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Flexible hydrogel sensors have found extensive applications. How-
ever, the insufficient sensing sensitivity and the propensity to freeze
at low temperatures restrict their use, particularly in frigid condi-
tions. Herein, a multifunctional eutectogel with high transparency,
anti-freezing, anti-swelling, adhesive, and self-healing properties is
prepared by a one-step photopolymerization of acrylic acid and
lauryl methacrylate in a binary solvent comprising water and deep
eutectic solvent (DES). The results from the molecular dynamics
simulations and density functional theory indicate that the hydro-
gen bonds between DES and water mixtures possess better stability
than those between water molecules. On the other hand, DES
breaks down hydrogen bonds in water, providing eutectogels with
excellent anti-freezing even at —60 °C. Cetyltrimethylammonium
bromide is incorporated to establish stable hydrophobic interac-
tions and electrostatic attractions with polymer chains in the
eutectogel network, resulting in superior mechanical (elongation
at break of 2890%) and anti-swelling (only 2% swelling in water over
7 days) properties. The eutectogel-based strain sensors exhibit
remarkable sensitivity, achieving a gauge factor of up to 15.4. The
multifunctional eutectogel sensors can monitor motion and trans-
mit encrypted information at low temperatures, demonstrating
considerable potential for applications in flexible electronics within
low-temperature environments.

Introduction

Flexible hydrogel sensors, recognized for their excellent flex-
ibility, biocompatibility, and processing simplicity, have been
extensively utilized in various applications, including motion
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New concepts

Flexible hydrogel sensors, recognized for their excellent flexibility, bio-
compatibility, and processing simplicity, have been extensively utilized in
various applications, including motion monitoring, electronic skin, and
human-computer interface. However, the low sensitivity restricts the
application. In this study, a multifunctional eutectogel, crosslinked and
stabilized by the hydrophobic interactions and electrostatic attractions,
was prepared by one-step photopolymerization of acrylic acid and lauryl
methacrylate in a binary solvent of water and a deep eutectic solvent.
The eutectogel exhibited high transparency, anti-freezing (freezing
temperatures lower than —60 °C), anti-swelling (less than 2% swelling
in water over 7 days), adhesion, and self-healing properties. The strain
sensors assembled based on the eutectogel showed high sensitivity with
maximum gauge factor of 15.4, which was higher than other reported
eutectogel sensors. The gauge factor could be adjusted by varying the
binary solvent content, affecting the viscosity and ionic conductivity of
solvent. The strain sensors can monitor motion and transmit encrypted
information at low temperatures, demonstrating considerable potential
for applications in flexible electronics within low-temperature
environments.

monitoring, electronic skin, and human-computer interface.'™
However, in specific high-altitude and high-latitude regions
marked by extreme climatic conditions (low temperature and
aridity), hydrogels are susceptible to freezing and water loss
due to their high water content. This leads to the deterioration
of the fundamental properties of the hydrogel, such as flex-
ibility and electrical conductivity, hence impacting their sen-
sing performance.” Consequently, it is essential to develop
materials with greater environmental tolerance to guarantee
the reliable functioning of flexible sensors in extreme climatic
environments.

The primary factor contributing to the freezing of hydrogels
is the conversion of internal free water molecules from a
disordered state to an ordered state driven by hydrogen bond-
ing, which results in the formation of ice crystals.® In dry
environments, the desiccation of hydrogel occurs due to the
evaporation of unbound water from the hydrogel matrix into
the atmosphere.” Consequently, it is theoretically possible to
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achieve anti-freezing capacity and water retention simulta-
neously by regulating the state of water within hydrogels.
Researchers have sought to fabricate environmentally adaptive
hydrogels by minimizing the quantity of free water or encapsu-
lating it within the hydrogel network using the following
strategies: (1) incorporating organic solvents like glycerol,
ethylene glycol, and dimethyl sulfoxide to break hydrogen
bonds among the water molecules.*° (2) Incorporating inor-
ganic salts such as lithium chloride or sodium chloride to
impede the formation of hydrogen bonds between water mole-
cules through the strong hydration effects of the salts."*™"* (3)
Utilizing ionic liquids (ILs) in place of water to prepare ionic
gels. ILs are organic salts with low melting points, which
effectively circumvent the freeze and dehydration issues that
commonly arise in hydrogels."*"'® Nevertheless, the incorpora-
tion of inorganic salts for the synthesis of hydrogels encounters
the challenge of salt precipitation, whereas the utilization of
organic solvents and ILs for hydrogel fabrication gives rise to
concerns about toxicity, conductivity, and cost.

Deep eutectic solvents (DESs) represent an innovative cate-
gory of solvents that are environmentally benign, straightfor-
ward to prepare, cost-effective, and possess exceptional
characteristics, including low melting point and low
volatility."® Several anti-freezing and anti-drying hydrogels
based on DES, called eutectogels, have been developed for
use in wearable strain sensor applications."”*® Nonetheless,
eutectogel strain sensors still present certain challenges, such
as low sensitivity. This may be attributed to the high viscosity of
pure DES, which impedes ionic conduction within the eutecto-
gel, resulting in the low gauge factor (GF) of the strain sensor.”
It has been reported that a small amount of water retention in
eutectogel can reduce the viscosity of the DES and improve
ionic conduction, thereby facilitating the production of high-
sensitivity strain sensors. In addition, the small amount of
water will not affect the anti-freezing and anti-drying properties
of the eutectogel.”” To our knowledge, there is limited research
investigating the impact of water and DES content on sensitivity
in eutectogel-based wearable strain sensors. Therefore, we
believe that elucidating the interaction between DES and water
in eutectogel and investigating the effects of DES and water
content on the sensitivity of strain sensors are crucial for the
advancement of environmentally tolerant multifunctional
eutectogel strain sensors.

In this study, we developed environmentally tolerant eutec-
togels with high transparency, anti-freezing, anti-swelling,
adhesive, and self-healing properties for highly sensitive flex-
ible wearable strain sensors (Fig. 1(a)-(c)). The eutectogels were
prepared by a one-step photopolymerization of acrylic acid (AA)
and lauryl methacrylate (LMA) in a binary solvent consisting of
water and DES based on choline chloride (ChCl) and ethylene
glycol (EG), named PAL. Surfactant cetylammonium bromide
(CTAB) was added to form stable hydrophobic associations and
electrostatic attraction in the eutectogel network. The excellent
environmental tolerance of PAL eutectogels (freezing tempera-
ture < —60 °C) mainly originates from the hydrogen bonding
between DES and water molecules, which has been investigated
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from molecular/atomic and energy levels by molecular
dynamics (MD) simulations and density functional theory
(DFT). Hydrophobic association and electrostatic attraction
constitute dynamic physical cross-linking points, which endow
the eutectogels with good mechanical stability, anti-swelling,
and self-healing properties. The abundance of -COOH and
—-COO™ groups in the eutectogels makes them highly adhesive
to different substrate materials. Furthermore, we assembled
the PAL eutectogel into a strain sensor, which demonstrated
high sensitivity (with a GF of up to 15.4) and good stability
(8000 cycles). The effects of DES and water content on the
sensitivity were investigated. Finally, we employed the strain
sensor for motion monitoring and encrypted message trans-
mission at —30 °C, and the findings indicate that the sensor
can produce steady and distinct signals. Overall, a multifunc-
tional eutectogel with environmental tolerance has been devel-
oped, demonstrating considerable potential for application in
flexible sensors under low-temperature conditions.

