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Thermally Stable and Shape-Adaptive Triboelectric
Nanogenerators Based on Liquid Electrolytes with Low

Vapor Pressure

Teklebrahan Gebrekrstos Weldemhret, Nebiyou Tadesse Debele, Sofonias Nursefa Kedir,
Alemtsehay Tesfay Reda, Dohyun Kim, Kwun-Bum Chung,* and Yong Tae Park*

Aqueous solution-based liquid electrode triboelectric nanogenerators
(TENGs) have attracted considerable interest in recent years due to their
exceptional stretchability, deformability, and inherent shape-adaptability.
However, previous aqueous solution-based TENGs face challenges related to
drying, which may lead to operational failures. In this study, a low-vapor
pressure liquid (LVPL) electrode TENG (LVPL-TENG) is presented that uses
branched polyethyleneimine (bPEI) or deep eutectic solvent, choline
chloride/glycerol (ChCl:Gly), to increase the stability of the TENGs at high
temperatures. The LVPL-TENGs achieve a power density of 6.2 and 4.0 w
m~2 when using bPEI and ChCI:Gly as electrodes, respectively. Furthermore,
these devices have remarkable energy harvesting capabilities while being
stretched up to 400%. Importantly, the LVPL-TENGs maintain a constant
electrical output after being stored at 100 °C for 24 h. Utilizing a simple
single-electrode design, the LVPL-TENGs can efficiently harvest various small
physiological movements, i.e., finger bending, grasping a coffee cup, or
clicking a computer mouse. Additionally, the LVPL-TENGs have the potential
to function as self-powered tactile sensors to detect the touch of any material
object, indicating promising applications in the realm of human-machine
interaction. This study opens new avenues for deploying stretchable and

1. Introduction

The integration of small, intelligent wear-
able devices into the human body presents
an opportunity to access vital information
regarding an individual's health, lifestyle
choices, and professional engagements. Be-
cause these devices rely on batteries to op-
erate, the problems of frequent recharg-
ing and replacement, combined with their
sometimes heavy nature, have become a
major issue that needs attention.[!! Thus,
there is a strong impetus to innovate a
wearable device that can function inde-
pendently without external power sources.
Among the range of potential candidates,
triboelectric nanogenerators (TENGs) have
been identified as promising energy con-
version devices due to their simple de-
sign, lightweight structure, and affordabil-
ity. Additionally, a TENG can efficiently col-
lect mechanical energy from human mo-
tion that would normally be wasted. In

shape-adaptable TENGs operating at high temperatures.

T. G. Weldemhret, K.-B. Chung

Department of Physics

Dongguk University

Seoul 04620, Republic of Korea

E-mail: kbchung@dongguk.edu

N.T. Debele, S. N. Kedir, A. T. Reda, D. Kim, Y. T. Park

Department of Mechanical Engineering

Myongji University

116 Myongji-ro, Cheoin-gu, Yongin, Gyeonggi-do 17058, Republic of Korea
E-mail: ytpark@mju.ac.kr

The ORCID identification number(s) for the author(s) of this article

can be found under https://doi.org/10.1002/smll.2025003 18
© 2025 The Author(s). Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

DOI: 10.1002/smll.202500318

Small 2025, 21, 2500318

2500318 (1 of 14)

this respect, the TENG offers a remarkably
appropriate solution for the energy needs
of wearable electronics. Since Professor
Wang and his team launched the TENGs in
2012, researchers have carried out many
studies to create different forms of these devices, leading to
several innovative designs and applications.>2%1 However, tra-
ditional TENGs mostly utilize rigid materials such as metals or
plastic plates, limiting their potential applications.!?!] This limi-
tation is particularly relevant in the context of biomechanical and
physiological sensing, where the ideal TENG should have soft-
ness, comfort, and considerable elasticity. To meet these require-
ments, TENGs with favorable softness and stretchability have
recently been developed using hydrogels, organohydrogels, and
ionogels.!?2] However, these innovative TENGs face two main dif-
ficulties. The first problem is the tensile mismatch between the
gel and its encapsulating layer (e.g., silicone rubber), which has
a negative impact on the output power and the usability of the
device in applications requiring flexibility and deformability.[??]
The second problem is that these TENGs have confined stretch-
ability and deformability, which make them unsuitable for the
requirements of shape-adaptable electronic systems.[?1:23]
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In comparison, a flexible single-electrode TENG using a lig-
uid electrode (LS-TENG) is a highly promising option for wear-
able applications.[?*28] The LS-TENG has a flexible outer shell
that encases a liquid interior. The outer shell acts as a tribo-
electric layer and the liquid component acts as an electrode
responsible for collecting the electrical charge. This novel design
presents many advantages. First, LS-TENG exhibits remarkable
adaptability to various essential characteristics, such as shape,
stretchability, flexibility, softness, and transparency, because the
liquid takes on the properties of the containing/encapsulating
material.21?] Second, LS-TENG unique combination of tribo-
electronegative and tribo-electropositive friction layers in one
structure, which offers several important advantages. One key
benefit is that LS-TENG is not limited to triboelectric materi-
als for the top layer, enabling energy harvesting from a wide
range of objects. Moreover, the absence of a physical air gap be-
tween the triboelectric layers makes it easier to integrate seam-
lessly into skin-mounted electronic devices, rendering them par-
ticularly beneficial for wearable technology.*°! Furthermore, this
design characteristic allows for energy harvesting from various
minor physiological activities, including finger, elbow, wrist, and
knee movements, as well as touch interactions involving both fin-
gers and feet.[3%

