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A B S T R A C T

The rapid generation of electronic waste (e-waste) poses a serious environmental challenge, necessitating 
innovative recycling strategies that add value to discarded materials. In the present work, a novel approach by 
incorporating recycled waste resistor powders into a polyvinyl alcohol (PVA) matrix to fabricate efficient 
triboelectric nanogenerators (PR-TENGs) for sustainable energy harvesting and self-powered electronic appli
cations is explored. The impact of varying resistor concentrations and resistance values on the electrical output 
was systematically investigated. Optimal performance was achieved with a 0.8 g concentration of 1 kΩ resistor 
powder, yielding a significantly improved output of 224.00 V and 7.03 µA compared to plain PVA. Detailed 
material characterization of PR composite film from optimized device via SEM, EDS, PXRD, and FTIR revealed 
that the enhanced triboelectric generation is attributed to modifications in the composite’s surface roughness, 
elemental composition, crystallinity, and functional group interactions induced by the resistor fillers. The energy 
harvesting capability of the optimized PR-TENG was further demonstrated through efficient charging of ca
pacitors. Proof-of-concept applications, including powering a calculator, illuminating LEDs, and self-powered 
biomechanical sensor, highlight the potential of this approach for sustainable energy harvesting using recy
cled electronic waste.

1. Introduction

In recent years, the rapid advancement of electronic devices has 
resulted in an alarming accumulation of electronic waste (e-waste), 
posing significant environmental and health challenges [1]. In 2010, the 
world generated 3.4 billion kg of e-waste, an amount that has since 
increased annually by an average of 2.3 billion kg. Also, the documented 
formal collection and recycling rate has increased as well, growing from 
8 billion kg in 2010 at an average rate of 0.5 billion kg per year to 13.8 
billion kg in 2022 [2]. E-waste contains valuable materials, including 
metals, plastics, and semiconductor components, which, if not properly 
managed, contribute to environmental pollution and resource depletion 
[3]. To address these challenges, researchers have explored innovative 
methods for repurposing e-waste, one of which is the development of 
e-waste-based triboelectric nanogenerators (E-TENGs). TENGs, first 
introduced by Wang et al. in 2012, are energy-harvesting devices that 
convert mechanical energy into electrical energy through the 

triboelectric effect and electrostatic induction [4–6]. These devices have 
garnered significant interest due to their cost-effectiveness, high effi
ciency, and ability to harness energy from ambient mechanical sources 
such as vibrations, human motion, and wind [7].

E-waste, comprising discarded devices like smartphones, laptops, 
batteries, and circuit boards, contains a wealth of functional materials 
that can be effectively repurposed into energy harvesting systems. 
Several pioneering studies have highlighted the feasibility and effec
tiveness of utilizing e-waste for TENG fabrication. Ahmed et al. [8]
successfully repurposed smartphone display layers from various brands 
into TENGs housed within recycled PET bottles, achieving a peak 
voltage of 190.31 V and a current of 9.56 μA through biomechanical 
energy harvesting. In another approach, graphite recovered from waste 
dry cells was mixed with pen gel ink to develop conductive electrode 
pastes for TENGs, resulting in outputs of 83.88 V and 101.00 μA [9]. 
Additionally, Zhang et al. [10] recycled spent lithium iron phosphate 
batteries (LIBs) to construct wind-driven TENGs using extracted casings, 
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films, and metals, which not only harvested energy but also powered 
electrochemical recycling systems. Furthermore, Natarajan et al. [11]
demonstrated a comprehensive recycling strategy by transforming LIB 
components into high-performance graphene-based supercapacitors, 
catalysts, and TENGs. Zhao et al. [12] also innovatively employed 
ground resistive and IC elements from waste PCBs to develop positive 
triboelectric layers for energy harvesting. These studies collectively 
highlight the immense potential of using e-waste as a valuable resource 
for sustainable energy applications. In this context, integrating e-waste 
materials into TENG fabrication represents a synergistic approach to 
address two critical global challenges: electronic waste management and 
sustainable energy generation. Despite this progress, most prior studies 
have focused on using conductive or semiconducting e-waste materials 
such as graphite or metals for electrode or structural components. The 
potential of resistors, particularly those with ceramic bodies as tribo
electric materials remain largely underexplored.

