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Human tactile acuity relies on the microstructured morphology of the fingertips, which enables sensitive
detection of fine surface features during object manipulation. While triboelectric-based self-powered
object recognition has gained much attention, conventional triboelectric materials are typically non-
biodegradable, contributing to persistent electronic waste. This work focuses on fabricating bio-
degradable triboelectric interfaces for intelligent robotic texture perception and sustainable energy
harvesting. Three biodegradable polymers, polylactide (PLA), poly(e-caprolactone) (PCL), and poly(lactide-co-
trimethylene carbonate) (PTMC), were evaluated as negative triboelectric layers against an aluminum
electrode to form a single-electrode triboelectric nanogenerator (TENG). The PCL/Al TENG achieved a
superior electrical output of 118 V and 772 nA, with a peak power of 24.5 uW at 200 MQ, primarily due to its
higher surface roughness enhancing charge transfer. The powering of the low-power electronics and
charging of the capacitors using the TENG was demonstrated. In addition, the platform was integrated into a
robotic gripper for real-time texture recognition. Combined with a convolutional neural network (CNN), the
system achieved 96.9% classification accuracy across eight distinct textures. This sustainable platform reduces
environmental impact by using degradable materials while maintaining the mechanical robustness required

rsc.li/frontiers-materials for advanced robotic sensing.

1. Introduction

Intelligent automation has transformed manufacturing envir-
onments, with robotic grippers at the heart of modern pick-
and-place systems."” Traditional surface-texture sensors used
in robotic grippers, such as resistive or capacitive types,
respond primarily to static pressure and require constant
external power, making large-scale integration difficult and
energy-intensive.” Their sensitivity to micro-scale frictional
fluctuations and high-frequency vibrations is often limited,
making them less useful for detecting subtle texture differences
or early slide events.® Self-powered sensing technologies offer
an effective alternative by eliminating the need for external
power sources.” Depending on their operating principles,
sensors incorporated into robotic systems can generally be
categorized as resistive, capacitive, piezoelectric, triboelectric,
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and optical types.>® Among these, TENGs stand out because
they can serve dual roles: functioning both as energy harvesters
to power soft robotic systems and act as active sensing
elements.'®™"*> TENG operates in four working modes: vertical
contact separation, lateral sliding, free-standing, and single-
electrode mode. TENG-based sensing devices are commonly
fabricated from flexible polymers and elastomeric materials,
which makes them highly compatible with robotic systems. In
addition, the electrical outputs from TENGs exhibit strong
sensitivity to mechanical stimuli, producing clear, distinguishable
signals. In single-electrode mode, only one active electrode is
required, with the object itself serving as the counter electrode,
making the device more flexible, and adaptable to arbitrary
contact, which is essential for real-world tactile interactions where
the contacting material, shape, and grounding conditions can
vary. In contrast, a two-electrode contact-separation TENG
requires two predefined friction layers and controlled alignment,
limiting direct exposure of the sensing surface and reducing
sensitivity to external touch stimuli. These characteristics make
TENG-driven self-powered sensors highly attractive for practical
integration into next-generation soft robotic systems.

One of the most notable advantages of TENGs is their ability
to transform readily available mechanical energy, such as
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airflow, water movement, body motion, and ambient vibrations,
into useful electrical power.”*™'® Because of these capabilities,
TENG technology has been investigated in a wide range of
domains, including IoT systems, Al and ML-enabled platforms,
agricultural monitoring, healthcare devices, smart home tech-
nologies, and wearable electronics."””>' In addition to energy
harvesting, TENGs can serve as flexible, self-powered sensing
devices, broadening their functionality.”® Their remarkable
responsiveness to mechanical stimuli and adjustable structural
design make them ideal for tactile sensing in robot grippers.”?
However, a variety of gripper configurations rely on passive
grasping due to the increased complexity of incorporating con-
ventional sensors, which require wiring and a specific power
supply.”*?* Flexible TENG-based sensors, on the other hand,
offer a promising path to more streamlined and adaptable
gripper systems by reducing wiring requirements and enabling
seamless integration with a wide range of gripper layouts.