Results and discussion

Fabrication of eutectogels

The synthesis of DES based on EG and ChCl in a molar ratio of
2:1 was referenced from previous work (Fig. S1, ESI).> EG and
ChCl are bonded together by hydrogen bonding, which signifi-
cantly reduces the melting point of the composite (Fig. S2,
ESIt). The binary solvent, comprising DES and water as the
dispersion medium for PAL eutectogels, has been demon-
strated to effectively prevent the eutectogels from freezing at
low temperatures. This phenomenon can be attributed to the
ability of DES to disrupt the ordered arrangement of water
molecules. Consequently, the water molecules in the binary
solvent are rendered in a disordered state without freezing
(Fig. 1(d)). PAL eutectogels were prepared via free radical
copolymerization of AA and LMA in the binary DES/H,O
solvents with the presence of CTAB. The DES contents were 0,
33, 50, 66, and 100 wt% of the total solvent mass, with the
corresponding PAL eutectogels designated as PALO, PAL33,
PAL50, PAL66, and PAL100, respectively. The molecular chain
P (AA-co-LMA) inside the eutectogel is a copolymer composed of
hydrophilic AA and hydrophobic LMA. The hydrophobic inter-
actions between LMA and CTAB can serve as physical cross-
linking points, allowing P(AA-co-LMA) to maintain a stable
three-dimensional network structure in DES/H,O binary sol-
vents. The hydrophobic association of the LMA units and the
hydrogen bonding between the AA units endow the eutectogel
with good self-healing capability. Furthermore, the -COOH
groups and ionized -COO™ groups on the P(AA-co-LMA) poly-
mer chains can form hydrogen bonds and electrostatic attrac-
tions with diverse surfaces, thereby conferring the eutectogel
with good adhesion properties. The successfully prepared
eutectogels with different proportions of DES/H,0O were trans-
parent. The transparency of PAL66 eutectogel was measured
using a UV-Vis spectrophotometer in the range of 400 nm to
800 nm, which showed that the transmittance of PAL66
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Fig. 1 Fabrication, chemical structure, and performance of PAL eutectogel.
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bonding interactions between DES and water molecules.

eutectogel was 99% (Fig. 1(b)). The degree of reactivity of free
radical polymerization was investigated using attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR).
The FTIR spectra of the precursor solution and the PAL66
eutectogel demonstrated that the characteristic peak at
~1635 cm ™', attributed to vinyl, disappeared (Fig. S3, ESIY),

indicating that the monomers were fully polymerized.

Mechanical properties

Good mechanical properties in sensors ensure stable output
signals. The influence of DES content in the solvent on the
mechanical properties of PAL eutectogels was examined
(Fig. 2(a)). As shown in Fig. 2(b), the elongation at break
significantly increased with increasing DES content, from
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1086% to 3107%. However, the Young’s modulus and tensile
strength decreased obviously (Fig. 2(c)). In particular, when the
DES content increased from 66 wt% to 100 wt%, Young’s
modulus and tensile strength significantly decreased by
76.30% and 92.78%, respectively. This is attributed to the
disruption of the hydrophobic associations that serve as phy-
sical cross-linking points in the PAL eutectogels. Hydrophobic
association in PAL eutectogel systems is driven by the hydro-
phobic LMA units on the P(AA-co-LMA) chains and the hydro-
phobic ends of the surfactant CTAB, which repel water
molecules in the solution, leading to the formation of hydro-
phobic clusters.”® As the DES content increased, the solution
environment transitioned from pure water to a binary solvent,
and then to pure DES. This transition disrupted the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Mechanical properties of PAL eutectogels. (a) Photographs of PAL eutectogels tensile test. (b) Tensile stress—strain curves of PAL eutectogels. (c)
Young's modulus and tensile strength of the PAL eutectogels. (d) Comparison of tensile strength and elongation of PAL66 with other reported
eutectogels. (e) Continuous loading—unloading tensile tests of PAL66 eutectogel at different strains from 50% to 500%. (f) The calculated total energy,
dissipated energy, and dissipated ratio of PAL66 eutectogel. (g) Performance of PAL66 eutectogel in 200% strain 20 cycles loading—unloading tensile
test. (h) The corresponding maximum tensile stress and dissipated energy per cycle.

hydrophobic associations, leading to a reduction in crosslink
density and a consequent decrease in the Young’s modulus and
tensile strength. When the DES content reached 100 wt%, the
eutectogel’s Young’s modulus and tensile strength became too
low. In addition, the PAL66 eutectogel demonstrated favorable
mechanical stability and stretchability compared to similar gels
based on pure DES or DES/H,0 binary solvents as dispersion
medium (Fig. 2(d)).>**° Therefore, considering tensile proper-
ties, modulus, and strength, the PAL66 eutectogel was selected
for further testing. The cyclic tensile performance of PAL66
eutectogel during continuous loading and unloading (strain
increased from 50% to 500%) was evaluated (Fig. 2(e)). The
corresponding energy dissipation per cycle was calculated,
showing an increase from 4.35 k] m > to 54.41 k] m*®
(Fig. 2(f)). The energy dissipation rate reached more than
28% per cycle. Furthermore, cyclic tensile tests were performed
on PAL66 eutectogel at a fixed strain of 200% (Fig. 2(g)), and
energy dissipation was calculated (Fig. 2(h)). The energy dis-
sipation of 37.05 k] m ™ for the first cycle was 3.6 times and 4.4

This journal is © The Royal Society of Chemistry 2025

times higher than that of the tenth (10.18 k] m ) and twentieth
cycles (8.35 k] m™?), respectively. The maximum stress in the
twentieth cycle (29.18 kPa) was approximately 49% of that in
the first cycle (60.08 kPa). This suggests that the maximum
energy dissipation occurs during the first cycle in the cyclic
tensile test, which correlates with the phenomenon of weaker
non-covalent interactions being broken. A significant residual
strain was observed after 20 cycles of loading-unloading, which
returned the PAL66 eutectogel to its original state after being
left to stand for 0.5 h (Fig. S4, ESIT). In order to ascertain the
recoverability of PAL66 eutectogel following 20 cycles of stretch-
ing, the material was subjected to uniaxial stretching, resulting
in the generation of a stress-strain curve (Fig. S5, ESIT). The
findings indicate that the stress can be recovered to 81% of the
original state, while the strain can be recovered to 97% of the
original state. This behavior is attributed to the destruction of
some physical cross-links of the PAL66 eutectogel during the
continuous deformation process. The ability of the eutectogel
to return to its original state is due to the reconstruction of

Mater. Horiz., 2025,12, 2604-2618 | 2607
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these physical cross-links. This mechanism of destruction and
reconstruction effectively prevents material failure caused by
stress concentration during repetitive deformation. Subse-
quently, the compression properties of PAL66 eutectogels were
characterized (Fig. S6, ESIt), and the PAL66 eutectogels showed
residual strain and energy dissipation behaviors during com-
pression, attributed to the disruption and remodeling mechan-
isms of the physical cross-linking points.