Resistors, one of the most abundant components in discarded elec
tronic devices. Waste resistors can be sourced from a variety of discarded 
and obsolete electronic devices that are abundant in today’s e-waste 
streams. Common sources include broken or outdated consumer elec
tronics such as televisions, radios, computers, laptops, printers, mobile 
phones, and gaming consoles, where resistors are present on the internal 
circuit boards. Industrial and commercial equipment like control panels, 
communication devices, and manufacturing machinery also yield sig
nificant quantities of resistors when decommissioned [13]. Additionally, 
educational institutions and research labs frequently dispose of old 
experimental setups and electronic kits containing reusable resistors. 
Repair shops, electronic service centres, and recycling facilities are 
important hubs where waste resistors can be collected, as they routinely 
discard damaged PCBs and failed components. Recycling waste resistors 
can be approached through several methods, depending on whether the 
goal is material recovery or functional reutilization in secondary ap
plications. For material recovery, resistors are subjected to processes like 
thermal treatment, chemical leaching, and mechanical separation [14, 
15]. Alternatively, waste resistors can be directly reused, particularly 
when designing devices like TENGs. Resistors, are composed of 
ceramic-metal composites such as ruthenium oxide (RuO₂), tin oxide 
(SnO₂), nickel oxide (NiO) embedded in a ceramic binder matrix like 
aluminum oxide (Al₂O₃) and silicon dioxide (SiO₂) [16,17], which tend 
to be good triboelectric materials, but have remained largely unexplored 
for TENG applications. Also, ceramics like alumina possess high 
dielectric constants and low charge dissipation, which enhance charge 
accumulation during triboelectric interactions [18]. Moreover, 
resistor-derived ceramics yield comparable or improved performance 
due to their composite nature (ceramic core, metal oxide coatings), 
which may enhance surface polarization and interfacial charge trapping 
[19]. Thus, recycling resistors as active triboelectric layers can offer not 
only an economical pathway for device fabrication but also contribute to 
the broader circular economy by extending the functional life of waste 
components.

The present study reports the design, fabrication, and characteriza
tion of PVA polymer and e-waste resistor-based triboelectric nano
generators (PR-TENGs). By employing resistors sourced from discarded 
electronic boards, broken and outdated consumer electronics into the 
PVA matrix to prepare PVA-Resistors (PR) composite films. The as- 
obtained PR composite films with varying concentration of grinded re
sistors were employed as tribopositive material, FEP as tribonegative 
material to fabricate PR-TENGs. The PR composite film from the opti
mised device is subjected to various analytical techniques to study the 
surface and functional characteristics. Further optimized PR-TENG is 
evaluated for its application in driving low-power electronic devices 
such as charging capacitors, powering LEDs, and charging digital 
calculator. The results not only reinforce the viability of using recycled 
electronic components in energy-harvesting systems but also open new 
avenues for sustainable, low-cost, and eco-friendly TENG technologies. 
This work underscores the role of material innovation in building a 

circular energy economy, where waste is transformed into a valuable 
resource for the next generation of green electronics.

2. Experimental section

2.1. Materials

Laboratory-grade distilled water, polyvinyl alcohol powder (molec
ular weight = 125,000) purchased from Otto Chemie Pvt. Ltd., Mumbai, 
Maharashtra. Waste-resistors of various resistance values (1k, 10k, 
100k, and 470k) collected from discarded electronic boards, broken and 
outdated consumer electronics. Commercially purchased aluminium foil 
adhesive tape; and multi-strand copper wires were used.

2.2. Preparation of PVA-resistors composite solution

The schematic illustration of the PR composite solution preparation 
is provided in Fig. 1(a) & (b). The PR composite film was prepared in the 
following steps: Resistors were grinded to fine powder using mortar and 
pestle. 100 ml of DI water is taken in a beaker and heated to 60 ⁰C. For 
the hot DI water, 7 g of PVA powder is added slowly and stirred thor
oughly with a magnetic stirrer for about 15 min to get 7 % PVA solution. 
Further, 0.05, 0.1, 0.2, 0.4 and 0.8 g of resistor powder is added and 
mixed with 20 ml each solution of PVA for 10 min. The solution was cast 
by pouring it into a Petri dish and dried for two days.

