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Abstract

The increasing accumulation of medical waste, especially discarded pharmaceutical blister
packs, poses both environmental risks and missed opportunities for resource recovery. In
this work, we demonstrate, for the first time, the direct upcycling of tablet blister waste
into a potential frictional layer in triboelectric nanogenerators (TENGs). The polymer
structure of blister packs, combined with Silicone rubber as a counter frictional layer,
enabled the fabrication of durable TENG devices (TS-TENGs). Systematic electrical testing
revealed that the TS-TENG achieved an open-circuit voltage of approximately 300 V, a
short-circuit current of about 40 A, and a peak power density of 3.54 W/m? at an optimal
load resistance of 4 M(). The devices maintained excellent stability over 10,000 mechanical
cycles, confirming their durability. Practical demonstrations included powering 240 LEDs,
four LED lamps, and portable electronic devices, such as calculators and hygrometers,
through capacitor charging. This study shows that not only can tablet blister waste be used
as a triboelectric material but it also presents a sustainable method to reduce pharmaceutical
waste while advancing self-powered systems. The approach offers a scalable and low-cost
means to integrate medical waste management with renewable energy technologies.

Keywords: waste to energy; medical waste; tablet blister waste; energy harvesting;
triboelectric nanogenerators

1. Introduction

Waste generation from various sectors such as agriculture, household, medical, tex-
tile, electronic, and automotive sources has been increasing rapidly over the years due to
population growth and inadequate recycling methods [1-6]. Most of this waste remains
uncollected for recycling or reuse, leading to environmental pollution, ocean contamination,
microplastic pollution, health hazards, climate change, and economic costs. Therefore,
there is a serious need for new resource utilization technologies, such as recycling, upcy-
cling, and reuse, to be implemented alongside existing technologies. Among the existing
methods, waste-to-energy (WTE) technologies such as incineration [7], gasification [8-10],
pyrolysis [6,11], and anaerobic digestion [12,13] attracted a lot of attention around the globe
and have been implemented. The above method often releases unwanted by-products,
as well as carbon dioxide emissions during their reutilization, which leads to risks to
the environment. Therefore, there is a need for new technology that has fewer envi-
ronmental effects and can produce energy. Triboelectric nanogenerator technology is a
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renewable technology that uses various waste materials for energy harvesting and sensing
applications [14-20]. Triboelectric nanogenerator technology was first introduced by Prof.
Z. L. Wang's group in 2012, and it operates on the principles of contact electrification
and electrostatic induction [21]. In TENGs, two different materials with different work
functions come into contact and separate repeatedly through mechanical force, which leads
to the generation of alternating electrical output in the external circuit [22]. Based on its
working principle, this technology can utilize a wide range of materials [23], including
polymers [24], oxides [25], semiconductors [26], 2D materials [27], porous materials [28],
biomaterials [29], and textiles [30]. In addition to the list above, waste materials are also
used in TENGs through upcycling or recycling. So far, in the literature, medical, plastic,
household, bio-waste, and electronic waste have been employed in TENG designs for
various applications [14-16,31,32].

In the present work, we specifically explore medical waste, particularly tablet blister
waste, for TENG design. The tablet blister refers to the discarded plastic-aluminum pack-
aging of pharmaceutical tablets, repurposed as a triboelectric material in the present work.
These blisters are typically composed of a polymer (PVC/PET/PVDC) base and aluminum
foil, which possess different electron affinities, making them suitable as frictional layers.

Medical tablet blister waste is abundant, low-cost, flexible, and robust. Additionally,
we are using plastic as a frictional layer, and an aluminum layer attached to the blister
acts as an electrode for the TENG design. These advantages make the tablet blister an
ideal candidate for TENG applications. So far, medical waste such as saline bottles, X-ray
sheets, ointment tubes, plastic tubing, gloves, masks, and PPE have been explored for
TENG design. The detailed literature review of medical waste-based TENGs and their
performances is presented in Table 1. To the best of the authors” knowledge, tablet blisters
are being explored for the first time for TENG application.

Table 1. Literature review of medical waste-based TENGs.