Environment tolerance performance

The environmental tolerance of eutectogels is crucial for the
functionality of wearable sensors. Eutectogel strain sensors
frequently encounter complex environments in practical appli-
cations, such as low temperatures, aridity, exposure to acidic
and alkaline solutions, etc. We first investigated the capacity of
PAL eutectogels to adapt to dry environments (25 °C and 30%
relative humidity). As shown in Fig. S7 (ESIf), the PAL66
eutectogel retained 86% of its initial mass after 24 h, while
the mass of the DES-free PALO hydrogel was only 51% of its
initial value. The excellent environmental adaptability ability of
the PAL66 eutectogel is attributed to the low volatility of DES
and its ability to interact with water molecules. Then we
investigated the swelling resistance of PAL66 eutectogel, and
the results are shown in Fig. S8 (ESIt). PAL66 eutectogel
demonstrated effective swelling resistance in both neutral
(pH = 7) and weak acid (pH = 5) solutions, exhibiting a swelling
rate of less than 2% for the 7-day immersion period. Addition-
ally, in a strongly acidic solution (pH = 3), it retained a certain
degree of swelling resistance, with a swelling rate of 73%. The
establishment of a stable hydrophobic association zone
between the P(AA-co-LMA) molecular chain and CTAB accounts
for this result. In alkaline solutions with pH values of 9 and 11,
PAL eutectogels exhibit a loss of anti-swelling properties. This
phenomenon is attributed to two distinct but interrelated
mechanisms. The alkaline environment facilitates the ioniza-
tion of -COOH, thereby enhancing the hydrophilic character of
the molecular chains. Furthermore, it interferes with the hydro-
phobic binding zones established by the combined effects
of hydrophobic interactions and electrostatic attraction.’'~3*
This facilitates the penetration of water molecules into the
eutectogel.

The PAL eutectogels were subjected to a —60 °C environment
to investigate their anti-freezing performance, as shown in
Fig. S9 (ESIT). Following 2 h in the cold trap at —60 °C, the
PALO, PAL33, and PAL50 samples exhibited freezing and a color
change from their original transparent state to white. In con-
trast, the PAL66 and PAL100 samples with high DES content
remained transparent. The PALO and PAL66 samples were
observed separately (Fig. 3(a)). The PAL66 eutectogel demon-
strated the capacity to remain unfrozen at —60 °C while
maintaining flexibility, whereas the PALO eutectogel underwent
freezing. The mechanical properties of PAL eutectogels were
examined at different temperatures using dynamic mechanical
analysis (DMA). From the tensile stress-strain curves at differ-
ent temperatures, it can be seen that the Young’s modulus of
the PAL eutectogels increases with decreasing temperature

2608 | Mater. Horiz., 2025, 12, 2604-2618
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(Fig. 3(b)). At —60 °C, the PALO hydrogel undergoes complete
freezing, resulting in the loss of tensile properties and a
significant increase in modulus, with stress levels reaching
2.93 MPa at 6% strain. The PAL66 eutectogel remained unfro-
zen at temperatures as low as —60 °C, with an insignificant
increase in modulus, and still exhibited good tensile properties.
To further investigate the effect of temperature on the mechan-
ical properties of PAL eutectogels, temperature scans were
conducted using DMA to evaluate their storage modulus (G’)
and loss modulus (G”). The results of these scans are presented
in Fig. S10 (ESIT). A decline in temperature to —4 °C results in a
marked increase in the G’ and G” of PALO eutectogel, accom-
panied by a discernible peak in the loss angle tangent (tan )
curve. In contrast, although G’ and G” of PAL66 eutectogel also
increase during the temperature decrease, there is no obvious
abrupt change, and the tand curve is relatively flat. This
suggests that PAL66 eutectogel does not freeze within the
scanning temperature range. The anti-freezing performance
of the PAL eutectogel was analyzed by differential scanning
calorimetry (DSC), and the resulting cooling-heating process
curve from 25 °C to —80 °C is presented in Fig. 3(c). During the
cooling and heating process, the PALO hydrogel exhibited
distinct exothermic and heat absorption peaks at —21 °C and
0 °C, respectively. These peaks were attributed to the freezing
and melting of water within the PALO hydrogel. In contrast, the
cooling-heating process curve of PAL66 eutectogel did not
exhibit any exothermic or heat absorption peaks. This suggests
that PAL66 did not undergo crystallization during the cooling
process from 25 °C to —80 °C.

DES can establish hydrogen bonds with water molecules,
thereby incorporating them into the eutectogel and inhibiting
the freezing of water molecules due to the ordering induced by
hydrogen bonding. To investigate the interaction between DES
and water molecules in PAL eutectogel, we selected PAL66
eutectogel as a representative for molecular dynamics (MD)
simulations. As illustrated in Fig. S11 (ESIY), six distinct types
of hydrogen bonds are observed in the molecular dynamics
snapshot. The choline cation (Ch") and ethylene glycol (EG) in
DES can simultaneously serve as both hydrogen bond donors
(HBD) and acceptors (HBA), whereas the chloride ion (Cl7) can
act exclusively as the HBA.** This results in the formation of 5
types of hydrogen bonds between the water molecule and DES,
and a 6th type of hydrogen bond between water molecules. The
distribution relationship between the HBDs and HBAs involved
in hydrogen bonding interactions can be elucidated by plotting
the radial distribution function (RDF) of the corresponding
particles (Fig. S12, ESIt). The size of the first peak of the RDF
quantifies the probability that the first nearest-neighbor parti-
cle occurs at a specific distance from the center particle. The
peak indicates the probability of the particle appearing at that
particular distance. The first peak of the Cl™ chc—Hwater RDF
curve reaches 10.2, which is significantly higher than the other
interacting particles. This finding suggests that the Hyacer
atoms were most likely to form hydrogen bonds with Cl™ ¢pc.
This is because all six types of hydrogen bonds previously
discussed are of medium strength and are dominated by