2.3. PR-TENG fabrication

The dried films were peeled off and utilized in the fabrication of 
TENG. The schematic representation for the device fabrication is pro
vided in Fig. 1(c). PR composite film was used as tribopositive layer and 
FEP film was used as tribonegative layer due to its strong negative 
electron affinity [20]. Both the layers were cut with the dimension of 
4 × 4 cm2 and pasted on Al foil tape which acts as the electrodes of the 
device. Two conducting wires were used to connect the Al electrodes to 
an external load for electrical measurements. A portion of the 
waste-water bottle made of PET polymer was cut horizontally with the 
dimension of 6 × 10 cm2. The triboelectric layers of the device were 
pasted into the inner surface of the water bottle to bring them into an 
arch-shape structure so that the device was designed in a vertical 
contact-separation mode, where periodic mechanical contact between 
the triboelectric layers results in transfer of charges between them. The 
insulating nature of the PET water bottle effectively prevents charge 
leakage. Also, the plastic water bottle was used as a substrate to increase 
the mechanical durability of the frictional layers and electrodes of the 
devices. The inter-layer separation distance was maintained to be 2 cm.

2.4. Characterization and electrical measurements

The PR composite films were thoroughly characterized using various 
analytical techniques to evaluate their structural, chemical, and elec
trical properties. The surface morphology and elemental composition of 
pristine PVA and PR composites were studied using Scanning electron 
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy 
(EDS) (Zeiss, EVOLS15, Germany). Dielectric studies were done using 
capacitance measurement with varying frequency from 4 to 800 kHz 
(Hioki LCR Meter, Model: IM3536, Japan). To analyse the chemical 
interactions and detect the functional groups present in the materials, 
Fourier transform infrared spectroscopy (FTIR, JASCO 4100, Japan) was 
used. For electric performance evaluation, the voltage and current 
outputs of the PR-TENG devices were measured using a source mea
surement unit (SMU) (Keithley, Model 2460, USA). Furthermore, the 
long term stability and mechanical durability of the fabricated device 
were assessed using a custom built linear motor system under repeated 
operation.
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3. Results and discussions

3.1. Working mechanism of PR-TENGs

The working mechanism of the PR-TENGs operates on the contact- 
separation mode principle, utilizing the triboelectric effect and elec
trostatic induction to generate electrical signals. Initially, in the resting 
state (Fig. 2(a)), the PR composite layer and the FEP film are separated 
by a small distance, and no charge transfer occurs, resulting in no cur
rent flow in the external circuit. When an external force is applied, the 
two surfaces come into intimate contact, leading to charge transfer 
based on their differing triboelectric polarities (Fig. 2b). The PR com
posite acts as the electron-donating layer, while the FEP film behaves as 
the electron-accepting layer. After maximum contact, surface charges of 
opposite signs accumulate on the contacting surfaces, but no current is 
generated yet as there is no separation. Upon releasing the external 
force, the two layers begin to separate (Fig. 2c), and the electrostatic 
field generated by the separated charges drives the free electrons 
through the external circuit. This results in a positive current peak as the 
potential difference builds up. When the layers are fully separated 
(Fig. 2d), the system reaches the maximum potential difference, and the 
current returns to zero since there is no further movement. Subse
quently, when a pressing force is reapplied (Fig. 2e), the layers move 
back toward each other, causing electrons to flow in the opposite di
rection, generating a negative current peak. This alternate movement of 

pressing and releasing results in alternating current (AC) generation. 
Finally, when the layers are completely pressed together again (Fig. 2f), 
the system returns to a state of no current flow, completing one full 
cycle. Thus, the PR-TENG continuously generates AC electrical signals in 
response to mechanical motions through cyclic contact and separation 
between the PR composite and FEP surfaces, enabling sustainable en
ergy harvesting.

3.2. Electrical output performance of PR-TENGs

The electrical output performance of PR-TENGs was systematically 
evaluated under controlled mechanical stimuli. When subjected to pe
riodic pressing and releasing cycles at 5 Hz, the PR-TENG exhibited 
distinct alternating current signals characterized by sharp positive and 
negative peaks, corresponding to the contact-separation motions. The 
performance optimization of the PR-TENGs were carried out by sys
tematically varying the concentration of resistor (R) powders within the 
PVA matrix and evaluating their effects on electrical output character
istics (Table 1). Fig. 3(a–d) illustrates the variation of voltage (red bars) 
and circuit (blue bars) for different resistor values (R = 1 kΩ, 10 kΩ, 100 
kΩ, and 470 kΩ) as a function of R-concentration. For the 1 kΩ resistor- 
based PR-TENG (Fig. 3a), an increase in resistor concentration from 0 to 
0.8 g led to a gradual improvement in voltage and current outputs, with 
maximum values observed around 0.8 g. Similarly, for the 10 kΩ resistor 
(Fig. 3b), the PR-TENG showed a peak performance at 0.2 g 