This area of research is currently of high interest, with the lim-
ited number of reported LS-TENGs being classified into three
categories: liquid metals,!?*3+32 aqueous solutions, 123337361 and
nanoparticle (NP) dispersions,!??23% based on the character-
istics of the liquid electrode used. However, many of the
LS-TENGs that have been developed so far present several
problems.[2#27:2837] 1iquid metals have excellent conductivity and
heat resistance, but lack transparency and require complex syn-
thesis methods. Aqueous solutions, although transparent, suf-
fer from issues such as evaporation and reduced functionality
at higher temperatures. In particular, the water in aqueous LS-
TENGs tends to evaporate even when encapsulated in water-
proof materials like PDMS, resulting in significant dehydration,
which adversely affects performance.[*¥3% Additionally, a sodium
chloride-based aqueous electrode may vaporize at 100 °C, cre-
ating pressure inside the sealing material, which makes energy
harvesting at high temperatures difficult (Figure S1B, Support-
ing Information). On the other hand, aqueous dispersions of
NPs, such as graphene oxide or MXene, are hampered by their
high cost, in addition to their lack of transparency and prob-
lems of evaporation. Together, these challenges have an impact
on the effectiveness and practical application of each type of lig-
uid electrode in advancing the LS-TENGs. Therefore, developing
LS-TENGs that are both cost-effective and temperature-stable,
while maintaining an acceptable level of transparency, remains
a major challenge to meet the demands of the rapid expansion of
wearables.

One approach to creating low-cost and high-temperature sta-
ble LS-TENGs with satisfactory transparency is to use liquid elec-
trodes that demonstrate robust stability at elevated temperatures.
Potential candidates meeting these criteria include branched
polyethyleneimine (bPEI) and a mixture of choline chloride and
glycerol (ChClL:Gly). bPEI is an amorphous organic polymer char-
acterized by its thermal stability due to the hydrogen bond-
ing between adjacent free and charged amine groups.*”) It also
exhibits significant ionic conductivity at ambient and elevated
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temperatures as a result of its highly charged primary (25%),
secondary (50%), and tertiary (25%) cationic amine groups.!*!]
Moreover, bPEI is a cheap and widely available organic polymer
with a high propensity for charge donation due to its plentiful
amine groups. For example, its incorporation into solid TENGs,
whether by coating cellulose paper!*?! or by combining it with
other polymers, 14344 has been shown to significantly enhance
the TENG performance. Meanwhile, ChCL:Gly is a deep eutectic
solvent (DES) made from choline chloride and glycerol, resulting
in larger non-symmetric ions, which yield a liquid at room tem-
perature with a high boiling point.**) This DES is noted for its
high electrical conductivity, excellent thermal stability, and low
vapor pressure.’] Additionally, ChCl:Gly is easy to prepare, cost-
effective, non-toxic, and biodegradable, making it a better choice
for the development of non-dehydrating LS-TENGs. However, de-
spite the promising properties of bPEI and ChCL:Gly as liquid
electrodes for LS-TENGs, their performance has not been thor-
oughly investigated.

This study developed a low vapor pressure liquid TENG (LVPL-
TENG) with bPEI or ChCl:Gly as a liquid electrode and Ecoflex
as both a tribo-electronegative layer and packaging material.
The resulting LVPL-TENGs demonstrated excellent mechani-
cal properties, such as stretchability, flexibility, and sofiness, as
well as semi-transparency and remarkable thermal stability at
high temperatures. Notably, these devices displayed outstanding
energy harvesting capabilities while being stretched, and they
maintained consistent output performance even after exposure
to 100 °C for 24 h, overcoming the dehydration problems as-
sociated with previously developed LS-TENGs. Using a simple
single-electrode architecture, the LVPL-TENGs were used as self-
powered sensors capable of detecting a variety of physiological
movements, including human body motions, grabbing a cof-
fee cup, clicking a computer mouse, and so on. Furthermore,
the shape-adaptability of LVPL-TENGs made it easier to develop
and test TENG-wearing bracelet configurations. Lastly, a self-
powered 4 X 4 tactile sensor was fabricated for touch perception.
Due to the unique LVPL-TENG structure, which combines both
tribo-electronegative and tribo-electropositive layers in one struc-
ture, the array of sensors can detect applied pressure from any
object.