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Anti-freezing performance of PAL eutectogels. (a) Digital photographs of PALO and PAL66 eutectogels at 25 °C and —60 °C. (b) Tensile stress—
strain curves of PALO and PAL66 at different temperatures. (c) DSC curves of PALO and PAL66 eutectogels. (d) Probability density function of hydrogen
bond donor-acceptor distance. (e) Probability density functions for hydrogen bond donor—acceptor angle. (f) Type of hydrogen bonds and the number
as functions of simulation time. (g) Binding energy of H,O-H,O and H,O-DES. (h) IGMH three-dimensional diagram of H,O-H,O and H,O-DES.

electrostatic attraction.®® The electrostatic attraction between
negatively charged Cl ¢nc) and Hyaeer is considerably stronger
than that between uncharged neutral O and Hysaer, resulting in
a higher probability of hydrogen bond formation between
Cl™ char and Hyaeer- Subsequently, an analysis of the geometrical
characteristics and number of hydrogen bonds was conducted
based on the results of molecular dynamics trajectories. The
criteria for determining the formation of hydrogen bonds
between particles are as follows: first, the donor-acceptor
distance must be less than 3.5 A; second, the donor-H-
acceptor angle must range from 150° to 180°. The six types of
hydrogen bonds in the system can be categorized into three
groups: one for H,0-DES (H,O as donor), another for H,O-DES
(H,O as acceptor), and a third for H,0-H,O. Fig. 3(d) and (e)
illustrate the probability density functions (PDF) for the donor-
acceptor distances and the donor-H-acceptor angles, respec-
tively. The H,O-DES (H,O as donor) donor-acceptor distance
PDF curves show two peaks, the peak at 3.17 A is the distance
between the Oyaeer and the Cl ¢pcp, and the peak at 2.70 A
corresponds to the distance between the Oyaeer and the Ocpcr-
The H,0-DES (H,O as acceptor) and H,0-H,0 donor-acceptor
distance PDF curves have only one peak at 2.71 A and 2.72 A,

This journal is © The Royal Society of Chemistry 2025

respectively. The PDF curves of donor-H-acceptor angles for all
three types of hydrogen bonds have only one peak located at
168.37°, 168.13° and 167.02°, respectively. This result indicates
that stable hydrogen bonds are formed within the PAL66
eutectogel system and the geometrical features of the hydrogen
bonds are very similar. Then, we counted the number of
hydrogen bonds formed between H,O and DES and H,O and
H,O0, respectively (Fig. 3(f)). The average number of H,O-DES
hydrogen bonds reached 709 higher than that of H,0-H,O
hydrogen bonds (485), which intuitively demonstrated from the
atomic level that DES could interfere with the formation of
hydrogen bonds between water molecules, thus conferring the
environmental tolerance property to PAL66 eutectogel. Further-
more, the energetic aspects of hydrogen bonding between water
molecules and other components of the eutectogel have been
investigated by density functional theory simulation (DFT)
(Fig. S13, ESIf). The binding energy of H,O-DES was found to
be —9.57 keal mol *, higher than the binding energy of H,0-
H,O (—5.46 kcal mol™") (Fig. 3(g)). To visualize the hydrogen
bonding in the H,O-DES system and the H,O-H,O system, an
analysis of the hydrogen bonding interactions was conducted
using the Independent Gradient Model based on the Hirshfeld
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Partition (IGMH) method. The results are illustrated in
Fig. 3(h), wherein the blue-green isosurfaces delineate the
hydrogen bonding interactions in the H,O-DES system and
the H,0-H,O0 system. Notably, the isosurfaces of the H,0-DES
system exhibit a darker hue. This suggests that the hydrogen
bond formed between H,O and DES is more stable than that
formed between water molecules. Therefore, DES can interfere
with hydrogen bonding between water molecules and form
more stable hydrogen bonds with water molecules, thus pre-
venting PAL66 eutectogels from freezing at low temperatures
and losing water in dry environments.

Adhesion and self-healing properties

Flexible sensors necessitate a stable connection with the sub-
strate to ensure accurate signal collection in practical
applications. The adhesion properties of the eutectogel are
critically significant. The PAL66 eutectogel exhibits effec-
tive adhesion properties across various common substrates,

