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ABSTRACT
The present study addresses the industrial waste management of nonbiodegradable expired/waste silicone sealants (SS) through

triboelectric nanogenerator technology (TENG). It explores the upcycling of waste SS as a frictional layer in a TENG to harness

mechanical energy for sustainable applications. Among all the fabricated TENG devices, the SS-fluorinated ethylene propylene

(FEP) frictional pair generated a maximum Voc of �320 V and Isc of �145 μA, with an instantaneous power density of 5.7W/m2.

The device demonstrated excellent stability over 4000 cycles, allowing reliable operation in powering 240 light emitting diodes

(LEDs), four LED lamps, and portable electronic devices such as calculators and digital watches through a charged capacitor.

Finally, the SS-FEP TENG was utilized in a rail switch sensor system to monitor switch movements and provide real-time track

status for enhanced rail safety.

1 | Introduction

Environmental protection has become a critical global concern
due to the increasing pollution of air, water, and soil, largely
driven by rapid technological advancements, irresponsible con-
sumption patterns, and inadequate waste management practices
[1, 2]. Addressing these challenges requires a strong commitment
to the United Nations Sustainable Development Goals (SDGs:
12,7), which aim to safeguard the environment and promote a sus-
tainable and green future for coming generations [3, 4]. Among
the major contributors to environmental degradation is the grow-
ing volume of waste generated across various sectors, highlighting
the urgent need for innovative and efficient waste management
strategies. The waste management strategies include reuse, recy-
cling, upcycling, waste-to-energy (WTE) technologies, compost-
ing, landfill management, policy, and public awareness [5].
Among all, WTE technologies stand out as a promising solution

[6–11]. With WTE technologies, waste materials will be utilized to
produce gas, oil, or electricity, and the amount of waste materials
that are sent to landfills will be considerably reduced. WTE tech-
nologies are essential in protecting the environment and people’s
health. In recent years, triboelectric nanogenerator (TENG) tech-
nology has emerged as a novel addition to WTE approaches by
effectively utilizing a wide range of waste materials for energy har-
vesting [12–15]. In previous studies, researchers have explored
waste materials, including plastic [16–19], medical [20–23], con-
struction [24], electronic [25–30], and bio-waste [31–35], to fabri-
cate TENGs and employ them for energy harvesting and sensing
applications [36–41].

Silicone sealant (SS) is a versatile material widely used across
various industries due to its flexibility, waterproofing ability,
and chemical resistance. SS has a limited shelf life of approxi-
mately 12–24 months, often resulting in expired or partially used
cartridges and tubes being discarded as waste. If the expired SS
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remains pliable, it can effectively be used to create a frictional
layer on a conductive substrate for TENG applications. However,
care must be taken; if the sealant is partially cured, it becomes
difficult to form a uniform frictional layer. The triboelectric
properties of SS are influenced by the fillers, chemical process
involved in the manufacturing, which also modify the sealant’s
appearance. Various types of sealants, including clear, black,
white, and red, can be formulated with fillers such as silica, car-
bon black, titanium dioxide, and iron oxide [42].

In this work, black SS waste is utilized as a triboelectric layer in
TENG fabrication for energy harvesting and rail switch sensor
applications. Compared with other waste materials, such as rigid
plastic scraps, multilayer medical blister packs, or mechanically
fragile packaging films used in TENG, expired SS offers several
advantages. The advantages included excellent mechanical flex-
ibility and strong inherent adhesion to metallic substrates,
enabling it to be directly coated onto aluminum surfaces with
robust interfacial contact. This eliminates the need for separate
electrode attachment or adhesive layers, which are often required
when using conventional waste plastics. Additionally, unlike
many waste-derived materials that require high-temperature
melting, solvent-based dissolution, or multistep lamination, SS
can be processed at room temperature, cures without solvents,
and remains highly cost-effective. These advantages collectively
make expired SS a more practical, scalable, and application-ready

waste material for TENG fabrication. The fabricated TENG exhib-
ited a peak output of �320 V and 145 μA, with a power density of
5.7W/m2 and stable performance over 4000 cycles. It successfully
powered a series of LEDs, multiple LED lamps, and portable elec-
tronic devices such as calculators and digital watches using a stor-
age element.

