wind,1 water waves,2,3 and bio-mechanical4,5 and

vibrational6,7 sources has gained immense attention due to their

simple energy conversion ability. Among them, energy har-

vesting from mechanical motions has expanded due to the

abundant mechanical energy in daily life. Triboelectric nano-

generators (TENGs) are considered to be promising candidates

for harvesting mechanical energy from various sources such as

tides,3 ocean waves,8,9 human motions,10 and strain.11 Because

of their simple design, cost-effective fabrication, highly reliable

output performance and durability, many researchers are

working towards their commercialization.4 The rst ever TENG

was reported by Z. L. Wang's group in 2012 for harvesting

mechanical energy12 and utilized for small-scale energy har-

vesting. Currently, TENGs have been improved further with

technological advancements, and used for energy harvesting

and various applications in self-powered sensors.13–15 In addi-

tion, many researchers are working to improve the output

performance of TENGs by modifying the device structure,

improving the surface contact area and doping.16,17 In general,

TENGs function via two major effects called triboelectrication

and electrostatic induction. When two dissimilar triboelectric

materials come into contact with each other either in vertical

contact and separation or lateral sliding motion, a surface

charge develops on the layers and drives the electrons to ow

through an external load with the production of a potential

drop.18 This shows that the proper selection of active layers is

the major paradigm in designing high performance TENG

devices.

Next, to design the high performance TENG devices, two

key factors needs to be considered: (i) surface charge
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generation increases with an increase in applied pressure

and (ii) surface charge increases with an increase in contact

points according to the Volta-Helmholtz hypothesis.19 The

most suitable route to multiply the contact point is to create

surface roughness on the active layers. There are several

techniques to create surface roughness such as photoli-

thography, reactive ion etching, inductively coupled plasma

etching, and thermal imprint lithography.20–22 However,

these techniques involve high cost, careful operation, and are

time consuming.23 Similarly, a major drawback of TENGs is

their stability under moist and humid environmental

conditions.24 There is strong evidence proving that the

output performance of TENGs is reduced drastically due to

humidity, which hampers their full-edged commercializa-

tion for daily use.25–27 Recently, TENGs have been designed to

humidity resistant by developing their active layers via super

hydrophobic techniques.28 However, still, the selection of

materials, cost and time consuming processes make this

a complicated process.

To overcome the above limitations, herein, we report

a water-resistant silicone elastomer-based triboelectric nano-

generator (WR-SE-TENG), which is impervious in nature. The

device was congured with a metal-dielectric conguration

using nickel (Ni) foam and a micro roughness-created silicone

elastomer lm as the active triboelectric layers. The silicone

elastomer lm was fabricated via an easy and cost-effective

so lithography technique using commercial micro rough-

ness sandpaper. Ni foam, which has a porous network struc-

ture, contributes to high surface roughness, and thus was

used directly as the positive triboelectric layer. Ni foam having

a porous nature could not damage the roughness on the sili-

cone elastomer layer during the contact and separation

process, making the output stable for a prolonged duration.

The device was laminated using a polyethylene sheet with the

help of a pouch laminator inside a glove box. The packing

resists water and humidity, which affects the performance of

the TENG. The output performances of the silicone elastomer

(SE-TENG) device with different positive layers such as

aluminum (Al), copper (Cu), and nickel (Ni) foam were also

compared. Among them, SE-TENG made of Ni foam as the

positive layer generated a maximum voltage and current of

�370 V/6.1 mA with a maximum area power density of�17 mW

m�2 at 1 GU load resistance. The stability of SE-TENG was

analyzed for 2000 s and the stability of WR-SE-TENG was

analyzed under various relative humidity ranging from 10%

RH to 99% RH. This approach proves that the device was

protected from humidity as well as stable in its output

performance without a decrease in its efficiency. The device

was used successfully for charging commercial capacitors,

glowing light emitting diodes (LEDs) and powering up elec-

tronic wrist watches. Further, the WR-SE-TENG device was

used for scavenging bio-mechanical energy from human

motions such as nger tapping, palm tapping and foot

tapping and LED glowing under bio-mechanical motions. The

above experiments and tests prove that the WR-SE-TENG

device is a promising sensor device to work under harsh and

humid weather conditions.