Biobased materials such as cellulose, chitosan, lignin, and
gelatin, as well as biodegradable synthetic polymers like PLA
and polyvinyl alcohol (PVA), have been extensively studied as
triboelectric components in TENG systems.>®>” Despite these
developments, significant research gaps remain in eco-friendly
TENGSs. Most research has focused on biodegradable materials
that act as positive triboelectric layers, but efficient degradable
compounds suitable for the negative triboelectric layer remain
few.”® Many “environmentally friendly” TENGs continue to use
polymers such as fluorinated ethylene propylene (FEP), poly-
dimethylsiloxane (PDMS), and polytetrafluoroethylene (PTFE)
as the negative layer due to their high electron affinity, stable
charge storage, and durability.>®*° However, these compounds
persist in the environment after disposal, hindering progress
towards sustainability objectives. Pei et al. demonstrates a
sustainable strategy using biomass-derived melanin-like nano-
particles to simultaneously enhance mechanical durability,
phase compatibility, and triboelectric performance in biode-
gradable polymer blends. It enables the development of stable,
high-performance (up to 414.88 uC m 2) and eco-friendly
wearable TENGs for reliable human motion sensing and energy
harvesting.*" Kan et al. focus on enhancing TENG performance
by incorporating dipolar cellulose nanoparticles into PVDF-
HFP nanofibrous membranes to increase the dielectric con-
stant and interfacial charge generation with TPU. This results
in significantly improved electrical output, achieving high
voltage (281.5 V), current density, transferred charge, and
a power density of 5.92 W m 2 with excellent operational
stability.**

Growing interest in sustainable technology has encouraged
the use of low-cost biomass resources rich in natural polymers
and surface roughness beneficial for triboelectrification.
Although biodegradable polymers have been explored for appli-
cations in packaging, sensing, and healthcare materials, their
direct use in energy harvesting remains limited.**?* A wide
range of sustainable materials, such as cellulose, chitin, and
silk fibroin, have demonstrated biodegradability, biocompat-
ibility, and suitable triboelectric behavior for the development
of eco-friendly TENGs.>® Subsequent research has introduced
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implantable biodegradable TENGs made from layered combi-
nations of absorbable metals and polymers, such as PLGA, PCL,
and PVA, which are inexpensive, readily available, and easy
to prepare.®® The electrical output may be controlled by select-
ing materials based on their electron-donating or electron-
accepting tendencies, yielding voltages ranging from 10 to
40 V under laboratory conditions.?*® These devices can be
safely decomposed and absorbed in vivo after they have served
their purpose, and their total breakdown rate can be controlled
using specific encapsulating materials. Hence, in terms of
negative polarity, biodegradable triboelectric materials will
extend the conventional triboelectric series and enhance the
design of TENG applications. Table S1 compares the perfor-
mance of the TENG based on biocompatible materials with that
of the present work.

This work explores biodegradable polymers as functional
triboelectric materials in a single-electrode mode TENG design.
The polymers and metals currently in the triboelectric series are
non-biodegradable and end up in landfills after use. Hence,
biodegradable polymers are necessary not only as alternatives
to triboelectric layers but also as materials that can be degraded
after TENG fabrication or application. The device was optimized
using a biodegradable negative layer paired with aluminum as the
positive triboelectric counterpart, demonstrating stable, reliable
electrical output. Practical demonstrations included charging
a capacitor and powering a calculator. The TENG was further
integrated onto a robotic gripper for surface texture sensing.
Coupled with a neural network, the system enabled intelligent
tactile classification, highlighting its potential for scalable,
sustainable robotics and human-machine interaction.