2. Results and Discussion

2.1. Materials and Experimental Section

The preparation process of the LVPL-TENGs using the bPEI or
ChClL:Gly system is illustrated in Figure 1A. The photograph of
the ChCl:Gly LVPL-TENG and operating principles of the LVPL-
TENGs is shown in Figure 1D. The LVPL-TENGs have a simple
structure, primarily of three basic components: 1) a liquid elec-
trode (either bPEI (Figure 1B) or ChCl:Gly (Figure 1C)) capable
of moving and deforming to ensure a continuous contact with
the dielectric material (Ecoflex); 2) Ecoflex, which acts as both a
negative triboelectric layer and packaging material and facilitates
the generation of triboelectric charges; and 3) electrodes/metal
contacts that capture the generated charges and channel them
through an external circuit. The mechanism of electricity gen-
eration in LVPL-TENGs unfolds through several stages. Human
skin (e.g., a finger) acts as the ground, and the LVPL-TENG
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Figure 1. A) Schematic illustration for the fabrication process of the LVPL-TENGs. B) Chemical molecular structure of bPEI. C) Chemical molecular
structure of the ChCl:Gly DES. D) Schematic illustration of the electricity-generating mechanism of the LVPL-TENGs. Photographs of the as-prepared
ChCl:Gly LVPL-TENG at different deformed states, including E) stretching, F) bending, G) folding, and H) twisting. Optical images of |) bPEI-based
LVPL-TENG, J) ChCl:Gly-based LVPL-TENG, and K) glass (as a reference) to demonstrate the transparency of the LVPL-TENGs.

attached to the human body acts as a single-electrode TENG
(Figure 1D). When the skin contacts the LVPL-TENG, the skin
and the Ecoflex come into contact, resulting in an exchange of
electrons and the formation of an equal number of triboelectric
charges-negative charges in the Ecoflex and positive charges in
the skin (Figure 1D-I). At this point, the charges are balanced
and no electrical signal is detected. As the skin moves away from
the Ecoflex, it generates a positive charge on the liquid electrode,
causing free electrons to flow through the external circuit from
the liquid electrode to the ground, thus creating an electrical sig-
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nal (Figure 1D-II). When the skin is positioned further away from
the Ecoflex, the negative charges on the Ecoflex are completely
balanced by the positive charges on the liquid electrode, and no
electricity is produced (Figure 1D-III). When the skin returns to
the Ecoflex, the positive charge induced in the liquid electrode
decreases, causing electrons to flow from the ground to the lig-
uid electrode, producing a reverse electric current (Figure 1D-1V).
Through a continuous cycle of contact and separation, alter-
nating current can be generated and used to power electronic
devices.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Electrical outputs of the bPEI LVPL-TENG. A-D) Electrical outputs (Voc, Isc) under different motion frequencies and gap distances. E) The
output voltage of bPEI LVPL-TENG with relative contact-separation motion to different materials. F) Effect of external resistance loads on the output

signals of the bPEI LVPL-TENG.

One of the fundamental advantages of liquid-based TENGs
lies in their extraordinary flexibility, softness, and ability to con-
form to varied shapes while maintaining consistent conductivity
despite undergoing different types of deformation.[?! The pho-
tograph of the LVPL-TENG under various deformation states
such as stretching (Figure 1E), bending (Figure 1F), folding
(Figure 1G), and twisting (Figure 1H) vividly demonstrates the
device’s capability to withstand extreme deformations. The re-
markable mechanical characteristics of Ecoflex, particularly its
high stretchability and low Young’s modulus (Figure S2, Support-
ing Information), allow the LVPL-TENGs to be extended by as
much as 400% (Figure 1E). The LVPL-TENGs’ substantial elas-
ticity and deformability make them suited for deployment on the
curved surfaces of human skin, allowing for the effective harvest-
ing of biomechanical energy generated by the movement of the
human body. The photographic image of the bPEI (Figure 1I and
Figure S3A, Supporting Information) and ChClL:Gly (Figure 1J;
Figure S3B, Supporting Information) based LVPL-TENGs along
with a glass slide (Figure 1K; Figure S3C, Supporting Informa-
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tion) is provided for visual comparison of the devices' trans-
parency. As can be seen, the LVPL-TENGs exhibit remarkable
transparency.

2.2. Electrical Output Performance of the LVPL-TENGs

The output performance of TENGs is notably influenced by the
frequency of the mechanical forces applied to them. Therefore,
it is essential to investigate this relationship to optimize the de-
sign of TENGs for applications in energy harvesting and sens-
ing. The electrical output characteristics, specifically the open-
circuit voltage (V) and short-circuit current (I5.), of the LVPL-
TENGs were analyzed within a frequency range of 4.4-8.0 Hz
while maintaining a constant distance of 10 mm between the
LVPL-TENG and the contact material (nitrile glove). The find-
ings are illustrated in Figure 2A,B for the bPEI LVPL-TENG
and Figure 3A,B for the ChCl:Gly LVPL-TENG. When the fre-
quency increases from 4.4 to 8.0 Hz, the V. can rise from ~75
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Figure 3. Electrical outputs of the ChCl:Gly LVPL-TENG. A-D) Electrical outputs (Voc, Isc) under different motion frequencies and gap distances.
E) The output voltage of ChCl:Gly LVPL-TENG with relative contact-separation motion to different materials. F) Effect of external resistance loads on the

output signals of the ChCl:Gly LVPL-TENG.