2. Experimental
2.1 Fabrication of silicone elastomer lm by so lithography

technique

The negative triboelectric material was made by replicating the

micro rough pattern on sandpaper through the so lithography

technique. The dielectric layer was made by mixing an equal

volume ratio of 1 : 1 (Ecoex silicone 00-30) liquid silicone in

a beaker followed by pouring it on to a piece of sandpaper. The

liquid silicone poured sandpaper was then kept at 30 �C and

allowed to cure for 6 h. Aer curing, the silicone lm was peeled

off slowly from the sandpaper to obtain the roughness-created

silicone lm.

2.2 Fabrication of water-resistant SE-TENG device

Next, to fabricate the TENG device, two PET lms with the

dimensions of 4 � 4 cm2 were used as the supporting frames in

the contact and separation device. Aluminum (Al) foils with an

area of 3� 3 cm2 were attached on the bottom PET lm through

the center, followed by attaching the copper (Cu) wires using

silver paste. Then, the silicone lm was cut into the dimensions

of 3 � 3 cm2 and attached on the Al foil. To fabricate the

positive layer, nickel (Ni) foam was selected and attached to the

top PET sheet using double-sided tape and Cu electrodes were

attached in a similar fashion. The air gap between both layers

was xed at 5 mm. Further, two other TENG devices were

fabricated using Al and Cu as positive electrodes for the

comparison and performance analysis of the TENG device.

Further, the device was covered with polyethylene and sealed

completely using a pouch laminator to make WP-TENG.

2.3 Characterization and electrical measurement

The surface morphology of the Ni foam and micro roughness

silicone lms were characterized using a eld-emission scan-

ning electron microscope (FE-SEM, TESCAN, MIRA 3). The

electrical output analysis of voltage and current was performed

using an electrometer (Keithley 6514 Instruments Inc., USA)

and SR 570 low noise current amplier (Stanford research

Systems, USA), respectively. The external force for measuring

the electrical output was applied using a linear motor (LinMot,

Inc., Switzerland). A soware platform using LabVIEW was built

for real-time data acquisition and electrical analysis. A groun-

ded home-made Faraday cage was set up for electrical

measurements.

3. Results and discussion

Fig. 1a shows the layer-by-layer schematic of the SE-TENG

device and its digital photographic image. The triboelectric

layers are made of nickel foam and roughness-created PDMS

lm. The FE-SEM image shows the structure of the Ni foam and

the micro roughness created via the so lithography technique.

Fig. 1b shows the step-by-step fabrication of the SE-TENG

device. The device fabrication started with the preparation of

supporting substrates for the contact and separation-based

TENG, followed by placing electrodes on either sides. The

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 746–754 | 747
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electrodes themselves act as positive triboelectric layers,

whereas the negative triboelectric layer was fabricated via a so

lithography technique. By using this technique the micro

structured roughness was transferred to the silicone elastomer

lm from sandpaper. The detailed fabrication process is

explained in the Experimental section. Fig. S1† shows the

triboelectric series chart showing the triboelectric materials

used in the fabrication of the SE-TENG device. Fig. 1c represents

a schematic chart of the preparation of the silicone elastomer

lm via the cost effective so lithography technique. Silicone

elastomer part A and part B were mixed equally in a 1 : 1 ratio in

a beaker. The solution was then poured dropwise on a piece of

sandpaper and spread evenly through the spin coating tech-

nique. The silicone elastomer coated sandpaper was then dried

at 30 �C for 6 h. Aer drying, the lm was peeled off from the

sandpaper and utilized as an active layer in the SE-TENG. The

detailed lm preparation process is explained in the experi-

mental section. The working mechanism of SE-TENG is depic-

ted in Fig. 2a–d, which is because of the triboelectric and

electrostatic effects. In the initial condition, the top electrode is

in contact with the bottom dielectric layer with no ow of

electrons in the electrodes. Due to the mechanical motion

applied on the device, the layers separate from each other,

leading to the occurrence of a charge difference across the

electrodes. This phenomenon induces the electrons to move

from the top electrode to the bottom electrode through the

external circuit. This action is responsible for the rst half cycle

of the electrical output signal (alternating current (AC)). With

further actuating motion on the device, the layers again move

close to each other, which induces the electrons to ow in the

reverse direction, leading to the generation of a second half

cycle. The potential distribution of the device was theoretically

analyzed via a simple nite element simulation using the

COMSOL Multiphysics soware. Fig. 2e–g show the surface

potential distribution from the contact state until themaximum

release state.