2 | Experimental

2.1 | TENG Device Fabrication

An expired black SS tube was collected from household waste,
where the material remained pliable. A photograph of the col-
lected SS tube is shown in Figure 1a. The SS was film-cast onto
a predesigned glass mold containing a 5 × 5 cm2 aluminum sub-
strate placed at the bottom. After curing under ambient con-
ditions, a fully adhesive black SS film was formed on the
aluminum surface and used as one of the triboelectric layers
for TENG fabrication. The TENG was fabricated by attaching
the SS-coated aluminum substrate to a predesigned cardboard
sheet, as shown in Figure 1b. Another cardboard sheet was pre-
pared with the opposite triboelectric material, and the correspond-
ing frictional layer was attached to an aluminum sheet using
conductive tape. Figure 1b displays the photographs of the assem-
bled TENG device operating in vertical contact–separation mode,

FIGURE 1 | (a) Photograph of the SS tube and casting of film on glass mold, (b) fabricated TENG device with FEP and SS frictional layers,

(c–e) surface texture of the coated SS film on aluminum at different magnifications, (f ) EDX spectrum of the coated SS film. EDX= energy-dispersive

X-ray spectrum; FEP = fluorinated ethylene propylene; SS = silicone sealant; TENG = triboelectric nanogenerator technology.
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with SS and FEP serving as the frictional layers. This device was
referred to as the SS-FEP TENG. A total of eight TENG devices
were fabricated, each incorporating a different counter triboelec-
tric material. The spacing between the frictional layers was main-
tained using sponge spacers, allowing a separation distance of
approximately 1 cm.

2.2 | Structural and Electrical Characterization

The morphology of the SS was examined using scanning electron
microscopy (SEM, JEOL JSM IT-800.). The electrical output of
the TENGs was measured using a digital storage oscilloscope
(GW-Instek, GDS-1102B) and a current preamplifier (SRS,
SR-570). The surface potential of the triboelectric layers was mea-
sured using a Trek 542A electrostatic voltmeter. The TENG was
tested under hand tapping force at a frequency of 4–5 Hz at room
temperature. The load characteristics of TENG were assessed
with a decade resistance box. The rail switch sensor application
was performed with Arduino board (UNO R3).

3 | Results and Discussion

The surface texture of the coated SS film at different magnifica-
tions was recorded with SEM, and images are presented in
Figure 1c–e. The SEM images reveal a continuous, irregularly
textured coating. The irregularly textured coating results in a rel-
atively rough texture, which may enhance surface area and could
influence triboelectric performance in device applications.
Figure 1f shows the energy-dispersive X-ray spectrum (EDX)
of the coated SS film. The EDX confirms that the coated layer

is composed of silicon and oxygen, consistent with the silicone
polymer matrix. The presence of gold (Au) peaks in the spectrum
is due to the gold coating applied to the SS layer to prevent charg-
ing and enable proper image recording.

The mechanical energy harvesting capability of the TENGs was
studied under hand-tapping force at a frequency of 4–5 Hz at
room temperature. Figure 2a,b displays the open circuit voltage
(Voc) and short circuit current (Isc) responses of the TENGs with
the fixed SS layer paired with various opposing triboelectric
layers. It is worth noting that TENG produced a relatively higher
output voltage with tribo-negative frictional layers (silicone
rubber, FEP, and PTFE) and a lower output voltage with
tribo-positive materials (Al, Cu, and Kapton). Further, SS pro-
duced the highest voltage and current when FEP was used as the
opposite frictional layer.

