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Abstract: Harvesting biomechanical energy and converting it into electrical energy in
wearable electronic devices, particularly through skin-contact triboelectric nanogenerators,
has garnered significant attention due to their flexibility and broad applications. However,
several challenges such as material biocompatibility, minimal friction to prevent skin
inflammation, and sensitivity to humidity and temperature hinder the technology's
effectiveness. This study investigates the design, simulation, and fabrication of flexible
single-electrode triboelectric nanogenerators using sanitary silicone rubber as the
triboelectric negative material and E-glass as the triboelectric positive material, replacing
skin. Simulation results indicate that the open-circuit voltage varies depending on the
positive material, ranging from 96V for skin to 211V for E-glass, while the short-circuit
charge ranges from 18pC for skin to 54pC for E-glass. Fabrication results validate these
findings, achieving an open-circuit voltage of 200V, short-circuit current of 13.5uA, and
maximum output power of 1.85mW at a load resistance of 30MQ with E-glass. In contrast,
skin-based nanogenerators produced an open-circuit voltage of 92V, a short-circuit current
of 11.6pA, and maximum output power of 0.69mW at the load resistance of 20MQ. The E-
glass-based nanogenerators exhibit superior performance, stability, and user comfort,

making them a promising alternative for energy harvesting in wearable electronics.
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1. INTRODUCTION

In recent years, advancements in wearable electronics
for health monitoring, non-invasive disease diagnosis,
and chronic disease management have increased the
demand for devices that are lightweight, flexible,
waterproof, and durable. These attributes are essential for
wearable applications such as portable electronic
devices, biosensors, and health monitoring systems
(Ahmadi et al., 2024; He et al., 2017; Li et al., 2018;
Paydari et al., 2024; Pu et al., 2018; Su et al., 2018; Wu
etal., 2019; Zhao et al., 2020; Zhu et al., 2023; Zou et al.,
2018). Despite significant progress in developing flexible
and durable power sources, such as wearable lithium
batteries and supercapacitors, conventional energy
sources remain limited by their need for frequent
recharging or replacement, hindering practical
applications (Byun et al., 2019; Rodrigues et al., 2019).

more efficiently. Triboelectric Nanogenerators (TENGS)
have emerged as a promising solution (da Silva et al.
2015).

Invented in 2012 by Wang and colleagues, TENGs
generate electricity through the triboelectric effect and
electrostatic induction by harnessing mechanical
movement between two different frictional layers (Fan et
al., 2012). These nanogenerators can be fabricated using
various materials including natural, synthetic, metallic,
and semiconductive substances, many of which are
biocompatible, biodegradable, or even bio-absorbable
(Khandelwal et al., 2020). By converting passive
biomechanical movements into electrical energy, TENGs
revolutionized self-powered medical devices and
wearable healthcare technologies (Chen et al., 2018;
Kwak et al., 2017; Qian et al., 2020; Weng et al., 2016;
Ghafouri & Manavizadeh, 2023).

Additionally, the toxic chemicals in many batteries pose
environmental risks. To address these challenges, there is
a pressing need for sustainable energy harvesting
technologies capable of powering wearable electronics

TENGs operate by facilitating electron transfer
through the physical contact between two materials with
different electron affinities. This generates an electric
current when the materials are connected to an external
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circuit (da_Silva et al., 2015; Niu & Wang, 2015;
Rodrigues-Marinho et al., 2020). The technology
supports four working modes—vertical contact, lateral
sliding, single electrode, and independent electrodes—
each designed to optimize energy output depending on
the type of mechanical movement. Among these, the
single-electrode mode is particularly suited for wearable
devices due to its simplicity and compatibility with
human skin, which often serves as the positive
triboelectric material (Akram et al., 2022; Hakimi Raad
et al., 2023; Mathew & Vivekanandan, 2022).

Wearable TENGSs can be integrated into clothing or
accessories to harvest energy from movements such as
walking, running, and even breathing. These devices
require materials that are soft, lightweight, and
biocompatible (Gogurla et al., 2019). The design must
also account for specific biomechanical movements of
different body parts to maximize energy capture. Among
the various configurations, single-electrode TENGs have
gained prominence for their efficient integration with
human skin, offering a power density of 2 mW/cmz,
open-circuit voltage of 115 volts, and short-circuit
current of 3 microamps on a 9 cm? surface (Zou et al.
2020).

Despite their potential, wearable TENGs face
significant  challenges, including skin irritation,
sensitivity, and variable performance due to variations in
humidity and temperature. To address these issues, this
study explores the development of a flexible, single-
electrode TENG using glass fibers as a skin substitute,
sanitary silicone as the negative triboelectric material,
and other biocompatible components. The investigation
includes structural and morphological analysis of these
materials, along with the effects of dielectric plate
distance, load resistance, and environmental conditions
on the TENG's output. The ultimate goal is to develop a
sustainable, biocompatible energy source for wearable
sensors and other electronic devices used in health
monitoring and treatment.

2. STRUCTURES, MATERIALS, AND METHODS
This research explores the development and evaluation
of a single-electrode Triboelectric Nanogenerator
(TENG) for wearable applications. Skin is employed as
the triboelectric positive material, eliminating the need
for a second electrode beneath the skin and simplifying
the device usability. Recognizing the importance of
biocompatibility for skin-contact devices, sanitary
silicone is selected as the triboelectric negative material
due to its biocompatibility, flexibility, and FDA approval
for use in medical applications.