Voltage (V) &

SI. No Medical Waste Type Opposite Layer Current (1A) Power Density Application Ref.
1 Surgical face mask Mylar 200and 483  71.16 mW/m? Lighting %ow—pgwer [33]
electronic devices
Laboratory waste
2 (plastic, PET, PET 185and 125 81 mW/m? Self-powered human [18]
aluminum, tracking device
nitrile gloves)
3 Surgical mask AL 60 and 3.5 18 mW /m?2 Self—Powered [34]
(polypropylene) touching sensor
4 X-ray sheets Silicone 201 and 62.8 1.39 W/m2 Self-powered indicator [35]
displays and force sensor
COVID-19 clinical Touch sensor, smart
5 waste (masks Nitrile rubber 50.7 and 4.8 63.9 mW,/m? o " [36]
and gloves) hand sanitizer dispenser
6 Saline bottle sheets Silicone 500 and 105 8.78 W/m?2 Health momfcormg [37]
and sensing
7 Medical ointment Silicone 405and 82 658 mW/m? Lighting low-power [38]
tubes electronic devices
8 Expired PET 561 and 53 1.63 W/m? Lighting low-power [39]
pharmaceutical drugs electronic devices
LED lamps, and portable
9 Tablet blister waste Silicone 300 and 40 3.54 W/m? electronic Present work

devices continuously.
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In this work, medical waste (tablet blister) is used in TENG with Silicone rubber as the
opposite frictional layer. The fabricated TENG exhibited a power density of 3.54 W/m?,
and it was utilized for powering LEDs and continuous powering of portable electronic
devices with energy management circuits.

2. Materials and Methods

Medical waste (tablet blisters) is collected from the local medical clinic, and a photo-
graph of the selected tablet blister is shown in Figure 1a. We chose this particular design
because of its flat unused area, which is ideal for the triboelectric frictional layer com-
pared to other designs. In other tablet designs, it is difficult to have a large unused area.
The present TS-TENG prototype was designed at a centimeter scale to suit ambient, user-
actuated energy harvesting, such as hand tapping or foot pressing. Figure 1b shows the
schematic of the TENG device in VCS mode, in which the tablet-insulating surface acts
as one fixed frictional layer, and different opposite layers, such as Kapton, Polyethylene
Terephthalate (PET), Polymethyl methacrylate (PMMA), Fluorinated Ethylene Propylene
(FEP), Polytetrafluoroethylene (PTFE) and Silicone rubber, were tested. We have cut the
selected blue color region from the tablet blister to obtain a flat sheet of size (3.8 x 2.5 cm?)
and attached it to cardboard using double-sided adhesive tape, as shown in Figure 1c.
The plastic surface faces upward, with the conducting aluminum behind it. The bottom
aluminum serves as one electrode, and the plastic surface functions as the frictional layer.
Figure 1c displays the Silicone rubber frictional layer attached to the supporting cardboard
with aluminum and conducting carbon tape. Two supporting cardboard pieces with their
frictional layers are placed one over the other using a sponge spacer to assemble the final
TENG device. The sponge spacer creates a gap of about 1 cm between the frictional layers.
Two aluminum electrodes are connected to the measuring devices with connecting wires.
We prepared a total of six TENG devices, each using a fixed tablet blister plastic layer paired
with different opposite frictional layers: PET, Kapton, PMMA, PTFE, FEP, and Silicone
rubber. The tablet blister-based TENG (TS-TENG) devices are tested through repeated
hand tapping at a frequency of 4-5 Hz under ambient conditions. The TENG device’s open-
circuit voltage (Vo) and short-circuit current (Isc) were measured using a digital storage
oscilloscope (GW-Instek, GDS-1102B, New Taipei City, Taiwan) and a current preamplifier
(SR 570, SRS instruments, Sunnyvale, CA, USA). A decade resistance box (Nvis 705, Indore,
India) was used to perform the load characteristics of the TENG. An in-house developed
linear motor was used for testing TS-TENG for a large number of test cycles.

Silicone
rubber

f) .
Aluminium 3
x <
= Au  Au
» ]]° Au
=
g T T T T
X=PET, Kapton, PMMA, =° ! 2 ’ ¢
PTFE, FEP Silicone Energy (KeV)

Figure 1. (a) Photograph of the tablet blister, (b) schematic of the TENG device in VCS mode,
(c) photographs of the frictional layers tablet blister and Silicone rubber attached to supporting
cardboard sheets, (d,e) SEM images of the tablet blister insulating surface at different magnifications,
(f) EDX spectrum of the blister insulating surface.
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3. Results
3.1. Material Characterization

The morphology of the insulating side of the tablet blister is examined using a scanning
electron microscope (SEM, JEOL-JSM-IT800, Tokyo, Japan), and the surface features are
shown in Figure 1d,e. SEM images reveal that the surface has a rough texture throughout the
substrate, which helps increase the effective contact area during TENG operation through
contact electrification. Compositional analysis was performed on the entire surface, and
the EDX results are presented in Figure 1f. EDX results confirm the presence of carbon (C),
oxygen (O), and gold (Au). The tablet blister is made of a polymer whose composition
includes carbon and oxygen, and the Au peaks originate from the gold coating applied
to it. Furthermore, we have performed XRD and FT-IR spectra analysis, and it is difficult
to identify the exact material of the tablet blister’s non-conducting surface material. The
spectra are presented in the Supplementary Materials Figure S1.