View Article Online
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including silicone pad, glass, plastics, copper sheets, wood, and
steel (Fig. 4(a)). The P(AA-co-LMA) polymer chain within the
PAL66 eutectogel contains a multitude of -COOH and ionized
—-COO™ groups. Therefore, the adhesion between the eutectogel
and the substrate can be attributed to hydrogen bonding
interactions and electrostatic attraction.® The adhesion
between the eutectogel and metal surfaces is primarily driven
by electrostatic attraction, whereas the adhesion to surfaces of
substrates such as silicone pad, glass, plastic, and wood is
predominantly facilitated by the formation of hydrogen bond-
ing interactions (Fig. 4(b)). The lap-shear tests were conducted
to quantify the adhesion strength of the PAL66 eutectogel, with
all eutectogel samples cut to a uniform size of 10 x 10 x 1 mm?
(Fig. 4(c)). The results are shown in Fig. 4(d) and (e). The PAL66
eutectogel demonstrated favorable adhesion when tested with a
variety of materials, including silicone pad (22.11 kPa), glass
(25.53 kPa), copper (22.81 kPa), and wood (14.24 kPa). However,
flexible sensors are exposed to much harsher environments in
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practical applications. The adhesion ability of PAL66 eutectogel
was initially examined in a high-humidity (25 °C, 90% relative
humidity) environment, and the results are presented in
Fig. S14a and b (ESIt). The adhesion strengths of PAL66
eutectogel with silicone pad, glass, copper, and wood are
30.60 kPa, 22.26 kPa, 17.41 kPa, and 33.71 kPa. The adhesion
strength of PAL66 eutectogel with glass and copper was
observed to undergo a slight decrease, while the adhesion
strength with silicone pad and wood was found to undergo
an enhancement. These findings indicate that PAL66 eutectogel
retains satisfactory adhesion properties in high humidity envir-
onments. Subsequently, copper, which exhibits the poorest
adhesion strength in high humidity environments, was selected
as a representative substrate, and the adhesion performance of
PAL66 eutectogel in varying pH levels (pH = 3, 5, 7, 9, 11) was
further investigated (Fig. S14c and d, ESIt). The lowest adhe-
sion strength (~14.58 kPa) was observed at pH 7, which was
lower than that of the high humidity environment. Conversely,
the adhesion strength increased when the pH was either acidic
or alkaline compared to that of the high humidity environment.
This phenomenon could be attributed to the fact that acidic
and alkaline solutions corroded the surface of the copper sheet,
resulting in a roughened surface that enhanced the adhesion
between PAL66 eutectogel and the copper sheet. The findings
indicate that PAL66 eutectogel maintains robust adhesion on
surfaces with which acidic or alkaline solutions are in contact.
We also selected glass, which exhibits a reduced adhesion
strength in high humidity environments, as a substrate and
examined the adhesion performance of PAL66 eutectogel at
varying pH levels. As illustrated in Fig. S14c and d (ESIt), the
adhesion strength of PAL66 eutectogel on glass substrates at
varying pH levels was determined to be 14.72 kPa, 15.82 kPa,
13.74 kPa, 17.11 kPa, and 13.55 kPa, respectively. The findings
of the study demonstrated that the adhesion performance of
PAL66 eutectogel remains unaltered under varying pH levels.
Besides adhesion properties, multiple non-covalent interac-
tions confer self-healing properties to PAL eutectogels. The self-
healing properties of the material can prolong its lifetime and
diminish the potential for environmental contamination. A
series of experiments were conducted to investigate the self-
healing properties of eutectogels. The eutectogel was cut in half
and subsequently assembled at 25 °C and —30 °C for a specified
duration. Uniaxial tensile experiments were conducted, and the
results are shown in Fig. 4(f), (g) and Table S2 (ESIf). The
eutectogel exhibited self-healing efficiencies of 17.39%,
18.19%, and 20.71% at 25 °C over durations of 6 h, 12 h, and
24 h, respectively. At an ambient temperature of —30 °C, the
self-healing efficiencies of the eutectogel were recorded at
8.42%, 9.12%, and 9.20%, indicating a significant inefficiency
in self-healing capabilities. This is because only the hydrogen
bonds and a limited number of hydrophobic association
regions can be disrupted and rebuilt during the self-healing
process (Fig. S15a, ESIt). It has been reported that the use of
ethanol (EtOH) can disrupt hydrophobic associations, thus
facilitating the diffusion of the polymer molecular chains to
the interface and the formation of a variety of interactions
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(electrostatic attraction, van der Waals forces, and hydrophobic
association reconfiguration).>* Anhydrous EtOH was applied to
the two sections of the PAL66 eutectogel that had been cut in
half. After the EtOH evaporated for a while, the two halves of
the eutectogel were spliced together and the eutectogel could
be stretched to a certain length. The optical photos at the
eutectogel section revealed that most of the gaps had been
restored (Fig. 4(h)). As illustrated in Fig. S15b (ESI}), the
natural self-healing process is limited to the reforming of
hydrogen bonds. After EtOH treatment, both hydrophobic
associations and hydrogen bonds in the eutectogel participate
in the self-healing process, thereby enhancing the eutectogel’s
self-healing efficiency. Subsequently, the EtOH-assisted self-
healing properties of PAL66 eutectogel were investigated
through uniaxial tensile testing. The self-healing efficiency of
PAL66 eutectogel was observed to increase with the healing
time, reaching 58.82% after 24 h of healing at 25 °C. Further-
more, the self-healing performance of PAL66 eutectogel was
evaluated in a temperature-controlled environment at —30 °C.
The observed trends were comparable to those observed at
25 °C. The self-healing efficiency of the eutectogel was deter-
mined to be 48.42% after 24 h of healing. This is markedly
higher than the self-healing efficiency of the natural self-
healing process, which is approximately 2.8 times higher at
25 °C and 5.3 times higher at —30 °C. The self-healing at low
temperatures is attributed to the coupling of the anti-freezing
and self-healing properties of the PAL66 eutectogel. The effec-
tive anti-freezing facilitates the mobility of P(AA-co-LMA) mole-
cular chains to move even at low temperatures of —30 °C, which
aids in the reconfiguration of the hydrogen bonding and
reformation of hydrophobic association regions.

Strain sensing performance

The PAL66 eutectogel exhibits excellent mechanical character-
istics, notable flexibility, adhesion properties, self-healing
capabilities, and exceptional anti-freezing properties. The
assembly of resistive sensors was conducted using eutectogels,
aimed at evaluating its strain sensing performance (Fig. S16,
ESIt). The parameter GF, which is used to quantify the sensi-
tivity of the strain sensors, was subjected to testing, and the
results are presented in Fig. 5(a) and (Fig. S17, ESIt). The
results of the study indicate that the GF of the eutectogel strain
sensor exhibits an initial increase, followed by a subsequent
decrease, with an increase in water content. Furthermore, the
maximum GF of the eutectogel strain sensors is observed to be
at its zenith when the water content reaches one-third of the
binary solvent. This is because the resistance change is crucial
for the GF of eutectogel, which is an ionic conductor, and the
number of ions and ionic conduction rate in turn determine
the resistance of eutectogel. Water can modulate the DES
solvent viscosity and increase the ionic conduction rate in
eutectogels, however, too high a water content will result in a
decrease in the number of ions inside the eutectogel, so the
proper water content allows the number of ions inside the
eutectogel and the ionic conduction rate to be balanced, thus
increasing the GF of the eutectogel strain sensor.'”>**" The

Mater. Horiz., 2025,12, 2604-2618 | 2611


https://doi.org/10.1039/d4mh01665c

Published on 09 January 2025. Downloaded on 3/16/2026 2:07:23 AM.

Materials Horizons

View Article Online

Communication

a b
This work P(AA-co-LMA)-ChCLEG
6000 151 ° This work P(AM-co-AA)-Fe3*/Gly, Betaine
= Ref.37
15 o Ref.37 PHEAA-Gelatin/Mxene/Betaine, EG
< 4000 E 101 Ref.41 )
n\g sz=9.0 o Ref.36 PAA-ChCILICI
R2=0.99
% 3 51 Ref.39 P(AA-co-Am)-Ca?*
20001 GF 39 ©
1=3. * 40 PAA-ChCUBMIM*CI
R=0.98 -~ o) ReM42 Ref.38
o Ref.40 PHEAA-ChCI, EG
0 200 400 600 20 o ~60 Ref.42 PAA-RF/ChCI,Gly
Strain (%) Anti-freezing temperature (°C)
C d e
25 -
——200 mm min™! —10% 1000/0
w 150 mm min"? 20 20% 600 —ggg"f
100 mm min”' —30% ?
< 20 mm min”! L 15 S
= —— 15 mm min”' e 2 400
14 —— 10 mm min”' 14 10 14
€ g %
< /\/\/\ 200
/\/\/\_ °
0 0
0 100 200 300 400 0 10 20 30 0 100 200 300 400 500 600
£ Time (s) Time (s) Time (s)
80
50% strain loading-unloading 8000 cycles
601 2 Ly o
—_ < < <
2 © 10 @ 10, e 10
< < 1 < <
© 40 . ... ‘
14 .
14 " ~ .
S ;
20
0 T T T T T
0 5000 10000 15000 20000
Time (s)