to 225 V (Figure 2A), and the I can increase from~10 to 34 pA
(Figure 2B) for the bPEI LVPL-TENG. Similarly, the V. and I
of ChCl:Gly TENG increase from~70 to 177 V (Figure 3A) and
from 9.4 to 30 pA (Figure 3B) when the frequency rises from
4.4 t0 8.0 Hz, respectively. According to the impulse-momentum
change theorem (impulse (FAt) = momentum (mAv), where
m is the mass of material, ¢ is time, and v is velocity), when
the LVPL-TENGs and the contacting material (nitrile glove) col-
lide, increasing the frequency increases the speed and accel-
eration of the impact force, resulting in an increase in con-
tact area, which consequently increases the surface triboelectric
charge density.*! At higher frequencies, the contact-separation
speed between the LVPL-TENGs and the nitrile is faster, result-
ing in quicker charging-discharging and a higher electron flow
rate.

The distance between the LVPL-TENGs and the nitrile has
a significant impact on the TENGs’ electrical output. Conse-
quently, the effect of varying this gap distance on the performance
output of the LVPL-TENGs was investigated, maintaining a con-
stant impact frequency of 5 Hz. As the gap distance between
the LVPL-TENGs and the nitrile was increased from 5 mm to
20 mm, there was a notable enhancement in both the V. and I~
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values for both bPEI (Figure 2C,D) and ChCL:Gly (Figure 3C,D)
LVPL-TENGs. These findings are aligned with those reported
in earlier research,[**! where the increase in gap distance up to
20 mm resulted in a rise in both V- and I.. This phenomenon
is attributed to a more substantial accumulation of triboelectric
charges, which subsequently enhances the strength of the elec-
tric field.

The electrical performance of the LVPL-TENGs with different
contacting materials, including nitrile, latex, aluminum foil (Al),
textile fabric, and PTFE film, was examined. In both the bPEI
and ChCl:Gly LVPL-TENGs, nitrile produced the highest elec-
trical output, followed by aluminum, whereas the electrification
associated with latex, fabric, and PTFE was comparatively lower
(see Figures 2E and 3E). The effectiveness of aluminum was no-
tably greater in the ChCl:Gly LVPL-TENG, achieving a V. value
nearly equivalent to that of nitrile. The results show that, in addi-
tion to the triboelectric polarity of the encapsulating Ecoflex, the
polarity of the liquid electrolyte has a considerable influence on
the interaction between the liquid TENG and contacting materi-
als. Furthermore, the bPEI and ChCl:Gly LVPL-TENGs are capa-
ble of generating output voltages exceeding 800 and 600 V, re-
spectively, when they are forcefully tapped by human skin (hand
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LVPL-TENGs

Figure 4. Comparison of various TENGs that utilize liquid electrodes for flexible and wearable applications: liquid metals,[2%3132] aqueous

solutions,[:2333-33] NP dispersions,[222] and LVPL-TENGs.

palm) under single-electrode configuration (Figure S4, Support-
ing Information).

Analyzing the relationship between external load resistance
and the output power of TENGs is critical for improving their
design and functionality in energy harvesting applications. Con-
sequently, the dependence of V., I, and power density on
external resistance for LVPL-TENGs was investigated. As the
external load resistance increased, the V. exhibited a rising
trend, whereas the I demonstrated a declining trend (refer to
Figures 2F and 3F). The peak power densities recorded were
6.20 W m~2 for the bPEI LVPL-TENG and 3.95 W m~2 for the
ChCL:Gly LVPL-TENG, both occurring at a matching load re-
sistance of 3 MQ. These findings indicate that the bPEI LVPL-
TENG outperforms the ChCl:Gly LVPL-TENG in terms of power
density.

A performance comparison of the LVPL-TENGs against pre-
viously reported LS-TENGs, considering factors like power den-
sity, thermal stability, transparency, cost, and ease of preparation,
is depicted in the radar chart Figure 4. While the LVPL-TENGs
exhibited a relatively modest power density compared to certain
aqueous solution-based TENGs,[33! they outperform the previ-
ous LS-TENGs in all these other aspects. Our LVPL-TENGs also
have several distinct advantages when compared to other types
of stretchable and high-temperature operatable TENGs, such as
organohydrogels,I*-% jonogels,!>'~! and eutecticgels.>’>°! No-
tably, the power density of the LVPL-TENGs outperforms the pre-
viously reported high-temperature stable TENGs, as evidenced
in Table S1 (Supporting Information). Furthermore, it effectively
addresses the issues associated with tensile mismatch, limited
stretchability, and deformability, as well as design constraints
that are commonly encountered with organohydrogels, iono-
gels, and eutecticgels, as seen in Figure S5 (Supporting Infor-
mation). These outstanding properties strongly support the po-
tential of our LVPL-TENGs as thermostable and shape-adaptable
nanogenerators.