Fig. 1. Schematic illustration of the fabrication process of the PR-TENG: (a) Collection of different waste resistors, followed by grinding and filtration to obtain clean 
resistor powder. (b) Preparation of the PR-polymer composite film. (c) Fabrication of the PR-TENG device along with a depiction of the complete device structure.
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concentration. In the case of the 100 kΩ resistor-based device (Fig. 3c), 
the voltage and current outputs increased steadily with concentration up 
to 0.8 g. For the 470 kΩ resistor-based PR-TENG (Fig. 3d), the optimal 
performance was achieved at 0.2 g concentration, beyond which both 
voltage and current outputs started to decrease. Thus, the higher filler 
contents beyond the optimal point likely lead to agglomeration, poor 
mechanical integrity, and reduced surface charge generation, adversely 
affecting device performance. Therefore, careful tuning of resistor con
centration is crucial for enhancing the energy harvesting capabilities of 
PR-TENGs.

The Fig. 4 comprehensively illustrates the enhanced electrical per
formance of the PR-TENGs when compared to the plain PVA device. In 
Figs. 4(a) and 4(b), the voltage and current output profiles are presented 
for different composite concentrations (0.2 g and 0.8 g) using various 
resistor types (1 kΩ, 10 kΩ, 100 kΩ, and 470 kΩ). It is evident that the 
incorporation of resistor powders into the PVA matrix significantly 
boosts the voltage and current outputs compared to the plain PVA de
vice. Specifically, the plain PVA device exhibited a voltage of 132.00 V 
and a current of 3.12 µA. However, the PR-TENGs with optimized 
resistor content showed much higher outputs. At 1 kΩ resistors powder 
with 0.8 g R-concentration, the PR-TENG achieved a high output of 
224.00 V and 7.03 µA, indicating that the addition of resistive materials 
effectively improves the dielectric and surface properties, facilitating 

more efficient charge separation and transfer during triboelectric op
erations [21,22]. All resistors, along with their ceramic coatings, were 
finely ground and uniformly blended into the PVA matrix, forming 
composites with distinct electrical and structural characteristics. How
ever, the different resistor values (1, 10, 100, 470 kΩ) lead to varying 
electrical outputs in PR-TENGs due to differences in internal conduc
tivity, charge transfer efficiency, and dielectric behavior introduced by 
each filler [23]. Low-resistance fillers (e.g., 1 kΩ) enhance conductivity 
and facilitate efficient charge transport, resulting in higher current and 
voltage outputs, especially at optimized concentrations (0.8 g). In 
contrast, high-resistance fillers (e.g., 470 kΩ) limit charge mobility due 
to greater internal resistance, yielding lower outputs beyond their 
optimal concentration of 0.2 g. Additionally, the ceramic coating con
tributes to surface polarization and dielectric enhancement but exces
sive filler content leads to agglomeration and poor performance [24]. 
Thus, the electrical output is a result of the balance between conductive 
pathways and dielectric contrast influenced by the resistor value and 
concentration.

The device composed of 1 kΩ resistors with 0.8 g R-concentration 
was considered as the optimised device, which was further used for 
other electrical measurements and demonstrating applications. Fig. 4(c) 
demonstrates the dependence of the PR-TENG’s electrical output on the 
applied mechanical force. Both the voltage and current outputs increase 

Fig. 2. Working mechanism of PR-TENG. (a) Initial separated state. (b) Maximum contact with charge transfer but no current. (c) Releasing generates a positive 
current peak. (d) Maximum separation with no current. (e) Pressing induces a negative current peak. (f) Return to maximum contact state.

Table 1 
Output performance of PR-TENGs.

R-filler conc. (g) PR-TENGs

1k 10k 100k 470k

Voltage (V) Current (µA) Voltage (V) Current (µA) Voltage (V) Current (µA) Voltage (V) Current (µA)

0.05 184.93 2.93 146.37 3.36 162.37 3.84 160.94 3.80
0.1 198.85 2.25 156.02 4.64 170.26 1.92 180.29 2.90
0.2 202.53 2.86 172.47 4.92 186.36 2.72 204.04 3.13
0.4 210.85 6.67 166.74 3.18 196.85 1.55 170.17 3.58
0.8 224.00 7.03 124.07 3.95 218.95 2.34 146.87 3.37
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with increasing force, indicating that the PR-TENGs are highly sensitive 
to mechanical stimuli. Specifically, under an applied force of 12 N, the 
PR-TENG generated an output voltage of approximately 224.00 V and a 
current of 7.03 μA. The insets in Fig. 4(c) show real-time output profiles 
under varying forces, This behavior can be attributed to the enhanced 
contact intimacy between the triboelectric layers under higher forces, 
leading to greater output voltage and current during the contact- 
separation cycles [25,26].