To mitigate potential damage caused by skin contact,
E-glass is investigated as a substitute for the skin as the
positive triboelectric material. This replacement not only
prevents skin irritation but also enhances the device
durability and output performance. The study begins with
a simulation of the TENG using COMSOL Multiphysics
software, focusing on a two-dimensional model to reduce
computational complexity. The simulation models two
dielectric plates and a metal electrode, with parameters
such as charge density and capacitance analyzed to
predict the device performance.

The results reveal a linear relationship between
dielectric distance, contact electrode, and output voltage
and charge. Key equations governing the TENG’s output
characteristics, including open circuit voltage (Voc) and
short circuit charges (Qsc), are derived. These
relationships are further explored using Ohm’s law to
predict the device's output current and voltage.

In the material selection phase, sanitary silicone is
confirmed as a suitable negative triboelectric material
due to its smooth surface, biocompatibility, and
mechanical properties. Aluminum is proposed in this
study for the electrode due to its flexibility and cost-
effectiveness. The proposed TENG design comprises a
three-layer structure: body skin (positive material),
sanitary silicone (negative material), and aluminum foil
(electrode).

Given limitations of skin contact, particularly in hot
weather, E-glass is proposed as an alternative positive
triboelectric material. E-glass, woven from glass fibers,
retains the electron affinity of glass while providing the
necessary flexibility for wearable devices. This
substitution improves user comfort by eliminating direct
skin contact, thereby reducing the risk of irritation.

The paper concludes with a detailed examination of
the TENG's output performance using both skin and E-
glass as positive materials, highlighting their potential for
practical wearable energy-harvesting applications.

3. RESULTS AND DISCUSSION

The study compares the performance of two
triboelectric nanogenerators (TENGs) using different
positive triboelectric materials: human skin and E-glass.
The simulation results reveal that the electric potential at
the contact electrode is higher than that at the reference
electrode, driving electron flow through the external
load. As the distance between the two dielectric materials
increases, the electric potential also rises. E-glass, being
more electronegative than human skin, generates a higher
electric potential and open-circuit voltage. Specifically,
the TENG with E-glass reaches 211 V at a 2 cm distance,
compared to 96 V for the TENG with human skin,
indicating E-glass as a superior choice for flexible,
wearable nanogenerators.

Under short-circuit condition, the TENG with E-glass
demonstrates a higher charge accumulation, resulting in
better performance than the skin-based TENG. The study
highlights that substituting the positive triboelectric
material with one higher in the triboelectric series, like E-
glass, increases both the open-circuit voltage and the
short-circuit charge, enhancing overall power output. The
experimental results confirm the simulations, showing
that the TENG with E-glass produces a maximum power
of 1.85 mW at 30 MQ, significantly higher than the 0.69
mW at 20 MQ for the skin-based TENG. This
performance difference is attributed to the higher
resistance and superior charge transfer properties of E-
glass, along with the absence of charge leakage issues,
which are more pronounced in skin-based TENGs due to
the conductive nature of sweat and the human body.

The study concludes that the E-glass-based TENG
offers superior power generation, stability, and user
comfort for wearable applications. Its flexibility and lack
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of dependence on the user’s metabolic conditions make
it a promising candidate for integration into clothing,
enabling self-powered operation and battery recharging
for wearable devices. The E-glass TENG, with its higher
resistance and stable power output, is better suited for
applications requiring consistent energy harvesting from
biomechanical movements without direct skin contact.

4. CONCLUSION

This study explores the potential of flexible
Triboelectric Nanogenerators (TENGs) for efficient
biomechanical energy harvesting in wearable electronics.
The research primarily investigates the impact of
replacing human skin with E-glass as the positive
triboelectric material in single-electrode TENGs. This
substitution aims to enhance output power, reduce
negative effects associated with skin contact, and
improve the device suitability for powering wearable
electronics.

The study involved the design, simulation, and
fabrication of TENGs using sanitary silicone as the
negative material, comparing the performance of devices
incorporating either skin or E-glass as the positive
material. Simulation results indicated a significant
increase in open circuit-voltage—from 96 V with skin to
211 V with E-glass—when the dielectric separation
reached 2 cm. The short-circuit load also increased
markedly, from 18 picocoulombs with skin to 54
picocoulombs with E-glass, highlighting the superior
efficiency of E-glass.

Fabricated TENGs confirmed these findings, with the
E-glass-based device achieving an open-circuit voltage
of 200 V, short-circuit current of 13.5 pA, and maximum
output power of 1.85 mW at the load resistance of 30
MQ. In contrast, the skin-based TENG produced an
open-circuit voltage of 92 V, short-circuit current of 11.6
pA, and maximum output power of 0.69 mW at 20 MQ.

The application of E-glass offers several advantages,
including higher energy output, absence of leakage
current, and reduced sensitivity to environmental and
metabolic factors such as perspiration, making the
TENG's performance more stable and reliable.
Additionally, E-glass eliminates the need for direct skin
contact, addressing potential issues related to skin
irritation and long-term effects of use.

A comparative analysis revealed that using E-glass
instead of skin increased the open-circuit voltage up to
119.79% and the short-circuit load up to 200% in
simulations. The fabricated devices showed an increase
of 117.39% in open-circuit voltage, 16.38% in short-
circuit current, and 116.12% in maximum power, despite
a 50% increase in the device resistance.

These results underscore the potential of material
innovation in optimizing the energy-harvesting
capabilities of TENGs. The strong correlation between
thesimulated and experimental data validates this
approach, offering a pathway to more efficient and user-
friendly TENGs for powering wearable electronics,
particularly in health monitoring and disease treatment
applications.
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