2.3. Robustness and High-Temperature Tolerance of the
LVPL-TENGs
The remarkable flexibility and stretchability of the LVPL-TENGs

allow them to retain their operational capabilities even when
subjected to substantial deformations. An investigation was con-

Small 2025, 21, 2500318

2500318 (6 of 14)

ducted on the performance of the LVPL-TENGs (2 X 2 cm?)
across various states of stretching. The results indicate that the
peak-to-peak voltage (V,,) slightly increases (~19% enhancement
for bPEI and 9% for ChCl:Gly) when stretched to 100%, fol-
lowed by a slight decline thereafter (Figure 5A,B). The observed
phenomenon can be attributed to variations in the contact sur-
face area. When the device is stretched, the contact surface
area initially increases and then decreases when the device is
stretched significantly (Figure 5C). Consequently, this change in
surface area leads to corresponding changes in output perfor-
mance. Similar trends were observed for previously reported liq-
uid TENGs, including those using liquid metals(?*32] and MXene
dispersions.3%

One of the major issues with previously reported liquid-based
TENGs is the dehydration of the aqueous solvent, which limits
their use in high-temperature settings. The thermal stability of
the LVPL-TENGs was assessed by incubating them in an oven
at 100 °C for 24 h, after which the voltage and current outputs
were immediately measured. Figure 5D-I illustrates the high-
temperature stability of the LVPL-TENGs. A comparative analysis
was also performed on the stability of the aqueous-based liquid
TENG usinga NaCl solution (10 wt.%). Initially, the V,,, and peak-
to-peak current (I,,) of the NaCl liquid TENG were ~193 V and
31 pA, respectively. However, after being stored for 24 h in an
oven at 100 °C, the V,,, and I, significantly decreased to ~11 V
and 3 pA, retaining only ~6% of the original V,, and 10% of the
I,,. In contrast, the Vi and L, of the LVPL-TENGSs remained sta-
ble after being subjected to 24 h in an oven at 100 °C, attributed
to the superior thermal stability of bPEI and ChCl:Gly. For in-
stance, the Vi and L, of bPEI LVPL-TENG before and after be-
ing stored in an oven at 100 °C were 212 V and 40 pA and 217 V
and 39 pA, respectively. Additionally, the NaCl solution TENG
undergoes vaporization at 100 °C, resulting in pressure gener-
ation that causes the Ecoflex bag to expand (Figure S1B, Support-
ing Information). This phenomenon can lead to exploding and
complicating the process of tapping the TENG and harvesting en-
ergy at elevated temperatures. In contrast, our LVPL-TENG does
not induce expansion of the Ecoflex bag and preserves its origi-
nal structure even at high temperatures (Figure S1A, Supporting
Information).

To further illustrate the thermal stability of the LVPL-TENGs,
thermogravimetric analysis (TGA) of bPEI and ChClL:Gly was
conducted in a nitrogen atmosphere, and the results were
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compared with that of NaCl. The TGA and derivative thermo-
gravimetry (DTG) curves are presented in Figure SH,I, with the
corresponding thermal parameters provided in Table S2 (Sup-
porting Information). The maximum decomposition tempera-
tures (T,,,,) for bPEI and ChCl:Gly were recorded at 388 and
287 °C, respectively, significantly exceeding the T, of the NaCl
solution, which was only 113 °C. Additionally, the temperatures
corresponding to a 5 wt.% mass loss (T_g,) were found to be
53, 118, and 154 °C for NaCl, bPEI, and ChCl:Gly, respectively
(Table S2, Supporting Information), thereby reinforcing the high-
temperature tolerance of the LVPL-TENGs. Moreover, the LVPLs
demonstrated a lower DTG peak value in comparison to NaCl,
indicating a reduced rate of thermal decomposition (Figure 5I;
Table S2, Supporting Information).

Temperature-dependent performance analysis was also carried
out to further assess the thermal stability of the LVPL-TENGs. In
this test, the devices were incubated on a hot plate at various tem-
peratures for 5 min, after which the voltage output was recorded
by manually tapping the TENGs. The output performance of the
LVPL-TENGs demonstrated remarkable stability across a temper-
ature range from R.T. to 100 °C (Figure S6 and Movie S3, Sup-
porting Information), demonstrating their substantial potential
for use in high-temperature situations.