3.2. Electrical Characterization of the TENG

The bio-mechanical energy harvesting capability of the prepared tablet blister—TENGs
devices were tested under repeated hand tapping with different opposing frictional layers,
and the results are presented in Figure 2a. It is clear that the tablet blister surface acts like
a triboelectric-positive material; when paired with another triboelectric-positive material
(PET, PMMA), it produces low output, and when paired with a triboelectric-negative
material (FEP, Silicone rubber), it generates high electrical output. The highest energy
conversion occurred for the tablet blister-Silicone rubber triboelectric pair, with an open-
circuit voltage and short-circuit current of approximately 300 V and 40 pA, respectively.
To establish reproducibility, we fabricated six independent replicas of the blister-Silicone
TENGs and measured each device response under identical conditions. All quantitative
response plots are presented with error bars in the Supplementary Materials Figure S2.
The results from the replicas are consistent in trend and magnitude, confirming that
the observed behavior is statistically robust. In the next section, a detailed electrical
characterization of the tablet blister-Silicone rubber TENG (TS-TENG) is presented.

49 (©)_40
z <
30:_'3 ‘?20.
208 £
= -
0.
1.72 1.74 1.76 1.78 1.80

PET KAPTON PMMA PTFE FEP SILICONE

Figure 2. (a) Tablet TENG devices electrical output responses, (b) current generation mechanism of
tablet blister-Silicone rubber TENG, (c) short-circuit current response of TENG in one cycle.
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The current generation mechanism of the TS-TENG is illustrated in Figure 2b. Initially,
when both frictional layers are well-separated, there is no current flow in the external
circuit. When a hand-tapping force is applied to the TENG, both frictional layers come
into contact, and due to differences in their electron affinities, they exchange charges. The
Silicone rubber film gains electrons and becomes negatively charged, while the tablet
surface loses electrons and becomes positively charged. This charge exchange leads to
balancing their Fermi levels. Upon the release of the applied force, the frictional layers
separate, and charges on both layers develop a potential difference, resulting in current
flow in the external circuit. When they are completely separated, equilibrium is established,
and no current is observed. When the hand-tapping force is applied again, it disturbs
the equilibrium state, causing the current to flow in the reverse direction. This cycle of
contacting and separating the frictional layers results in an alternating current (AC) in the
external circuit, and one such response is presented in Figure 2c.

The detailed electrical characterization of TS-TENG is presented in Figure 3. Initially,
TS-TENG's open-circuit voltage and short-circuit current are recorded under the switching
polarity test configuration [40,41]. The results of the switching polarity test are shown in
Figure 3a,b, and it is clear that output responses reverse upon reversal of connections to
the measuring instrument. This confirms that the electrical output is generated from the
TENG device and not from noise or artifacts. The open-circuit voltage and short-circuit
current consistently hovered around ~300 V and 40 pA, respectively. This observation
clearly confirms the repeatability of the TENG output and consistent tapping force.
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Figure 3. TS-TENG switching polarity test results (a) voltage, (b) current, TS-TENG (c) load charac-
teristics, (d) power density variation with load resistance, (e) long-term stability of TS-TENG against
2000 cycles of hand tapping.

To find out the instantaneous power density of the TS-TENG, the electrical responses
of the TS-TENG were measured under different load resistance conditions. At each load
resistance value, both voltage and current outputs were recorded for about 20 cycles, and
the average values were taken. The average output voltage and current at different load
resistances are shown in Figure 3c.
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The output voltage increased with load resistance and saturated at higher resistances.
The output voltage at higher resistance is close to the open-circuit voltage, and conversely,
current output decreases with load resistance due to ohmic losses. The observed load
characteristics are well-aligned with all the reported literature on TENGs [42,43]. The
instantaneous power density (P;) was calculated using load characteristics data and the

following formula P; = where A is the active area of the TENG. Figure 3e shows

1%
the power density Variatgg;Ai)n TS-TENG with load. Initially, it increases with load and
reaches a maximum value of 3.54 W/m? at 4 MQ), then decreases. The observed behavior
is well-aligned with the reported literature on TENGs. Table 1 shows the performance
of various medical waste-based TENG devices reported so far in the literature. It is clear
that the reported performance (current, voltage, and power density) of present TENGs is
comparable to the reported values. The present configuration can be easily scaled up by
tiling larger or multi-cavity blister sheets. Such modular scaling increases the effective area
without altering the surface properties, thereby proportionally enhancing power output.
Moreover, connecting multiple blister units in parallel can further increase current for
practical energy storage and powering applications.