The electrical output analysis was performed for the TENG

devices made of Al, Cu and Ni foam as positive electrodes and

silicone elastomer remained as the negative triboelectric layer.

Fig. 3a–c show the electrical output comparison of the TENG

devices made of Al, Cu and Ni foam positive electrodes. The

output was higher in case of the TENG device made of Ni foam.

As is known, the roughness in the triboelectric layers plays

a major role in the enhancement of the electrical output.

Similarly, Ni foam, which has a porous nature, has a good

surface roughness as well as a positive triboelectric property,

which proved to be a suitable material for contact electrica-

tion. On the other hand, the Al and Cu lms do not have any

surface roughness or porosity on their surface. The drawback

with a plain positive side and a micro roughness negative layer

is the damage of the roughness aer few actuations. However,

the Ni foam and roughness-created negative layer led to an

enhancement in the contact area as well as the triboelectric

charge generation. The porous layer in the positive side under

contact and separation working mode did not damage the

roughness present in the negative side, which made the output

stable for a prolonged period. The maximum electrical output

obtained from the SE-TENG with an Ni electrode was�370 V/6.1

mA. In contrast, the SE-TENG made of Cu and Al as the positive

layer generated a maximum electrical output of �180 V/2.5 mA

Fig. 1 SE-TENG device schematic and fabrication. (a) Layer-by-layer schematic of the SE-TENG device and the inset shows the FE-SEM

morphology of the porous Ni foam and roughness-created silicone elastomer film with a photograph of the device. (b) Step by step schematic

showing the SE-TENG device fabrication with every working layer used in the device. (c) Step-by-step fabrication of the silicone elastomer film

from liquid silicone via the soft lithography technique using micro-roughness sandpaper.
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Fig. 2 Working mechanism of SE-TENG. (a–d) Contact and separation mode working mechanism of SE-TENG device with pressing and

releasing motion and the respective electron flow directions. (e–h) Potential distribution of SE-TENG at various separation distances using the

COMSOL software.

Fig. 3 Electrical output analysis of SE-TENG device. (a–c) Voltage and current output comparison of SE-TENG device showing the maximum

electrical output with Ni foam as the positive triboelectric material. (d) Voltage signal showing the polarity test of SE-TENG with forward and

reverse connection characteristics. (e and f) Electrical output performance comparison of silicone elastomer film with roughness and without

surface roughness.
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and �270 V/3.6 mA, as shown in Fig. 3a and b, respectively.

Fig. 3c shows the performance of the electrical output and the

difference with respect to the positive layers. The silicone elas-

tomer layer showed a maximum charge quantity of 160 nC.

Further analysis and applications were performed using the Ni

foam SE-TENG device due to its high electrical output perfor-

mance. To conrm the electrical output, which is purely from

the triboelectric effect, a switching polarity test was carried out

by switching the polarity of the TENG device during its

measurement. The device showed an exact 180� phase shi in

its generated electrical output signal. This clearly conrms that

the electrical output is purely from the SE-TENG device, as

shown in Fig. 3d. To prove the contribution of surface rough-

ness and its role in enhancing the electrical performance, the

electrical measurement was carried out with two SE-TENG

devices, one made of the roughness-created elastomer lm

and the other with a plain lm. The electrical output clearly

evidenced that the SE-TENG made of the surface roughness-

created elastomer lm showed a higher output than the plain

elastomer lm, as shown in Fig. 3e and f, respectively.

To validate the electrical output of the SE-TENG device,

various conrmatory tests were performed, such as charging

commercial capacitors, glowing LEDs, and powering up

a digital wristwatch. Fig. 4a shows the charging characteristics

of various rating commercial capacitors such as 0.22 mF, 1 mF, 10

mF and 22 mF for a period of 150 s. The inset in Fig. 4a shows the

charging pattern during the device contact and separation with

respect to external motion using a linear motor. Fig. S2† shows

the circuit diagram, which was used for performing the capac-

itor charging. The capacitor with the lowest rating 0.22 mF

charged quickly to 31 V in 150 s, storing a maximum energy of

99 mJ. Similarly, the capacitor with the highest rating stored

a maximum energy of 11 mJ, which was charged to 0.9 V in 150 s.