Fig. 5 Performance of strain sensors based on PAL66 eutectogel. (a) Relative resistance versus strain curve of PAL66 eutectogel strain sensor. (b)
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small strains (10-30%) and large strains (100-300%). (f) Relative resistance variation of the PAL66 eutectogel strain sensor under cyclic loading—

unloading with 50% tensile strain for 8000 cycles.

linear range of the PAL66 eutectogel can be delineated into
three distinct regions: 0-300% strain, 300-500% strain, and
500-700% strain. The corresponding GF of these regions is 3.9,
9.0, and 15.4, respectively. It is notable that the GF value
exhibits an increasing trend with the elevation of tensile strain.
This phenomenon can be attributed to the reduction in the
cross-sectional area of the PAL66 eutectogel during the stretch-
ing process, which results in a slower rate of ion transport and
an increase in the relative resistance of the eutectogel. We
compared the two indexes of GF and freezing temperature of
PAL66 eutectogel with the anti-freezing eutectogel strain sen-
sors that have been reported (Fig. 5(b)). The PAL66 eutectogel
exhibits an operating frost resistance of —60 °C and a GF of up
to 15.4, which affords it a significant advantage over other DES-
based hydrogel strain sensors.*®™** PAL eutectogels were pre-
pared using UV photopolymerization, and to demonstrate the
reproducibility of their performance, we conducted an exam-
ination of the strain sensing performance of the regions located

2612 | Mater. Horiz., 2025,12, 2604-2618

on the four edges of the same eutectogel (Fig. S18a, ESIT).
Fig. S18b-e (ESIt) illustrates the relative resistance versus strain
curves of the four regions, and the GF values of the four regions
are calculated separately. It was determined that the largest
discrepancy in GF; was observed in regions 1 and 4, while the
largest discrepancy in GF, was also noted in regions 1 and 4,
the largest discrepancy in GF; was identified in regions 3 and 4,
with a gap of 9.64%, 7.02%, and 11.67%, respectively. These
error values are within acceptable limits, indicating excellent
reproducibility of the eutectogels. The response of the strain
sensors to varying strain rates was subsequently examined. As
illustrated in Fig. 5(c), the sensors were capable of producing
discernible and stable signals at both slow strain rates (10-
20 mm min ') and fast strain rates (100-200 mm min ). In
light of the fact that strain sensors will be subjected to repeated
loading and unloading cycles in practical applications, we
investigated the cyclic stability of strain sensors. To further
investigate the stability of the strain sensor output signal,
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progressive cyclic tensile tests were conducted at both small
(10-30%) and large (100-300%) strain levels (Fig. 5(d) and (e)).
The findings demonstrate that the strain sensor is capable of
maintaining uninterrupted and reliable signal output at both
small and large strain levels, with a high resolution and signal-
to-noise ratio. The response speed of the sensor was examined
by loading 30% strain. As illustrated in Fig. S19 (ESIt), the
response and recovery times of the strain sensors were 347 ms
and 529 ms, respectively. As illustrated in Fig. 5(f), the strain
sensor exhibits highly reproducible signals in 8000 consecutive
loading-unloading cycles at 50% strain, further substantiating
the exceptional cyclic stability of the strain sensor. Further-
more, the signals exhibited no significant drift during the
constant strain, which suggests that the PAL66 eutectogel strain
sensors are capable of responding to strains at faster rates and
producing stable signals in practical application scenarios. The
long-term stability of the strain sensor was also investigated. As
illustrated in Fig. S20a and b (ESI{), the PAL66 strain sensor
was extended to 200% in order to assess its sensitivity stability.
The GF value for the 200% strain was approximately 2.75 on day
1 and 2.62 on day 7, exhibiting minimal variation. Secondly, the
signal stability of the PAL66 strain transducer was examined on
days 1, 3, 5, and 7. It was found that the waveform and
amplitude of the sensed signals remained near stable values
(Fig. S20c, ESIt). These findings suggest that the PAL66 strain
sensor exhibits good long-term stability. In order to ascertain
the effect of temperature on the sensing capability of the PAL66
strain sensor, the sensor’s sensitivity was examined under
continuous cooling conditions. Specifically, the sensor was
stretched to 200%, and its GF was calculated in two segments
(Fig. S21a-g, ESIt) and plotted as a function of temperature and
GF value (Fig. S21h and i, ESIt). It was observed that the GF of
the PAL66 strain sensors exhibited a decline with a reduction in
temperature. Both GF; and GF, demonstrated a pronounced
decrease at 0 °C and subsequently attained a stable value. By
measuring its initial resistance at varying temperatures, it was
determined that the initial resistance of PAL66 strain sensor
increases with decreasing temperature (Fig. S22, ESIf). This
phenomenon can be attributed to the fact that a decrease in
temperature leads to a decrease in the ionic conduction rate
inside the eutectogel, thereby increasing the initial resistance
of the eutectogel and consequently decreasing GF. However,
even when the temperature is lowered to —40 °C GF; and GF,
are still able to remain at 1.13 and 2.33 respectively, which
suggests that PAL66 sensors have the potential to be used in
low temperature environments. Practical applications may
encounter scenarios that alternate between ambient and low
temperatures; therefore, the sensing performance of the PAL66
strain sensor at fluctuating temperatures was examined. As
demonstrated in Fig. S23 (ESIT), when the temperature fluc-
tuates between 25 °C and —30 °C, the relative resistance versus
strain curves of the sensor maintains a consistent trend at a
given temperature. Furthermore, when an external force is
applied to the sensor, resulting in a strain of 200%, the peak
signal stabilizes at approximately 340 at 25 °C and 274 at
—30 °C. These results indicate that the PAL66 strain sensor is
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capable of operating properly at fluctuating temperatures.
Finally, the adaptability of the APL66 strain sensor to dry
environments was examined. From the preceding examination
of the mass retention of PAL66 eutectogel in a dry environment
(25 °C, 30% relative humidity), it can be observed that the mass
of PAL66 eutectogel reaches equilibrium after 8 h. Conse-
quently, the sensing performance of the PAL66 strain sensor
was examined after they were placed in a dry environment for
12 h (Fig. S24, ESIf). It was observed that although the GF value
decreased, the maximum GF remained at 1.88, and the PAL66
strain sensor continued to function adequately in the dry
environment.