Fig. 4(d) investigates the electrical performance of the PR-TENG by 
examining its output voltage and current in response to varying external 
load resistances. The load resistances were varied from 1 to 250 MΩ, and 
the corresponding generated output voltage and the current was 
measured. The trends reveal an inverse relationship between these two 
parameters: as the load resistance increases, the output voltage across it 
tends to rise, characteristic of a high-impedance source, whereas the 
output current correspondingly diminishes, adhering to Ohm’s Law [27, 
28]. The insets provide a visual representation of the circuit diagram, 
illustrating the PR-TENG connected to an external resistor under the 
influence of an external mechanical force. The data presented in this 
figure is fundamental for understanding the electrical characteristics of 
the PR-TENG and for subsequently determining the optimal load resis
tance that maximizes power transfer, a relationship likely explored in 
greater detail in Fig. 4(e). The observed behavior underscores the nature 
of TENGs as high-impedance voltage sources, capable of producing 
significant voltages, particularly under high resistance conditions, but 
with a limitation on the deliverable current, especially at higher loads 
[29,30].

Fig. 4(e) elucidates the maximum power generation against a range 
of external load resistances from 1 to 250 MΩ. The graph reveals a 
distinct peak, indicating the existence of an optimal load resistance at 
which the device delivers maximum power. Specifically, the data shows 
a peak power output of 1.78 mW achieved when the load resistance is 90 
MΩ, as calculated using P = I2R. At very low load resistances, despite 
higher current, the low voltage results in low power output, while at 
very high resistances, the high voltage is offset by a significantly reduced 
current, again leading to low power. The identification of this optimal 

load resistance is of paramount importance for practical applications, as 
operating the TENG at this specific resistance ensures the most efficient 
conversion of mechanical energy into electrical energy [31,32].

Finally, Fig. 4(f) presents the durability and stability of the PR-TENG 
over continuous mechanical cycling for 12,000 cycles. The graph clearly 
demonstrates that the output voltage remains remarkably consistent and 
stable throughout the entire testing period. The repetitive peaks in the 
voltage waveform indicate the consistent generation of electrical energy 
with each cycle of mechanical input emphasizing the sustained and 
reliable performance of the PR-TENG without significant degradation 
over extensive use. This long-term stability is a crucial factor for the 
practical viability of energy harvesting devices. This high durability 
ensures the potential of PR-TENGs for practical energy harvesting ap
plications, where prolonged mechanical operation is required. Thus, the 
integration of waste resistor powders into the PVA matrix substantially 
improves the triboelectric performance of the devices.

3.3. Analyses of PR composite films from the optimized device

Based on the characterization results presented in Fig. 5(a) to (d), the 
higher output performance of the PR-TENG incorporating resistor 
powders (specifically the optimized 0.8 g concentration with likely 1 kΩ 
characteristic influencing the composite formation) compared to the 
plain PVA device can be attributed to a synergistic effect of changes in 
surface morphology, elemental composition, crystallinity, and func
tional groups.

The SEM images provide a visual comparison of the surface 
morphology of pristine PVA film and PR composite film with 1 kΩ re
sistors, 0.8 g filler concentration. The SEM images in Fig. 5(a) reveal 
surface morphology of PVA film, which exhibits a smooth and homo
geneous surface, while the composite films display a distinctly textured 
surface characterized by the dispersion of particles within the PVA 
matrix. This altered surface morphology is directly linked to the 
enhanced performance of the PR-TENG at a 0.8 g filler concentration 
with 1 kΩ resistor powder. The increased surface roughness, resulting 
from the embedded filler, increases the effective contact area during 

Fig. 3. Electrical output performance of PR-TENGs with varying resistor (R) concentrations: (a) R = 1 kΩ, (b) R = 10 kΩ, (c) R = 100 kΩ, and (d) R = 470 kΩ. The 
peak-to-peak voltage (red bars) and current (blue bars) as functions of R-concentration.
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triboelectric interaction, leading to greater charge accumulation [33].
Fig. 5(b) presents EDS spectra and accompanying elemental 