2. Materials and methods

PLA and PTMC were synthesized via ring-opening polymeriza-
tion according to earlier published methods,*® and PCL was
purchased from Sigma-Aldrich (synthesis grade, Darmstadt,
Germany). The single-electrode TENG was constructed by inte-
grating a composite layer (biodegradable polymers such as PLA,
PCL, and PTMC) onto a double-sided aluminum tape, with the
composite serving as the tribonegative surface and the alumi-
num acting as the current-collecting electrode. The device was
designed with an active area of 3 x 3 cm”. A copper wire was
connected to the aluminum electrode to transfer the induced
charges during operation efficiently. A flexible PET backing
layer was attached to the rear of the aluminum electrode to
enhance mechanical support and durability.

The surface morphology of the polymer samples was exam-
ined using a field-emission scanning electron microscope
(SU-8230, Hitachi, Japan) equipped with energy-dispersive
X-ray spectroscopy (EDS) to determine their elemental compo-
sition. Crystalline characteristics were analyzed by powder X-ray
diffraction (Malvern PANalytical Empyrean) using Cu-Ko radia-
tion at a scan rate of 3° per minute. Surface topography and
roughness parameters were evaluated using an atomic force
microscope (Park Systems NX10, South Korea) fitted with a
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(a) Synthesis scheme and surface morphology of the biodegradable polymers such as PLA, PCL, and PTMC, along with elemental color mapping

of PCL, and (b) fabrication process of the triboelectric nanogenerator, along with a digital picture of the fabricated TENG.

PPP-NCHR probe. Structural characterization was further per-
formed using a 400 MHz Bruker Avance Ultrashield NMR
spectrometer, with CDCI3 with TMS as the solvent for the
NMR measurements. Thermal analysis behavior was assessed
using a Mettler-Toledo DSC3+ under a nitrogen flow of
50 mL min~".

Samples weighing approximately 10 mg were subjected to a
heating—cooling-heating cycle. For PLA and PTMC, the tem-
perature range was from —30 to 180 °C at a heating rate of 10 K
min~'. For PCL, the temperature range was 0 to 125 °C at a
constant heating rate. The molecular weight of the polymers
was determined by size-exclusion chromatography (SEC) using
chloroform as the eluent. The analysis was carried out on a
Malvern GPC Max system equipped with a PL gel 5 pm guard
column (7.5 x 50 mm) and a refractive index (RI) detector.
HPLC-grade chloroform was used as the mobile phase, and the
column temperature was maintained at 35 °C. Polymer samples
were prepared at a concentration of 3 mg mL™". The injection
volume was 100 pL, and the flow rate was set to 0.5 mL min .
The electrical performance of the TENG device was recorded
using a Keithley 6514 electrometer connected to a computer
running LabVIEW software for real-time data acquisition. Con-
trolled periodic mechanical excitation was applied using a
LinMot linear motor (USA).

3. Results and discussion

Fig. 1a shows the synthesis scheme and surface morphology of the
biodegradable polymers, PCL, PLA, and PTMC. The molecular

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

weights of PLA, PCL, and PTMC are 102, 154, and 354 kg mol ",
respectively. PLA has a rigid, semicrystalline polyester structure
due to its methyl side groups, while PCL, derived from
e-caprolactone, is flexible and ductile, with long aliphatic
chains that enhance chain mobility. Because of these structural
differences, PCL has the highest crystallinity and the lowest
melting point. PTMC, derived from trimethylene carbonate, is
amorphous, highly flexible, and has a low glass transition
temperature. The surface morphology of PLA is relatively smooth
and dense, with minimal surface irregularities, whereas PCL
exhibits noticeable surface texture and microstructural features,
suggesting higher surface roughness. PTMC exhibits highly uni-
form, smooth morphology, indicating amorphous characteristics
and homogeneous film formation. The elemental color map
of the PCL sample shows the presence of C and O, consistent
with the base composition, with no impurities. Fig. 1b depicts the
step-by-step fabrication process for a TENG and its digital image.
A conductive substrate, such as aluminum foil, is prepared as the
current collector. The substrate was collected from waste packa-
ging PET. Then, double-sided aluminum (Al) electrode tape was
attached to it, and the active area was defined as 3 cm x 3 cm. The
biodegradable polymer film (PLA, PCL, or PTMC) was considered
the tribonegative layer, while the free-moving Al layer was con-
sidered the tribopositive layer. Conductive wiring was integrated
into the Al electrode for charge collection. The fabricated TENG
operates in single-electrode mode.