The application and longevity of a TENG are significantly in-
fluenced by its robustness, durability, and reproducibility. There-
fore, the cyclic output stability of the LVPL-TENGs was assessed
through extended motion cycles, as illustrated in Figure S7A,B
(Supporting Information). The results indicate that the LVPL-
TENGs consistently exhibit a stable electrical output even after
50000 cycles of repetitive contact-separation motion. This finding
suggests that the LVPL-TENGs possess durability comparable to
that of other solid-based TENGs. It is important to note that the
cyclic durability test was concluded at 50000 iterations due to time
constraints, and this figure does not represent the maximum cy-
cle limit. In addition, the cyclic stability of the LVPL-TENGs at
elevated temperature (100 °C) was tested, and no degradation of
output voltage was observed for 1000 cycles (Figure S7C,D, Sup-
porting Information).

2.4. Applications of the LVPL-TENGs

The LVPL-TENGs have exceptional properties, including stretch-
ability, deformability, and durability, all of which are essential for
the devices’ wearability. Consequently, they can be mounted to
different objects (Figure S8, Supporting Information) and are
capable of functioning as self-powered electronic skin (e-skin)
sensors that enable monitoring of a variety of human activi-
ties. Subtle movements, such as hand tapping, grasping a cof-
fee cup, clicking a computer mouse, typing on a keyboard, bend-
ing, stretching, and finger movements, were examined using the
ChCl:Gly LVPL-TENG. The electricity generation principle for
the movements involving stretching and bending is depicted in
Figure 6A. When the LVPL-TENG is fully stretched or bent, the
electrostatic induction and contact-electrification result in equal
amounts of opposite polarity charges on the liquid ChCl:Gly and
Ecoflex surfaces. At this point, there is no electron flow in the
external circuit. When the pressure is released, the Ecoflex layer
begins to bounce back to its original configuration, resulting in
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imbalanced surface charges on both materials, allowing electrons
to flow through the external circuit. Once the Ecoflex has fully
restored to its initial state, the triboelectric charges become bal-
anced, preventing any electron flow. When stretching or bend-
ing is applied again, new unbalanced frictional surface charges
are created, causing the flow of electrons in the opposite direc-
tion. This sequence represents one complete cycle in the elec-
tricity generation process. By repeatedly stretching or bending
the LVPL-TENG, a continuous generation of alternating electric-
ity can be achieved. On the other hand, the mechanism for the
other applications is due to a contact separation between the
LVPL-TENG and human skin under single-electrode mode as il-
lustrated in Figure 1D. As evidenced in Figure 6B—G, the device
can generate an output V. of 2600, 95, 102, 97, 16, and 28 V
from actions like vigorous hand tapping, grasping a coffee cup,
clicking a mouse, typing on a keyboard, bending, and stretching
the LVPL-TENG, respectively. Additionally, output voltages of ~2
and 5 V were observed when the index finger was bent at smaller
(60°) and larger (90°) angles, respectively (Figure 6H). This be-
havior can be ascribed to the increased contact area between the
Ecoflex layer and the LVPLs when subjected to a greater bend-
ing angle. The LVPL-TENG can be affixed to the joints of the
four fingers—index, middle, ring, and little—to assess the differ-
ing pressure applied as a function of the number of fingers that
are bent, achieved through the detection of unique output volt-
age signals (Figure 61,]). The energy produced from these move-
ments was sufficient to energize light emitting diodes (LEDs)
(Figure 6K-M; Movie S1, Supporting Information). These find-
ings illustrate the ability of the LVPL-TENGs to monitor subtle
physiological activities.

The electricity produced by the LVPL-TENGs is in the form
of alternating current (AC), which is not suitable for direct use
as a power source. Therefore, it is necessary to convert this AC
into direct current (DC). A widely utilized method for achieving
this conversion involves the implementation of a bridge rectifier
that is connected to the LVPL-TENGs, facilitating the transforma-
tion of AC into DC. The resulting rectified DC can then be uti-
lized for charging or storing energy in capacitors or batteries.[*"]
Figure 7A illustrates the schematic of the full bridge rectifier em-
ployed for this conversion process. As shown in Figure 7B,C,
the negative outputs of both voltage and current were effectively
transformed into a positive signal, maintaining the integrity of
the LVPL-TENGs output. To assess the charging capabilities of
the LVPL-TENGs, experiments were conducted using commer-
cial capacitors with varying capacitances of 3.3, 33, 100, and 220
WF. The results, depicted in Figure 7D, confirm that the LVPL-
TENGs successfully charged the capacitors through the bridge
rectifier.

One significant benefit of liquid-based TENGs lies in their ver-
satility in design, allowing for the creation of TENGs in various
shapes tailored to specific needs. For instance, tube-like LVPL-
TENGs can be constructed using a hollow tube of Ecoflex that is
filled with a ChCL:Gly DES, as illustrated in Figure 7E. When this
tube-like LVPL-TENG is worn on the wrist to harvest mechanical
energy, it can produce a substantial voltage that can illuminate
multiple LEDs. Furthermore, the amount of electricity generated
and the brightness of the LEDs increase in direct correlation with
the number of fingers tapping the tube-like TENG (Figure 7F;
Movie S2, Supporting Information).
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on the wrist and activated by tapping with different fingers.