composition tables for a pristine PVA film and a PR composite film (1 
kΩ). The EDS spectrum for PVA primarily shows prominent peaks cor
responding to Carbon (C) and Oxygen (O), which are the constituent 
elements of the PVA polymer. The elemental composition table for PVA 
indicates a weight percentage and atomic percentages of the elements, 
respectively. Compared to the pristine PVA film, which primarily con
sists of carbon (53.6 wt%) and oxygen (46.4 wt%), the resistor- 
integrated composites exhibit additional elements such as Na 
(1.1–2 wt%), Al (up to 0.9 wt%), Si (0.7–1.1 wt%), and trace Mg (0.9 wt 
%), depending on the resistance value (Table S2. supporting informa
tion). These elements, likely originating from the ceramic coatings of 
resistors, introduce surface heterogeneity and charge trapping sites [34, 
35], that are not present in the base PVA, suggesting a role of elemental 
doping in enhancing surface polarization and charge retention. For 
instance, the 1 kΩ composite contains higher levels of Sodium (Na), 

Aluminum (Al), and Silicon (Si) compared to others, correlating with its 
superior electrical output. The presence and relative amounts of these 
additional elements provide crucial information about the composition 
of the PR composite and its potential impact on the material’s tribo
electric and electrical characteristics, which are relevant to its perfor
mance in the PR-TENG device.

Figure S3 presents the frequency-dependent dielectric behavior of PR 
composites, highlighting the influence of both resistor type (1, 10, 100, 
and 470 kΩ) and filler concentration (0.05. 0.1, 0.2, and 0.4 g). In 
Figure S 3a (Supporting Information), all resistor-filled composites 
exhibit a higher dielectric constant than pristine PVA, with the 470 kΩ 
PR composite demonstrating the highest dielectric constant across the 
frequency range of 4–800 kHz, followed by 100 kΩ, 10 kΩ, and 1 kΩ. 
This enhancement is attributed to increased interfacial polarization 
introduced by the ceramic components in the resistors [36]. The 
dielectric constant decreases with increasing frequency due to reduced 
dipolar orientation at higher frequencies, a typical response in 

Fig. 4. Electrical characterization of optimized PR-TENG. (a) Voltage and (b) current outputs of PR-TENGs with different composite concentrations and resistor types 
compared to plain PVA. (c) Output performance versus applied force (insets: real-time signals). (d) Voltage and current variations with load resistance (inset: circuit 
diagram). (e) Power optimization showing maximum power at 90 MΩ. (f) Stability test over 12,000 cycles.
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polymer-based dielectrics [37]. Figure S 3b (Supporting Information) 
shows the effect of varying filler concentration in the 1 kΩ PR composite, 
where the dielectric constant increases with concentration up to 0.4 g, 
indicating enhanced polarization and filler dispersion [38]. These trends 
confirm that both the type and concentration of resistor fillers critically 
modulate the dielectric properties of the composite, directly influencing 
the triboelectric performance of PR-TENGs.

Figure S2 (Supporting Information) represents the PXRD profile of 
powdered resistors (1, 10, 100, and 470 kΩ). To study the influence of 
material crystallinity on triboelectric performance, crystallite sizes of 
ground resistor powders with different resistance values were estimated 
using Scherer’s method [39]. The calculated crystallite sizes were found 
to be 11.38 nm for 1 kΩ, 32.81 nm for 10 kΩ, 23.29 nm for 100 kΩ, and 
50.91 nm for 470 kΩ. Among these, the 1 kΩ sample exhibited the 
smallest crystallite size, which is expected to offer a larger surface area 

and higher density of active sites for charge generation, contributing to 
its superior electrical output [40]. Conversely, the larger crystallite size 
in the 470 kΩ sample may reduce surface activity, correlating with its 
comparatively lower performance [41]. Fig. 5(c) presents the PXRD 
patterns for both a pristine PVA film and a PR composite film (1 kΩ). The 
PXRD pattern of the PVA film exhibits broad, less intense peaks, notably 
a prominent broad halo centered around 2θ = 19.8◦, which is charac
teristic of the semi-crystalline nature of PVA, indicating regions of or
dered and disordered polymer chains [42]. Additionally, a very weak 
and broad peak is observed around 2θ ≈ 40.63◦, corresponding to the 
(004) plane [43]. In contrast, the PXRD pattern of the PR composite (1 
kΩ) displays numerous sharp and well-defined diffraction peaks super
imposed on a broader background. These sharp peaks indicate the 
presence of crystalline phases within the composite material, which are 
absent in the pristine PVA. The Miller indices (e.g., 110, 111, 112, 202, 

Fig. 5. Characterization of PR-film from optimized device. (a) SEM Analyses, (b) EDS spectra and elemental composition tables, (c) PXRD patterns, and (d) FTIR 
spectra of pristine PVA film and PR composite film (1 kΩ).
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and 020) are labelled for several of these distinct peaks, providing in
formation about the crystallographic planes of the incorporated filler 
material within the PVA matrix. The presence of these sharp peaks 
confirms the successful incorporation of a crystalline filler into the PVA, 
leading to a composite material with a significantly different structural 
order compared to the semi-crystalline PVA [44]. This change in crys
tallinity and the introduction of specific crystalline phases due to the 

filler are likely to influence the mechanical, electrical, and ultimately 
the triboelectric properties of the PR composite.