Fig. 2a reveals the X-ray diffraction (XRD) differences in the
crystalline structure of PLA, PCL, and PTMC. PLA displays a
wide diffraction halo, centered and lacking distinct sharp
reflections, confirming its predominantly amorphous nature.

Mater. Chem. Front.
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Distinct diffraction peaks for PCL appear near 21.5° and 23.8°,
with minor positional shifts observed across the recorded
patterns. These peaks correspond to the (110) and (200) lattice
planes characteristic of the orthorhombic crystalline phase
of polycaprolactone, confirming its semicrystalline structure.
PTMC shows a board confirming a predominantly amorphous
structure. The surface roughness and topography of the various
polymers, as determined from AFM images, are shown in
Fig. 2b. The surface roughness values (R,) for PLA, PCL, and
PTMC are 6.221 nm, 33.792 nm, and 19.041 nm, respectively.
PCL exhibits higher R, increasing the effective contact area
during triboelectric interaction. Higher surface roughness
increases the effective contact area, promotes charge trapping,
and improves mechanical interfacial interaction, collectively
leading to higher voltage, current, and charge output in biode-
gradable polymer-based TENG devices. The characterization of
the polymers was performed using NMR (Fig. S1), SEC, and DSC
(Table S2).

PLA, PCL, and PTMC exhibit distinct thermal and crystalline
properties. PLA has a relatively high glass transition temperature
(Ty) of 40 °C, a high melting temperature (T,,,) of 155 °C, and a
crystallinity of 26%, indicating a material that is fairly rigid at
room temperature and moderately crystalline. In contrast, PCL
has a much lower T, meaning it remains flexible at lower
temperatures, and a significantly lower T,, of 56 °C. However,
its crystallinity is 65%, suggesting a highly ordered structure that
can contribute to toughness and slow degradation.** PTMC, on
the other hand, has a T, of 27 °C, which is lower than PLA but
higher than PCL, and a Tm of 164 °C. Despite this high melting
temperature, its crystallinity is only 3.4%, making it far more
amorphous than both PLA and PCL. Overall, PLA appears semi-
crystalline; PCL is the most crystalline and most flexible; and
PTMC combines a relatively moderate T, with the highest melting
point and the lowest crystallinity, highlighting major differences
in their molecular organization and thermal performance.

Fig. S2 shows the room temperature dielectric constant
for three polymers, such as PLA, PCL, and PTMC, at various
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(a) XRD spectra of biodegradable polymers, and (b) AFM morphology and roughness parameters of biodegradable polymers.

frequency sweeps. All the polymers show typical dielectric
behavior. In this context, the dielectric constant was observed
to be high at low frequencies, while it decreased at high
frequencies. It is because at low frequency all the polarization
is activated, while at higher frequency, due to the rapidly
changing electrical field, the dipoles cannot follow it, leading
to a decrease in the dielectric constant. At 10 kHz, the dielectric
constants of PLA, PCL, and PTMC are 2.99, 3.4, and 2.7,
respectively. After 7 days of degradation, the PCL films exhib-
ited approximately 45% weight loss, as shown in Fig. S3. The
degradation study was conducted in a highly concentrated
NaOH solution (5 M) to accelerate the process, promoting
surface erosion through hydrolytic cleavage of the ester bonds
present in the PCL matrix. As degradation progressed, notice-
able changes in the film morphology were observed. The
surface became increasingly rough, and in some cases, visible
cracks developed, indicating structural weakening caused by
surface polymer chain scission. This behavior suggests that
degradation predominantly occurs via surface erosion under
these conditions. Although PCL is known to degrade very slowly
under normal environmental conditions, this accelerated study
demonstrates its inherent susceptibility to hydrolytic degrada-
tion. Therefore, the results confirm the degradability of PCL
films in alkaline environments and provide insight into their
long-term behavior under extreme conditions.