The other two capacitors, 1 mF and 10 mF, charged to 5 V and 2 V

with the maximum energy storage of 125 mJ and 18.05 mJ,

respectively as shown in Fig. 4b. Fig. 4c shows the charging and

discharging cycle of a 10 mF commercial capacitor under the

mechanical force of 10 N. The capacitor stored 5 V in 150 s and

the force was removed. Consequently, this made the capacitor

discharge the stored potential to 3.5 V. The cycle was repeated

two more times to show the cyclic stability of the commercial

capacitor charging and discharging. The SE-TENG device

showed a maximum area power density of�17 mWm�2 at 1 GU

load resistance, as shown in Fig. 4d. This indicates that 1 GU

resistance was the exact load-matching resistance for the SE-

TENG device, which can be used further for focusing in the

real-time applications. To show the durability of the SE-TENG

device, a stability test was carried out for a period of 2000s, as

shown in Fig. 4e and the stability pattern is shown in Fig. S5.†

The inset shows the uniform peak pattern (every 600 s) from the

start of the test until 2000 s. This shows that the device can work

for a long period of time with a stable electrical output. Further,

Fig. 4 Real-time output analysis and durability test for SE-TENG device. (a) Commercial capacitor charging characteristics with various

capacitors such as 0.22 mF, 1 mF, 10 mF and 22 mF for a period of 150 s. (b) Energy storage analysis of the capacitors charged using the SE-TENG

device. (c) Charging and discharging cyclic characteristics of 1 mF capacitor. (d) Impedance matching analysis and instantaneous area power

density of SE-TENG device upon various resistance values; the device shows the maximum area power density of �17 mW m�2 at 1 GU load

resistance. (e) Stability analysis of SE-TENG showing its stable power delivering nature for a period of 2000 s. Inset shows the output peak pattern

with the interval of 600 s. (f) 60 green LEDs glowing using SE-TENG upon applying force by pressing and releasing the device.
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the SE-TENG was used to glow 60 green LEDs in series

connection, as shown in Fig. 4f and Video S4.† These tests

validate that the SE-TENG is a promising candidate for power-

ing low power electronic devices.

Recently, one of the drawbacks faced by TENGs is their

performance under the inuence of humidity. The stability and

performance of TENGs decrease due to a change in humidity.

This is due to the interaction of moisture with the triboelectric

layers, which leads to a reduction in surface charge generation.

Thus, to overcome this issue, the SE-TENG was packed

completely with a polyethylene pouch and sealed using a pouch

laminator. The packing does not allow humidity, air or water

droplets into the layers of the device. The water-resistance

capability and the electrical response behavior of WR-SE-

TENG is shown in Video S1.† A schematic and digital photo-

graph of the water-resistant SE-TENG is shown in Fig. 5a. The

water resistance capability of SE-TENG was tested by dipping

the TENG device in a box full of water, as shown in Fig. S3.† The

electrical output performance of the packed and unpacked SE-

TENG is shown in Fig. 5b and c, respectively. The device

shows a similar output performance with respect to packing in

case of both voltage and current, proving that the performance

was not reduced due to the packing. Fig. 5d and e show the

electrical output of the water-resistant SE-TENG by nger

pressing under water. The output showed the exact phase shi

in signal aer being packed and actuated inside the water tub.

The inset in Fig. 5d shows the device immersed in water and the

inset in Fig. 5e shows the LED glowing by pressing the device by

placing it in water. Further, the water-resistant SE-TENG was

tested under various relative humidity (% RH), as shown in

Fig. 5f. The device worked stably in the humidity range of 10%

RH to 99% RH. Fig. S3† shows the homemade humidity

chamber used for performing the humidity test. This also

conrms that the device was packed perfectly, and the inuence

of humidity does not affect the performance of the SE-TENG

Fig. 5 Water-resistant SE-TENG device fabrication and its electrical performance. (a) Layer-by-layer schematic diagram of WR-SE-TENG device

and digital photograph showing the device packed with polyethylene and placed inside water. (b and c) Voltage and current behavior of the

packed and unpacked SE-TENG device, respectively. (d and e) Voltage and current behavior and polarity configurations of the WR-SE-TENG

device when pressed inside a water tub, respectively. (f) Humidity test of the WR-SE-TENG device under various relative humidity of 10%, 42%,

68%, 80% and 99% RH, where the device showed a stable output for the entire period.
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device. This proves that the packed TENG devices can be used in

harsh weather and environmental conditions.