Fig. 5(d) presents the FTIR spectra of both pristine PVA and the PR 
composite (1 kΩ) film. The FTIR spectrum of PVA exhibits characteristic 
absorption bands associated with its functional groups: a broad band 
around 3001–3867 cm⁻¹ attributed to O-H stretching vibrations, a peak 
at approximately 2940 cm⁻¹ corresponding to C-H stretching [45], a 

Fig. 6. (a) Circuit diagram for charging capacitor. (b) Charging curves for different capacitors. (c) Energy stored in different capacitors. (d) Photograph of powering 
digital calculator. (e) Circuit diagram for powering LEDs. (f) Photograph of powering LEDs. PR-TENG as a self-powered biomechanical sensor for (g) Finger tapping, 
(h) Hand tapping, (i) Elbow movement, (j) Walking, (k) Running and (l) jumping.
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peak near 1420 cm⁻¹ due to C-H bending [46], a band around 
1090 cm⁻¹ assigned to C-O stretching [47], and a peak around 
830 cm⁻¹ related to C-C stretching [48]. The FTIR spectrum of the PR 
composite (1 kΩ) shows several similarities to that of PVA, indicating 
the presence of the PVA matrix. However, it also displays distinct dif
ferences, suggesting the incorporation of the filler material. Notably, 
there are shifts in the positions and intensities of some characteristic 
PVA peaks, such as the O-H stretching band shifting to around 
3001–3856 cm⁻¹ and the C-O stretching region showing alterations. 
Additionally, the appearance of new peaks or changes in the fingerprint 
region (below 1500 cm⁻¹) at wavenumbers like 1536 cm⁻¹ , 1202 cm⁻¹ , 
and potentially subtle changes around 798 and 879 cm⁻¹ indicate the 
presence of specific functional groups or vibrational modes associated 
with the incorporated filler material likely containing the elements Na, 
Al, and Si identified in the EDS analysis. These changes in the FTIR 
spectrum of the PR composite confirm the successful incorporation of 
the filler within the PVA matrix. Also, the alterations suggest potential 
chemical interactions between the PVA matrix and the resistor powders, 
which can modify the surface energy and charge trapping sites, thereby 
facilitating more efficient triboelectric charge generation and retention, 
ultimately leading to higher voltage and current outputs [49]. The SEM, 
EDS, XRD and FTIR of the PR composite film of 10, 100, and 470 kΩ 
resistors have been included in the Figure S1, Supporting information.

4. Applications of optimized PR-TENG

The energy harvesting and storage capabilities of the optimized PR- 
TENG is illustrated in Fig. 6. The schematic circuit designed for 
capturing and storing the electrical energy generated by the PR-TENG is 
shown in Fig. 6(a). The setup begins with the PR-TENG, which produces 
an alternating current (AC) output. This AC power is then fed into a full- 
wave rectifier, an arrangement of four diodes that efficiently converts 
the bi-directional AC into a unidirectional direct current (DC). Following 
the rectifier, a capacitor (C) is connected in parallel. This capacitor 
serves as the energy storage element, accumulating the electrical charge 
supplied by the rectified output of the PR-TENG. Finally, the voltage (V) 
developed across the capacitor is measured to quantify the amount of 
energy stored within it. This graph in Fig. 6(b) illustrates the voltage 
characteristics across capacitors of varying capacitances (3.3 µF, 10 µF, 
and 100 µF) as they are charged by the PR-TENG over a period of 60 s 
under consistent mechanical stimulation by hand tapping. Notably, the 
capacitor with the smallest capacitance, 3.3 µF, exhibits the most rapid 
increase in voltage, reaching the highest value within the given time
frame. Conversely, as the capacitance increases to 10 µF and further to 
100 µF, the rate of voltage accumulation slows down, and the final 
voltage obtained within the 60 s is progressively lower. This behavior is 
consistent with the fundamental relationship between charge, capaci
tance, and voltage, where larger capacitors require more charge to 
achieve the same voltage [50]. The bar graph in Fig. 6(c) quantifies the 
electrical energy stored in capacitors of different capacitances (3.3 µF, 
10 µF, and 100 µF) after being charged by the PR-TENG for 60-second 
charging period shown in Fig. 6(b). The stored energy is calculated 
using the formula E = ½ CV2 (Note S1, Supporting information). Despite 
the 100 µF capacitor exhibiting a lower voltage compared to the smaller 
capacitances, it ultimately stores the largest amount of energy (255.38 
µJ) due to its significantly higher capacitance value and the quadratic 
dependence of energy on voltage. The 3.3 µF capacitor stores 142.50 µJ, 
while the 10 µF capacitor stores 91.42 µJ. This demonstrates that for 
maximizing energy storage, a larger capacitance is more beneficial, even 
if it charges to a lower voltage within a given timeframe, due to its 
greater capacity to hold charge.