This observation contradicts the expected trend, as silicone is a
well-known triboelectrically negative material, and when paired
with another triboelectrically negative material (FEP), a lower
output voltage is typically expected [43]. The change in the polar-
ity of the SS might be due to the addition of additional additives
or chemical modifications done during the manufacturing pro-
cess. Furthermore, to verify the tribopolarity of the silicone waste
material, we conducted two additional sets of experiments. First,
we measured the surface potential of the silicone waste film after
contact with different frictional layers (FEP, silicone rubber,
Kapton, and PET). The corresponding surface potential plots
are shown in Figure 2c. The results clearly demonstrate that
the silicone waste develops a positive surface potential after con-
tact with FEP and silicone rubber, whereas it becomes negatively
charged after contact with Kapton and PET. This confirms the
positive triboelectric nature of the silicone waste film when

FIGURE 2 | (a,b) Voc and Isc of fabricated expired SS-based TENG with different opposite frictional layers, (c) surface potential values of SS film after

contacting with different frictional layers, (d) output voltage polarity of different triboelectric pairs. SS = silicone sealants; TENG = triboelectric nano-

generator technology.
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paired with strongly electronegative materials. A real-time demon-
stration of these surface potential variations with FEP and Kapton
is provided in the Video S1, supporting information. In the second
part, we recorded the output voltage signals of TENG devices fab-
ricated using the silicone waste film paired with different frictional
layers. A clear polarity reversal of the output voltage was observed
when switching from silicone waste–FEP/silicone pairs to silicone
waste–Kapton/PET pairs, as shown in Figure 2d and Video S2,
supporting information. This further supports that the silicone
waste behaves as a tribo-positive material with FEP/silicone
and tribo-negative with Kapton/PET.

Additionally, we confirmed this trend using expired commercial
transparent SS films. This film also consistently showed similar
tribo-positive characteristics, verifying that the observed behavior
is inherent to the SS waste material. The TENG responses of trans-
parent silicone waste-based TENG are presented in Figure S1.
From the above experimental observations, it is clear that the
SS acts as a positive triboelectric layer. The maximum output per-
formance (Voc� 320 V, Isc� 145 μA) was observed for the SS-FEP
TENG, which was then used for further characterization.

Figure 3a,b shows the switching polarity test results of the
SS-FEP TENG, clearly confirming that the electrical output
is generated solely from the TENG devices and not from noise
or other artifacts. The electrical output of TENG changes its
sign upon switching the connections, while the noise does
not change its sign. The SS-FEP TENG load characteristics
were studied using a decade resistance box in the range of
1 KΩ to 100 MΩ. The output voltage and current values at dif-
ferent load resistances are presented in Figure 3c. The load
characteristics trend of SS-FEP TENG is consistent with the
reported literature [44]. The instantaneous power density

P= V2

RL∗Að Þ
� �

was measured using the load characteristics data

and the active area of the frictional layers and is presented
in Figure 3d. The power density initially increased with load

resistance, reaching a maximum of 5.7 W/m2 at 1 MΩ, then
decreased. The load resistance at which the maximum power
density is achieved is considered the load matching condition,
as per the maximum power transfer theorem [45]. Long-term
stability is crucial to ensuring their reliability and practical
applicability in sustainable energy-harvesting and sensing
applications. The stability of the TENG was evaluated over
4000 test cycles, and it was found that the TENG electrical out-
put was consistent, as shown in Figure 3e.

Initially, the TENG output was rectified using a bridge rectifier
and powered 240 LEDs, four LED lamps momentarily for each
hand tap, as shown in Figure 4a–c. The corresponding real-time
demonstrations are provided in Videos S3 and S4, supporting
information. Furthermore, a few portable electronic devices were
powered by TENG using a charged capacitor; the circuit sche-
matic is shown in Figure 4d. Initially, TENG output was rectified
using a DB 107 full-wave rectifier and then used as input to the
capacitor for charging. After the capacitor reached a sufficient
charge level, devices (such as calculators and digital watches)
were connected to power them for short periods. In the case
of the calculator, the capacitor was charged to 1.6 V in 48 s
and then powered the calculator for 14 s (Video S5, supporting
information). During that time, mathematical calculations were
performed. In the case of a digital watch, the capacitor was
charged to 1.5 V in 48 s and then powered the digital watch
for 16 s (Video S6, supporting information). Further, these devi-
ces can be made into fully self-powered ones if a continuous
mechanical motion is attached to them.