To further showcase the LVPL-TENGs' designability and
shape-adaptability, a more innovative and aesthetically pleasing
bracelet featuring eight cube-shaped sensors (1 x 1 x 0.5 cm?)
was developed (Figure 8A). This innovative smart bracelet is built
for comfortable wear on the wrist and can generate an output volt-
age of more than 60 V, enough to illuminate six green LEDs upon
being tapped (Figure 8B—D; Movie S4, Supporting Information).
The ability of LVPL-TENGs to be designed into intricate shapes
while effectively harvesting energy from mechanical movements
positions them as promising candidates for integration into var-
ious shape-adaptive electronic systems.

A prototype tactile sensor has been developed to demonstrate
the various applications of the LVPL-TENGs. Tactile sensors play
akeyrole in detecting and mapping pressure/force, which are key
attributes of artificial e-skin.*!] The manufacturing process of the
tactile sensor is shown in Figure 9A, and details are given in the
“Experimental Section”. Initially, a template with a 4-by-4 arrange-
ment of sensor units was created by 3D printing (Figure 9A(I)).
Afterward, Ecoflex was poured into the template to achieve com-
plete coverage (Figure 9A(II)). After allowing the material to air-

Small 2025, 21, 2500318

2500318 (10 of 14)

dry at room temperature, the soft and flexible patterned elas-
tomer was removed from the template, resulting in cavities in
the sensor units (Figure 9A(III)). Then, bPEI was injected into
these cavities and wires were attached to each end of the sensor
units. To complete the assembly, a thin layer of Ecoflex was laid
on top of the filled elastomer, and the two materials were bonded
using a silicone adhesive (Figure 9A(IV)). After thorough air dry-
ing, a sensor array (%9 cm X 9 cm X 0.06 cm), consisting of 16
individual units each measuring 1 X 1 cm? and arranged in a
4-by-4 pixel matrix, was successfully fabricated (Figure 9A(V)).
To assess the sensing performance of the sensor array, various
objects (nitrile, NEO battery, and toy ball) were dropped onto
the e-skin. The output from the tactile sensor was presented
through counter-color map visualizations (Figure 9B-D). The
sensor array can detect the position of different objects through
voltage modulation when these objects are in contact with the
sensor. This highlights the potential of the sensor array for tac-
tile sensing applications, especially in the area of e-skin for
soft robotics, enabling the perception of external environmental
stimuli.
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Figure 8. A) Optical image of the smart ChCl:Gly LVPL-TENG bracelet. B) The smart bracelet worn on a volunteer’s wrist. C) Optical image of poking
the smart bracelet on one of the sensors and its corresponding D) generated electrical response (inset: showcasing LEDs energized by the generated

electricity).

In a complex environment populated by objects made of a va-
riety of materials, particularly in robotic applications, it is essen-
tial that the tactile sensor is capable of efficiently detecting detect
touch and contact under typical conditions.[®*] One of the major
advantages of the design framework for liquid TENGs is that they
integrate both tribo-electronegative and tribo-electropositive lay-
ers into one structure. This integration differentiates our LVPL-
TENG sensor array from the previously developed TENG-based
tactile sensors by eliminating the material limitation of the top
layer, which allows for the detection of pressure applied by any
substance. The response of the tactile sensor to different forms of
touch (i.e., finger tapping two sensors simultaneously) as well as
its interaction with other additional materials of differing textures
(AA’s battery and ground tennis ball) was also assessed. The find-
ings from these interactions are provided as a line plot in Figure
S9A-D (Supporting Information). The results demonstrate that
the LVPL-TENG-based tactile sensor can produce a voltage output
from a variety of materials, underscoring the versatile applicabil-
ity of the sensor array as a robotic e-skin. Moreover, the intensity
of the output performance is influenced by the characteristics of
the tapping action. For instance, applying pressure with two fin-
gers results in an output signal (Figure S9B, Supporting Infor-
mation) that is nearly double that of a single-finger tap (Figure
S9A, Supporting Information), while striking the sensor force-
fully with a standard tennis ball can yield a voltage as high as
255 V (Figure S9D, Supporting Information).

3. Conclusion

In this study, we present a triboelectric nanogenerator (TENG)
with a low vapor pressure liquid (LVPL) electrode that uses ei-
ther bPEI or ChCl:Gly to enhance the stability of liquid-based
TENGs under high temperature conditions. The LVPL-TENG ex-
hibits a remarkable power density: 6.2 and 4.0 W m~2 for bPEI
and ChCL:Gly electrodes, respectively. Furthermore, these devices
have demonstrated remarkable energy harvesting capabilities,
maintaining their functionality even when stretched up to 400%.
Notably, the LVPL-TENGs maintain a constant electrical output

Small 2025, 21, 2500318

2500318 (11 of 14)

after being subjected to temperatures of up to 100 °C for 24 h.
Using a simple single-electrode design, the LVPL-TENGs can effi-
ciently capture small physiological movements such as grabbing
a cup of coffee or clicking on a computer mouse. Additionally,
these devices have the potential to act as self-powered tactile sen-
sors, capable of detecting touch from variety of materials, which
indicates significant applications in human-machine interaction.
This study provides the basis for deploying stretchable and shape-
adaptable TENGs in high temperature environments.