The Fig. 6(d) presents a real-world demonstration of the energy 
harvesting and storage potential of the PR-TENG. The photograph shows 
a calculator displaying "0" alongside a breadboard containing the 
rectifier circuit, with connections implied to the PR-TENG (Supporting 
Video S1). This setup suggests an experiment where the electrical energy 

generated by the PR-TENG is rectified and stored in a capacitor, and this 
stored energy in 3.3 µF is then utilized to power the calculator. While the 
image only shows the initial state of the calculator, it implies the suc
cessful transfer and utilization of the harvested energy to operate a small 
electronic device. The Fig. 6(e) illustrates another application of the PR- 
TENG as a direct power source. The schematic diagram shows the PR- 
TENG connected to a full-wave rectifier, DC power is then directly 
used to drive a series of Light Emitting Diodes (LEDs) connected in a 
circuit. The photograph in Fig. 6(f) provides visual evidence of the cir
cuit depicted in Fig. 6(e) in operation. Around 65 green LEDs are shown 
illuminated, emitting light (Supporting Video S2). This confirms that the 
electrical energy generated by the PR- TENG is sufficient to directly 
power and light up these LEDs. This successful demonstration highlights 
the potential of the PR-TENG as a self-sustaining power source for small- 
scale electronic devices, showcasing its ability to convert mechanical 
energy into usable electrical energy for practical applications [51–54]. 
Further, the optimized PR-TENG device is employed as a biomechanical 
energy harvester, which showcases the device’s capability to effectively 
harvest energy from human motion such as finger tapping, hand tap
ping, elbow movement, walking, running and jumping and convert it 
into usable electrical output. As shown in Fig. 6(g–l), distinct voltage 
signals were recorded for each motion type, indicating reliable and 
sensitive energy generation. The device generated peak voltages of 
approximately 32 V during finger tapping (Fig. 6g) and around 45 V 
during hand tapping (Fig. 6h), while more dynamic movements like 
elbow motion (Fig. 6i) produced larger voltage swings due to greater 
mechanical deformation. Activities such as walking (Fig. 6j), running 
(Fig. 6k), and jumping (Fig. 6l) exhibited increasing output amplitudes, 
with jumping showing the highest peak voltage of around 120 V, 
demonstrating the PR-TENG’s effectiveness under high-impact me
chanical stimuli. These results confirm the suitability of the optimized 
PR-TENG for wearable and self-powered biomechanical sensing 
applications.

5. Conclusion

This study successfully demonstrated a facile and cost-effective 
approach to significantly enhance the electrical output performance of 
triboelectric nanogenerators by incorporating waste resistor powders 
into a PVA matrix. The systematic optimization of resistor concentration 
and value revealed that the PR-TENG with a 0.8 g concentration of 1 kΩ 
resistor powder exhibited a superior output of 224.00 V and 7.03 µA, 
significantly outperforming the plain PVA device. The comprehensive 
material characterization provided insights into the mechanisms 
responsible for this enhancement, including improved surface 
morphology, altered elemental composition, modified crystallinity, and 
changes in functional groups. The optimized PR-TENG demonstrated its 
energy harvesting and storage capabilities by effectively charging ca
pacitors, achieving a maximum stored energy of 255.38 µJ. Further
more, the successful powering of a calculator, direct illumination of 
LEDs and biomechanical sensor showcased the potential of this tech
nology for self-powered electronic applications. This research not only 
provides a valuable strategy for improving TENG performance but also 
offers a sustainable pathway for utilizing electronic waste, contributing 
to both energy harvesting advancements and environmental 
responsibility.
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