Figure 5a shows the experimental design setup prepared from
rigid cardboard sheets, representing a railway switch with main
and diverging tracks highlighted in red and blue color. The rail
switch is a mechanical device installed on railway tracks that
allows trains to transition from one track to another, such as
at junctions, sidings, or points where tracks diverge or converge.
It also enables the track signals (red/green) on the track to inform

FIGURE 3 | (a,b) SS-FEP TENG switching polarity test output, (c) load characteristics, (d) power density at different loads, (e) stability of the TENG

over 4000 cycles (inset magnified view of a few cycles). TENG = triboelectric nanogenerator technology.
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the driver which track is active. To monitor railway switch move-
ments, two TENGs act as sensing elements in the design. Two
TENG devices were strategically placed at the switch points of
model tracks, highlighted in yellow square boxes. The electrical
signals generated by the TENGs were interfaced with an Arduino
board, which controlled two LED indicators, one green and one
red for each track side, providing visual feedback on the switch

status. The TENGs were positioned to detect mechanical move-
ments of the switch rails, simulated by hand push force, mimick-
ing the action of a railway switch or train load. The system
provides accurate and reliable indication of track status, critical
for railway operations. When the switch moves correctly, one
TENG is activated and the other released, resulting in a green
light for the active track and a red light for the inactive track.

FIGURE 4 | (a) SS-FEP TENG connected to series-connected LEDs, powering, (b) 240 LEDs, (c) four LED lamps, (d) SS-FEP TENG with energy

storage unit and two-way switch, (e,f ) charging and discharging profiles of a capacitor while powering the electronic devices (inset photograph of the

devices in ON condition).

FIGURE 5 | (a) Model track design, (b,c) active railway tracks highlighted with red dots enabled by TENG sensors. TENG = triboelectric nano-

generator technology.
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The real-time demonstration of the above process is presented in
Video S7, supporting information.

When the switch aligns with a track (e.g., Track 2), the corre-
sponding TENG (TENG 2) is compressed, generating a voltage
signal, while the other TENG (TENG 1) on the opposite side
(Track 1) is released, producing a voltage signal. The Arduino
processes these signals to activate a green LED for the aligned
track (e.g., Track 2) to indicate it is active and a red LED for the
unaligned track (Track 1) to mark it as inactive. In Figure 5b,c,
a red LED indicates an inactive track, while a green LED indi-
cates an active track. Conversely, when the switch aligns with
another track (e.g., Track 1), Track 1 is active, and Track 2 is
inactive, with green and red LED indicators. This setup
ensures real-time feedback, as the TENGs respond instantly
to mechanical changes, updating the LED indicators accord-
ingly. The TENG demonstrates the fast response (<30 ms),
excellent repeatability, and negligible false triggering, confirm-
ing the reliability of the proposed self-powered rail-switch
sensing system. The self-powered nature of TENG sensors
makes this system particularly suitable for remote railway
locations, where power supply may be limited. At the same
time, the real-time response ensures timely updates, avoiding
delays that could lead to miscommunication in high-speed or
busy rail networks.

4 | Conclusions

In this work, we have upcycled expired SS waste for energy har-
vesting using TENG technology and utilized it for sensor applica-
tions. The SS-FEP TENG exhibited a power density of 5.7W/m2

and were capable of powering 240 LEDs. The self-powered sensor
in rail switch systems provided real-time, reliable track status
indications, enhancing rail safety and operational efficiency.
By transforming nonbiodegradable waste into a valuable energy
resource, this work addresses critical environmental challenges,
aligning with SDGs such as responsible consumption and pro-
duction. This research paves the way for the broader adoption
of TENGs as new WTE technologies for a sustainable future
and self-powered sensing.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Transparent silicon sealant
waste-based TENG with different frictional layers: PET (Black), silicone
rubber (red), FEP (Blue) (inset: transparent expired silicone waste film on
aluminum). Supporting Video S1: Surface potential measurements.
Supporting Video S2: Polarity change testing. Supporting Video S3:
Powering LEDs with hand tapping. Supporting Video S4: Powering four
LED lamps. Supporting Video S5: Powering calculator with TENG.
Supporting Video S6: Powering digital watch with TENG.
Supporting Video S7: Demonstration rail safety type.
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