Fig. 3a illustrates the operating principle of the triboelectric
nanogenerator in single-electrode contact-separation mode.
When the two triboelectric layers come into physical contact,
charge transfer occurs due to differences in their electron
affinity. The tribonegative layer gains electrons, while the
tribopositive layer becomes positively charged. An electric
potential difference arises from a charge imbalance, inducing
electron flow from the ground to the electrode to balance the
electrostatic field. This creates a positive peak in the electrical
signal at maximum potential difference when the layers
are fully apart, and equilibrium is established. As the layers
move toward each other again, electrons flow in the opposite

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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(a) Schematic illustration of the working mechanism of the single electrode mode TENG, (b) output voltage signals obtained from devices

fabricated with PLA/AL, PTMC/AL and PCL/AL, (c) corresponding output current responses of PLA/Al, PTMC/AL and PCL/Al devices, (d) output voltage
TENG using a fixed PLA triboelectric layer with different counter triboelectric materials (aluminum, PU foam, and Kapton), (e) corresponding current
outputs for TENG having PLA and different counter materials, (f) charge transfer characteristics of the optimized device demonstrate stable and repetitive

charge generation under cyclic mechanical input.

direction, generating the negative peak of the electrical signal.
This process of periodic contact and separation of the freely
moving Al layer on the biodegradable polymer triboelectric
layer generates a peak-to-peak electrical output signal.

Fig. 3b and c show the voltage and current responses of the
biodegradable polymer-based TENG with the opposite free-
moving layer fixed to Al. The electrical signals of the PLA/Al
(13 V, 65 nA), PTMC/Al (42 V, 143 nA), and PCL/Al (118 V,
772 nA) were traced, confirming that the highest output was
obtained from the PCL/Al TENG. The output also benefits from
the roughness of the PCL films, which is higher than that of
other biodegradable polymers such as PLA and PTMC, leading
to greater charge generation. The electrical output of the
biodegradable polymer-based TENG was evaluated with various
triboelectric materials, including Al, PU foam, and Kapton, as
shown in Fig. 3b and c. By boosting the surface charge density
and enhancing charge retention during the contact-separation
process, the Al counter layer improves device performance.
As biodegradable polymers such as PCL, PTMC, and PLA act
as a negative triboelectric layer, Al is more electropositive than
PU foam and Kapton, resulting in higher electrical output in
Fig. 3d and e. The superior performance of PCL/Al TENG arises
mainly from its strong triboelectric polarity, as aluminum lies
much higher in the triboelectric series than PU foam and
Kapton, so it donates electrons more readily, generating a
larger charge density during the impact process. The charge
generated by the contact of Al with the PCL layer of TENG is 15
nC, as shown in Fig. 3f.

Fig. 4a and b show the frequency-dependent voltage and
current response of the PCL/Al-based TENG. To further opti-
mize device performance, the influence of operating frequency
on the TENG output was systematically examined by varying it

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

from 0.3 to 2 Hz. The voltage output of the PCL/Al TENG is
almost constant as the charge generated by both layers of TENG
remains constant. However, in the current case, as the fre-
quency rises, the flow of electrons through the load resistance
increases. At lower frequencies, relatively lower current output
is observed because the slower contact-separation motion
limits the rate of charge transfer. As the frequency increases,
more rapid mechanical cycling enhances electrostatic induc-
tion, leading to a maximum current output. The improved
current output at higher frequencies is attributed to increased
contact events per second, which accelerate surface charge
generation and electrostatic induction, thereby enhancing over-
all TENG performance. In addition, TENG devices with varying
active areas, ranging from 2 cm x 2 cm to 3 cm x 3 cm (Fig. 4c
and d), were prepared to examine size-dependent behavior.
Increasing the active area enhances the effective contact sur-
face, leading to greater surface charge accumulation and stron-
ger electrostatic induction, thereby increasing TENG voltage
and current output. Such assessments are essential for vali-
dating scalability and ensuring stable performance.