Finally, the long-term stability of the TENG was tested using an in-house designed
tapping machine for 50 min at a frequency of 4-5 Hz, which corresponds to more than
10,000 cycles under ambient conditions (Supplementary Materials Figure S3). Afterward,
the device was tested for an additional 2000 hand-tapping cycles. The response to these
2000 hand-tapping cycles is shown in Figure 3d, and it is clear that the device consistently
reproduces the same output levels. However, minor changes in the output are due to
slight variations in the hand-tapping force. A magnified view of a few cycles from the
stability test is shown in the inset of Figure 3d. After the stability test, we did not observe
any physical degradation of either of the frictional layers, which further confirms the
mechanical robustness of the fabricated TS-TENG.

3.3. Applications of TS-TENGs

The practical applications of TS-TENG are shown in Figure 4. Initially, TS-TENG
output was rectified using a bridge rectifier, and the pulsed DC output was used to power
LEDs, LED lamps, and charge capacitors, which in turn powered portable electronic
devices. Figure 4a,b shows photographs of the 240 LEDs in OFF and ON states, briefly
powered by TS-TENG for each hand tapping, with the real-time demonstration available in
Supplementary Materials Video S1. Similarly, TS-TENG was able to power four LED lamps
(two 9 W and two 3 W) briefly for each hand tapping, with the real-time demonstration
shown in Supplementary Materials Video S2.

To power portable electronic devices, a 10 pF capacitor charged to approximately 1.5 V
is used for powering digital calculators and hygrometers. The charging and discharging
profile of the capacitor during powering is shown in Figure 4e f. Real-time photographs
of the calculator and hygrometer in operation are shown in the inset of Figure 4e,f. To
power portable electronic devices continuously, we utilized a power-management circuit,
as shown in Figure 4g. The switched-capacitor-convertor circuit was adopted from the
literature due to its simple design and cost-effectiveness [44,45]. In this setup, energy
stored in the capacitor is connected in series and discharges in parallel mode. It took
53 s of continuous hand tapping on the TENG to turn on the digital watch initially, and it
remained on as long as hand tapping continued. The real-time demonstration of continuous
powering of the digital watch is shown in Supplementary Materials, Video S3. These results
confirm that the upcycled tablet blister waste not only provides an eco-friendly alternative
material but also enables sustainable energy solutions for self-powered systems.
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Figure 4. (a,b) Photographs of the 240 LEDs in OFF and ON state, (c,d) photographs of the
four LED lamps in OFF and ON state, (e,f) charging and discharging profiles of capacitor in powering
calculator and hygrometer (inset photographs of devices in ON condition), (g) integration of TENG
with energy management circuit for continuous powering of digital watch.

4. Conclusions

In conclusion, the present work introduces a sustainable approach for converting
pharmaceutical tablet blister waste into high-performance triboelectric nanogenerators
for mechanical energy harvesting. The unique polymer-aluminum structure of blister
packs, paired with Silicone rubber, enabled efficient energy harvesting through contact
electrification, producing an open-circuit voltage of ~300 V, a short-circuit current of
~40 pA, and a peak power density of 3.54 W/m?2. Electrical characterization confirmed
stable and repeatable performance, while long-term testing demonstrated durability over
more than 10,000 mechanical cycles. Practical demonstrations, such as powering 240 LEDs,
four LED lamps, calculators, and hygrometers, as well as continuously operating a dig-
ital watch through an integrated power-management circuit, underscore the real-world
potential of the developed TENGs. These results establish medical packaging waste as a
robust and cost-effective triboelectric material, addressing both environmental concerns
of plastic-aluminum waste and the demand for clean, decentralized energy solutions. By
integrating waste management with renewable energy harvesting, this strategy advances
circular economy practices and provides a scalable pathway for upcycling diverse medical
wastes into functional energy devices.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nanoenergyadv5040019/s1, Video S1: Powering LEDs with TS-
TENG device; Video S2: Powering LED lamps with TS-TENG device; Video S3: Continuous operation
of a digital watch with power-management circuit; Figure S1: Tablet blister XRD and FTIR spectra;
Figure S2: Device-to-device reproducibility of the open-circuit voltage (Voc) for six independent
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tablet-blister /Silicone-rubber TENGs (TS-TENG); Figure S3: TS-TENG responses with machine
tapping for more than 10,000 cycles.
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