Applications of eutectogel-based strain sensor

The strain sensor based on PAL66 eutectogel exhibits excellent
mechanical stability, anti-freezing properties, high sensing
sensitivity, and cyclic stability, enabling its effective operation
at low temperatures. As illustrated in Fig. 6(a), PAL66 strain
sensors have been attached to the mechanical claw to monitor
its motion. Strain sensors were affixed to a mechanical gripper
to quantify the extent of bending when grasping objects of
varying dimensions (Fig. 6(b)). The results demonstrate that the
bending degree of the gripper can be monitored by a strain
sensor in both room temperature (25 °C) and low temperature
(—30 °C) environments, and the output signals are highly stable
(Fig. 6(c) and Fig. S25, ESIt). Subsequently, strain sensors were
attached to the robot’s knees to monitor the degree of knee
flexion during the act of walking (Fig. 6(d)). As illustrated in
Fig. 6(e), the relative resistance change signals generated by the
strain sensors exhibited precise correlation with the bending of
the robot’s knee during a 20-step walking cycle conducted at
room temperature (25 °C) and low temperature (—30 °C). In
addition to motion monitoring of robots, we also investigated
the potential of PAL66 eutectogel-based strain sensors for use
in the field of encrypted information transfer. As illustrated in
Fig. 6(f), the spike signals and square models generated by the
strain sensors with varying degrees of bending can be corre-
lated with the dots and lines of the Morse code. This facilitates
the generation of relevant information according to the princi-
ples governing the arrangement of dots and lines in Morse
code. The strain sensor was utilized to output English words,
including “YES”, “NO”, and “DES”, at two distinct tempera-
tures: 25 °C and —30 °C. Fig. 6(g)—-(1) demonstrates that the
output signals exhibit high readability, supporting the potential
application of the PAL66 eutectogel strain sensor in encrypted
information transmission.

Conclusion

In conclusion, the PAL eutectogel was fabricated via a one-step
photopolymerization of AA and LMA in the presence of CTAB in
a DES/H,0 binary solvent. The eutectogel with optimal overall
performance was achieved by modifying the ratio of DES to
water. The extensive hydrogen bonding network between DES
and water molecules endowed the eutectogel with remarkable
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Fig. 6 Applications of PAL66 eutectogel-based strain sensors. (a) Schematic diagram of strain sensors monitoring robot motion. (b) and (c) Strain
sensors monitor the degree of bending of robots gripping objects of different sizes. (d) and (e) Strain sensors monitor how much the robot's knees bend
when walking. (f) Strain sensor output signal corresponds to Morse code. (g) Strain sensor output signal “YES" at 25 °C. (h) Strain sensor output signal
“NO" at 25 °C. (i) Strain sensor output signal “DES" at 25 °C. (j) Strain sensor output signal “YES"” at —30 °C. (k) Strain sensor output signal “NO" at —30 °C.

(1) Strain sensor output signal "DES" at —30 °C.

environmental tolerance, reaching a freezing temperature of properties (only 2% swelling in water over 7 days). Moreover,
—60 °C. CTAB can establish stable hydrophobic binding sites PAL66 eutectogel demonstrates commendable self-healing
with the polymer chain via hydrophobic interactions and properties, achieving a self-healing efficiency of 59%. The
electrostatic attraction. These areas function as dynamic phy- polymer chain containing a significant quantity of ~-COOH
sical cross-linking sites, endowing the eutectogel remarkable and -COO™ groups imparts advantageous adhesion character-
stretchability (elongation at break of 2890%) and anti-swelling istics to the eutectogel (14-25 kPa). Water can modulate the
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viscosity of the binary solvent, hence impacting the sensitivity
of the eutectogel strain sensor. Consequently, we obtained
highly sensitive eutectogel sensors (GF up to 15.4) by varying
the DES/H,0 ratio. The eutectogel sensor was employed to track
the motion of a robot and the transmission of an encrypted
message at —30 °C, demonstrating remarkable adaptability in
the low-temperature environment. This study provides signifi-
cant insights that can guide the design and development of
environmentally tolerant and high-sensitive eutectogel-based
strain sensors.

Experimental section

Materials

Acrylic acid (AA, 99%) was purchased from Aladdin (China).
Ethylene glycol (EG, 99%), choline chloride (ChCl, 99%), lauryl
methacrylate (LMA, 99%), 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, 98%), and cetyltrimethy-
lammonium bromide (CTAB, 99%) were purchased from Ada-
mas (China). All reagents were used directly without further
purification.

Synthesis of DES

ChCl and EG were first mixed in a 1: 2 molar ratio, and then the
mixture was stirred at 90 °C for 2 h until it became a homo-
geneous and transparent solution.

Preparation of the PAL eutectogels

The precursor solutions were obtained by adding 1.5 g of AA,
0.15 g of LMA, 0.35 g of CTAB, and 8.25 mg of Irgacure 2959 to a
binary solvent consisting of DES and water (the specific ratios
of the binary solvents are detailed in Table S1, ESIf). Subse-
quently, the precursor solutions were introduced into a mold
constructed using a glass plate and a silicone pad and left for
1 h under conditions that avoided the influence of light.
Finally, the molds containing the precursor solution were
irradiated under a 365 nm wavelength UV light (light intensity:
0.17 W em™?) for 0.5 h to obtain PAL eutectogels.

Characterization

ATR-FTIR spectra were measured by a Nicolet 5700 instrument
(Nicolet Co., USA) with a resolution of 4 cm™" over the range
500-4000 cm ™', UV-Vis spectroscopy (Agilent Cary 60) was used
to assess the transmittance of eutectogel samples with a length
of 30 mm, a width of 10 mm and a thickness of 1 mm.

Mechanical measurements

The PAL eutectogel was cut into 30 x 5 x 1 mm?® strips and
tensile tests were carried out at a rate of 50 mm min ', each
sample was tested at least 3 times. Continuous loading-unload-
ing tests and cyclic loading-unloading tests are performed at
the same rate. The dissipated energy is estimated based on the
area between the loading-unloading curves, which is calculated
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by the following equation:
&f
Dissipated energy = J Oloading — O'unloadingdg (1)
0

where Gigading and Gunioading refer to stress under loading and
unloading processes, respectively. ¢ represents the strain at
fracture.

For the compression test, the eutectogel needs to be pre-
pared as a cylindrical sample with a height of 20 mm and a
diameter of 10 mm. Both the compression test and the cyclic
compression test were performed at a rate of 5 mm min~". All
mechanical performances were evaluated by a universal testing
machine (HZ-1004, Lixian Instrument Technology, China).

Environmentally tolerance performance of PAL eutectogel

The tolerance to desiccation, swelling in solvent, and freezing
was studied. The eutectogels were cut into squares with 15 x 15
x 1 mm?® and placed in a constant temperature and humidity
incubator to examine the resistance to desiccation. The ambi-
ent conditions were set at 25 °C and 30% relative humidity. The
mass retention rate was calculated by the following equation:

Mass retention rate = g x 100% (2)
0
where m, is the initial weight of the eutectogel and m is the
weight of the eutectogel after a period of time in a constant
temperature and humidity incubator.