4. Experimental Section

Materials: Branched polyethyleneimine (bPEl, average M, ~25,
000/M,,~10, 000), choline chloride (ChCl, > 98.0%), and sodium chloride
(NaCl, >98.0%) were procured from Sigma—Aldrich. Glycerol (Gly, 99.0%)
was provided by Samchun Chemicals Co., Ltd. (Korea). Ecoflex 00-30
(Smooth-On Inc.,, USA) and silicon adhesive (ELASTOSIL E43) were
purchased from Coupang, Korea.

Synthesis of ChCl:Gly DES:  The synthesis of ChCl:Gly was conducted
following a previously established methodology.[%%] Briefly, choline chlo-
ride, serving as the hydrogen bond acceptor, was combined with glycerol,
the hydrogen bond donor, in a molar ratio of 1:2. Subsequently, the result-
ing mixture was heated at 80 °C until a clear solution was achieved.

Fabrication of the LVPL-TENGs:  The fabrication of the LVPL-TENGs, as
illustrated in Figure 1A, was achieved through a straightforward process.
Initially, a liquid mixture of Ecoflex 00-30 and Ecoflex 00-50 rubber was cre-
ated by combining Part A and Part B in a 1:1 weight ratio within a beaker.
Following thorough mixing, the Ecoflex blend was promptly poured into a
pre-designed 3D printing mold to ensure complete coverage, after which
it underwent a degassing process under vacuum conditions and was al-
lowed to dry at ambient temperature. Subsequently, a flexible Ecoflex rub-
ber structure featuring a cavity was carefully removed from the mold. The
next step involved injecting liquid electrodes, either bPEI or ChCl:Gly, into
the cavity of the Ecoflex rubber, and a second Ecoflex rubber template of
identical dimensions was employed to encapsulate the liquid, with the two
materials bonded using silicone adhesive. A copper lead wire was affixed
to one side to facilitate electrical connectivity. Upon air drying, an LPVL-
TENGs (2 cm X 2 cm) with a thickness of 0.04-0.045 cm was successfully
produced. The tactile sensor was produced using a similar process; how-
ever, a 3D-printed mold featuring a specifically designed pattern consisting
of 4-by-4 sensor units (1 cm x 1.cm) was employed.
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electrical response.

Characterizing: A thermogravimetric analyzer (Mettler Toledo, TGA2)
was employed to conduct the thermogravimetric analysis of the liquid
electrolytes in a nitrogen atmosphere with a flow rate of 50 mL min~!
and a heating rate set at 10 °C min~'. The triboelectric performance
of the LVPL-TENGs was evaluated as depicted in Figure S10A (Support-
ing Information). A pushing tester (JIPT-120, Junil Tech) facilitated the
contact-separation process, allowing for precise control over the contact
frequency and vertical distance gap. A nitrile glove affixed to an aluminum
(Al) was secured to an acrylic plate, which was subsequently mounted
on a linear motor. The LVPL-TENGs were positioned on a second acrylic
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plate oriented perpendicularly to the motor’s movement. An oscilloscope
(TDS 2012B, Tektronix) was employed to measure the open-circuit volt-
age (Voc). However, for recording the short-circuit current (lsc), a low-
noise current preamplifier (SR570, Stanford Research Systems) was uti-
lized along with the oscilloscope. Data acquisition from the oscilloscope
was carried out using Tektronix OpenChoice version 2.8 software. For
the performance assessment, one terminal of the oscilloscope was con-
nected to the LVPL-TENGs, while the other terminal was linked to the ni-
trile glove/Al layer, thereby establishing the testing circuit (Figure S10A,
Supporting Information). The output performance was obtained at varying

© 2025 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOWIWIOD BA 181D 3 |qeot dde au Aq peusenob e sajole YO 8SN JO S8|nJ 10} AIq1T8UIUO 8|1 UO (SUOTPUOO-PUR-SLUIBY/WIOY A8 |1 Afe.d] 18U JUO//:Sd1y) SUOTIPUOD PUe SWie | 8y} 88S *[6202/90/€T] Uo ARiq118uliuo A8|IM ‘AISieAIuN feuolieN Uesuny| AQ 8TE00G202' 1ILS/Z00T OT/I0p/W00" A3 1M Aelq1jpuljuo//Sdny woy peapeojumod ‘€2 ‘520z ‘62898T9T


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

frequencies and distances between the nitrile glove and Ecoflex surfaces
by fixing the contact force at 2.5 N. For applications in sensing and various
biomechanical energy harvesting scenarios, a single-electrode mode was
implemented (Figure S10B, Supporting Information). In this configura-
tion, one terminal of the oscilloscope was connected to the LVPL-TENGs,
while the other terminal was grounded to complete the testing circuit.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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