Aer undergoing various conrmatory tests and perfor-

mance analysis experiments using the SE-TENG and water-

resistant SE-TENG, the device was used for demonstrating

a few real-time applications, which are mandatory for any type

of energy harvester. Fig. 6a–f show the capability of SE-TENG for

scavenging bio-mechanical energy from human hand and leg

motions. The water-resistant SE-TENG device was attached on

the oor using Scotch tape to avoid unwanted movements and

Fig. 6 Bio-mechanical energy harvesting and zero power consuming pressure sensor applications. (a–h) Digital photographs of the WR-SE-

TENG device under hand and foot tapping motions and LED glowing under human motions. (i) Powering up an electronic wristwatch with the

help of a 22 mF capacitor. (j) Force analysis of the WR-SE-TENG device upon various force from 0.4 N to 10 N and its current output profile. (k)

Self-powered/zero power consuming pressure sensor with difference pressure level and the linear behavior of its current value showing

a correlation coefficient of 0.9985 and good sensitivity of 0.492 mA kPa�1. (l) Real-time response of different light-weight items (paper clip, coin,

key, bolt and battery) dropped on the device and its corresponding electrical output response.
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the LEDs glowed under human hand and leg motions. The

biomechanical energy scavenging was demonstrated by

analyzing the electrical signal by applying force by palm and leg

tapping. This demonstration is shown in Videos S2 and S3.† The

voltage and current were maximum during leg tapping, which is

due to the weight and large pressure acting on the device,

leading to the generation of a higher electrical output as shown

in Fig. 6g and h. This demonstration gives clear evidence of

utilizing SE-TENG as a bio-mechanical energy harvester to

harness biomechanical motions in daily life. Similarly, a digital

wristwatch was powered using the water-resistant SE-TENG

using a commercial 22 mF capacitor, as shown in Fig. 6i. In

addition to that the water resistant SE-TENG was demonstrated

as a zero power consuming pressure sensor. The device was

placed on a at surface and different ranges of force applied

initially and its current prole recorded. The current prole

increased with an increase in the applied force, as shown in

Fig. 6j. The sensing characteristics were studied based the

relationship between the changes in pressure with respect to

the increase in current. The sensor showed a linear response

upon an increase in pressure with a sensitivity of 0.492 mA kPa�1

and the correlation coefficient of 0.9985, as shown in Fig. 6k.

Fig. 6l shows the electric output response of the active pressure-

sensing TENG device with its ability to detect the pressure of

different weight objects falling from a height of 10 cm. This

shows the ability of the device to detect pressure in low ratings.

From the results and studies, it is clear that the water-resistant

TENG can effectively be used as a self-powered force sensor in

harsh and humid environments, such as in water tanks, water

pipes and infusion pumps.

4. Conclusions

In summary, a highly reliable impervious SE-TENG was fabri-

cated successfully using a roughness-created silicone elastomer

and Ni foam as active layers. The cost-effective so lithography

technique was introduced for creating micro-roughness on the

silicone elastomer lm. With a similar conguration, two other

TENG devices made of Al-SE and Cu-SE were fabricated and the

electrical output was analyzed. Among the three devices, SE-

TENG made of Ni foam showed a higher electrical output

�370 V/6.1 mA with a maximum area power density of �17 mW

m�2 at 1 GU load resistance. The device performance in real-

time was demonstrated by charging commercial capacitors,

glowing LEDs and powering a digital watch. The durability of

the device was analyzed by performing a stability test for

a period of 2000 s. To make the device to work actively in the

harsh and humid environmental conditions, the device was

fabricated as a water-resistant SE-TENG by packing it with

polyethylene lms and laminated tightly and demonstrated its

water-resistant capability by actuating it inside a water tub. The

electrical output comparison with respect to the packed and

unpacked SE-TENG device was analyzed and performed

a humidity test of actuating the device under various relative

humidity (10% RH to 99% RH). The test showed that the

performance of the TENG device was not affected due to

humidity as well as the packing gives a stable protection to the

SE-TENG device from humidity. Finally, the device was used to

harness the bio mechanical energy from daily human motions

such as nger, hand and foot tapping. Also, the device was

demonstrated for the potential real-time application of a self-

powered/zero power consuming pressure sensor, showing

a good sensitivity of 0.492 mA kPa�1 and the correlation coeffi-

cient of 0.9985. The above experiments and demonstrations

prove that SE-TENG is a promising candidate to be used for

measuring variable pressures in harsh environments such as

uid pressure, gas pressure and water level indications.
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