The eutectogels were soaked in solutions with varying pH
values of 3, 5, 7, 9, and 11 to examine the anti-swelling
properties of the eutectogel. The swelling ratio was calculated
by the following equation:

. . m—m
Swelling ratio = 0

x 100% (3)
my
where m, is the initial weight of the eutectogel and m is the
weight of the eutectogel after a certain time of immersion.
The tolerance to freezing was then investigated. Eutectogels
were stored in a cold trap at —60 °C for 2 h. The appearance of
the eutectogels was observed, and the eutectogels were bent to
determine if they had been frozen. The mechanical properties
of PALO and PAL66 eutectogels were investigated under tem-
perature varying conditions using a dynamic mechanical ther-
mal analyzer (DMA, Q800, TA, USA). The stress-strain curves of
PALO and PAL66 eutectogels were firstly tested at different
temperatures (25, —30 and —60 °C). The energy storage mod-
ulus (G'), loss modulus (G”) and loss factor (tan §) of PALO and
PAL66 eutectogels were also tested by temperature scanning.
The temperature range was —60 to 25 °C, the frequency was
1 Hz, and the amplitude was 15 pum. A differential scanning
calorimeter (DSC, 2500, TA, USA) was used to characterize the
anti-freezing properties of PAL eutectogels. The rate of heating/
cooling was 1 °C min~" and the temperature range was —80 °C
to 25 °C.

Simulation methods

Molecular dynamics (MD) simulations were performed using
the large-scale atomic/molecular massively parallel simulator
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(LAMMPS) package (2 Aug 2023 - Update 3).***** The model was
built using Packmol and Moltemplate software.*>*® The simu-
lation box for the PAL66 eutectogel contained 8 P(AA-co-LMA)
polymer chains (each comprising 40 repeating units), 16 CTAB
molecules, 110 ChCl molecules, 220 EG molecules, and 800
water molecules, corresponding to the mass ratio of each
component in the PAL66 eutectogel system. The SPC/E water
model was used to simulate water molecules, and the SHAKE
algorithm was applied to keep the water molecules rigid.*”"*®
The OPLS-AA force field was used to describe all other mole-
cules in the system.*>*® MD simulations were performed using
the NPT ensemble with a time step of 1 fs. The PAL66
eutectogel system was first subjected to energy minimization
and then the system was slowly heated to 273 K (0 °C) within
1 ns. After that, the system was then relaxed at 273 K (0 °C) and
1 bar for 2 ns to reach equilibrium and finally the dynamics
were run for 10 ns. The snapshots of the MD simulations were
processed using the visual molecular dynamics (VMD)
software.”” The Python library MDAnalysis was used to analyze
the hydrogen bonding of the PAL66 eutectogel system.>?

Density functional theory (DFT) was applied to investigate
the weak interactions between water molecules and DES in the
system. All DFT calculations were performed using ORCA 5.0.4
package.>® The specific computational procedure is as follows:
firstly, geometry optimization and frequency calculations were
performed using the B3LYP functional paired with the def2-
TZVP basis set.>*>° Dispersion corrections were applied using
Grimme’s D3 (BJ) method.?”*® Subsequently, binding energies
of water and DES were computed using the B3LYP functional
and def2-TZVP basis set, with counterpoise (CP) corrections for
basis set superposition error (BSSE).”’ The binding energy
(AE;in) was calculated by the following equation:

AEin: = Enp — EAB(A) - EAB(B) (4)

where E,p represents the single-point energy of the composite
system A and B. Eap(s) is the single-point energy of A which
considers BSSE and Eagg is the single-point energy of B which
considers BSSE. Weak interactions within the system were
analyzed using the independent gradient model based on
Hirshfeld partition (IGMH) method in Multiwfn 3.8 software,
and the results were visualized using VMD software.®*®"

Adhesion property of eutectogels

The lap-shear test was used to test the adhesion properties of
eutectogel and different substrate materials, firstly eutectogel
was cut into small pieces of 10 x 10 x 1 mm?® and then pasted
between two pieces of substrate and the samples were pulled at
a fixed rate of 1 mm min~" until the eutectogel and substrate
separated, at least three samples of each eutectogel were
prepared and used for testing. Adhesion strength was deter-
mined by dividing the maximum force by the overlap area.
Adhesion strength in a high humidity environment was deter-
mined by placing the materials together in a constant tempera-
ture and humidity incubator (25 °C and 90% relative humidity)
for 2 h after attaching them to the substrate before performing
the lap shear test. The test procedure and the calculation of the
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adhesion strength are the same as those described above. A
solution of pH = 3, 5, 7, 9, and 11 was added dropwise to the
surface of the PAL66 eutectogel samples. The samples were left
for 30 s and then affixed to a copper sheet. Adhesion strength
was subsequently tested by lap-shear experiments. The test
procedure and the calculation of the adhesion strength are
the same as those described above.

Self-healing property of eutectogels

The eutectogel was cut into 30 x 10 x 1 mm?® strips and then
cut off at the center, ethanol was applied to the cut section and
then the two cut sections were reassembled. The self-healing
properties of the eutectogels were investigated by uniaxial
tensile tests after being placed at 25 °C and —30 °C for 6 h,
12 h, and 24 h, respectively. The self-healing efficiency of the
eutectogel was calculated from the breaking strength. The self-
healing efficiency was calculated by the following equation:

Self-healing efficiency = Ui x 100% (5)
0
where o, is the breaking strength of the original eutectogels
and o is the breaking strength of the self-healed eutectogels.

Preparation and testing of strain sensor

The eutectogel was cut into strips of 30 x 10 x 1 mm? and two
pieces of copper foil were applied to the ends of the eutectogel
sample. A gauge factor (GF) was used to evaluate the sensitivity
of the strain sensors. GF is defined as (R — Ry)/(eRo), where R, is
the initial resistance of the eutectogel when it is undeformed
and R is the real-time resistance of the eutectogel when it is
stretched to a given strain ¢. All low-temperature performances
of the eutectogel sensors were performed in a refrigerator.
Sensing performance in dry environments is accomplished by
incorporating a constant temperature and humidity incubator.
A digital multimeter (DMM6500, Keithley, USA) and a universal
testing machine (HZ-1004, Lixian Instrument Science and
Technology, China) were used to apply strain to the strain
sensors and record the resistance values.

Applications for monitoring motion and transmitting
encrypted information

The Eutectogel was cut into 30 x 10 x 1 mm” strips and then
attached to the outside of the grippers, and to the knees of the
robot to monitor their motion. The same size of eutectogel was
attached to the joints of the fingers, and two different signals
were generated by bending and straightening the fingers,
corresponding to the dots and dashes of the Morse code, for
encrypted information transmission. During the experiments
we controlled the ambient temperature to 25 °C and —30 °C.
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