By monitoring the output of PCL/Al TENG across a resis-
tance range from kQ to GQ, the impact of the external load
resistance on its electrical behavior was systematically investi-
gated. Evaluating load-dependent performance is essential
because efficient energy transfer in practical systems requires
proper impedance matching between the TENG and connected
electronic components. The output voltage and calculated
power as a function of applied external resistance are shown
in Fig. 5a and b. The power at various load resistances is
calculated using the formula P = V*/R, where V is the voltage,
and R is the resistance. The highest power of 24.5 uW was
recorded at a load resistance of 200 MQ, corresponding to the
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(a) Output voltage of the PLA/AL TENG measured at different operating frequencies (0.3, 1, 1.5, and 2 Hz), (b) corresponding current responses

of PLA/AlL TENG under varying excitation frequencies, (c) output voltage signals obtained from devices with different active areas (2 cm x 2 cm and
3 cm x 3 cm), (d) corresponding current outputs of PLA/AL TENG for different device areas.

internal impedance of the proposed PCL/Al-based TENG.
Fig. 5c shows the charging of capacitors using TENG from
1 to 10 pF, and the corresponding stored charges are shown in
Fig. 5d. The alternating output from the PCL/Al TENG was first
converted to direct current using a rectifier and subsequently
stored in a conventional capacitor, which was then utilized to
power small, portable electronic devices. The stored charge in
the capacitor (Q) is given by Q = CV, where C is the capacitance,
and V is the voltage.

To assess the robustness of TENG, its output voltage was
continuously monitored for approximately 3 days, encompass-
ing multiple mechanical actuation cycles, under an applied
force of 5 N at 1 Hz (Fig. 6a). The voltage profile remained
stable throughout the test, demonstrating excellent mechanical
durability and reliable long-term energy-harvesting capability.
The energy accumulated in a 2.2 pF capacitor was subsequently
used to operate a small electronic calculator, as illustrated in
Fig. 6b. The corresponding charge-discharge profiles of the
capacitor during power to these devices are also presented.
These findings demonstrate that the developed TENG can
effectively function as a self-sustaining power source for low-
power portable electronics. Fig. 6¢c shows the digital image
of powering a calculator using the PCL/Al TENG. To validate
the practical applicability of TENGs, the PCL/Al TENG was
evaluated under real-world conditions by capturing the bio-
mechanical energy generated from routine human activities.
The corresponding voltage and current outputs recorded

Mater. Chem. Front.

during these motions are presented in Fig. 6d-f. The device
effectively converted mechanical forces generated during
finger, palm tapping, and punching motions into electrical
energy. During the motions, low-vibration mechanical energy
is converted into electrical signals, demonstrating its potential
for wearable energy-harvesting applications.

Conventional systems can record surface contacts and finger
motions, but accurately identifying texture remains technically
challenging. Contrast-based feature extraction and picture
acquisition are commonly used in optical-based methods.
Nevertheless, these techniques are highly susceptible to envir-
onmental changes, surface reflectivity, and lighting conditions.
Additionally, they require heavy imaging equipment, which
limits portability and real-time flexibility, especially when dif-
ferentiating surfaces with minute roughness differences. Incor-
porating tactile sensing based on TENG into a robotic gripper
offers a small, self-powered, and extremely sensitive substitute.
Contact-induced mechanical stimuli, including friction, micro-
vibrations, and pressure changes, are directly converted by
TENG tactile sensors into electrical signals that naturally
encode material texture. Fig. S4 shows the surface roughness
texture of the various sandpapers taken into consideration
using an optical microscope image. Fig. 7a shows the working
and texture recognition capability of a TENG-integrated robotic
gripper. The cyclic contact-separation process between the TENG
and sandpaper surfaces, where full contact enables charge
transfer and subsequent separation generates electrical signals.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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output voltage signals of the TENG recorded under varying sandpaper texture.

Fig. 7b presents time-dependent voltage outputs for different
sandpaper grit sizes (40-2000), demonstrating that surface
roughness significantly influences waveform characteristics.
Overall, the results validate the TENG-based system as a self-
powered tactile sensor capable of real-time texture recognition
for robotic gripping applications.

Neural network methods provide an effective framework
for material texture recognition. A dataset of 800 TENG sensor
signal samples, 100 samples per class, representing eight
different material classes (excitation conditions: 40, 100, 220,
360, 600, 800, 1200, and 2000) was used for the CNN-based
material classification. Grey-scale images were created from
the raw sensor inputs. Stratified random sampling was used
to divide the dataset into 480 training, 160 validation, and
160 testing samples. The CNN architecture comprised three
convolutional blocks, ReLU activation, max pooling, two fully
connected layers, and an eight-neuron softmax output layer.
The Adam optimizer was used to train the network. The hybrid
feature extraction method used frequency-domain features
(long-term spectral features) and time-domain patterns (short-
term temporal dependencies) present in TENG signals, which
were automatically discovered by hierarchical convolutional
layers.

Mater. Chem. Front.

A hybrid feature-extraction approach enhances classification
performance because TENG signals contain both time- and
frequency-domain features, including short- and long-term
dependencies. The confusion matrices for the training and
validation datasets, obtained using the suggested CNN model
for material classification, are shown in Fig. 8a and b, respec-
tively. The columns represent the anticipated class labels, and
the genuine class labels are represented by the rows. A unique
excitation or material texture condition (40, 100, 220, 360,
600, 800, 1200, and 2000) is linked to each class. Strong
diagonal dominance is observed in the confusion matrices for
the training and validation datasets, indicating accurate classi-
fication across all eight classes. On both the training and
validation sets, the CNN’s accuracies were 96.9% and 91.9%,
respectively. The few misclassifications found are mostly
between closely related classes, demonstrating the model’s
strong generalization capabilities and efficient feature learning.
Training and validation accuracies and training and validation
losses over 20 training epochs are shown in Fig. 8c and d,
respectively. The CNN model’s successful convergence, effective
learning of discriminative features, and robust generalization
across the training and validation datasets are all confirmed by
the accuracy and loss plots. These findings confirm that the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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CNN architecture is appropriate for precise material texture
categorization utilizing TENG sensor data.

4. Conclusions

Escalating energy demand and environmental concerns have
intensified the search for sustainable energy-generation tech-
nologies, positioning TENGs as promising candidates. Extend-
ing the triboelectric series with efficient biodegradable
materials not only enhances material selection flexibility and
device performance but also enables easy degradation at end-
of-life, thereby significantly reducing long-term carbon foot-
print and waste accumulation. Biodegradable negative tribo-
electric layers, PLA, PCL, and PTMC, were combined with an
opposite freely moving tribopositive aluminium layer; the
TENG based on PCL/Al delivered an electrical output of 118 V
and 772 nA. The higher electrical output of the PCL/Al TENG is
attributed to the PCL layer’s higher surface roughness and
higher dielectric constant compared to other triboelectric
layers, such as PLA and PTMC. Moreover, the system demon-
strated applicability to human-motion-based energy harvesting
and powering a calculator using TENG-generated energy.
Further, the single-electrode TENG was connected to the
robotic gripper to trace various signals from different sandpa-
per surface textures. Then, the electrical output was incorpo-
rated into a convolutional neural network, which achieved
accuracies of 96.9% and 91.9% on the training and validation

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

sets, respectively. The proposed system enables intelligent
perception and shows strong promise for real-time surface
texture identification applications. In industrial automation,
self-powered sensors based on TENG can be used for robotic
manipulation tasks, including item identification, texture clas-
sification, and adaptive grasping. They are also promising for
applications in prosthetics and human-machine interfaces that
require tactile feedback. They may also be used in autonomous
systems for real-time sensing without the need for external
power sources, thereby improving energy efficiency and mobi-
lity. Overall, this study introduces a sustainable approach for
engineering biodegradable negative triboelectric materials and
advancing eco-friendly robotic TENG technologies.
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