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Liquid Metal Microdroplet-Initiated Ultra-Fast
Polymerization of a Stimuli-Responsive Hydrogel Composite

Jianhua Zhang, Jiahe Liao, Zemin Liu, Rongjing Zhang, and Metin Sitti*

Recent advances in composite hydrogels achieve material enhancement or
specialized stimuli-responsive functionalities by pairing with a functional filler.
Liquid metals (LM) offer a unique combination of chemical, electrical, and
mechanical properties that show great potential in hydrogel composites.
Polymerization of hydrogels with LM microdroplets as initiators is a
particularly interesting phenomenon that remains in its early stage of
development. In this work, an LM-hydrogel composite is introduced, in which
LM microdroplets dispersed inside the hydrogel matrix have dual functions as
a polymerization initiator for a polyacrylic acid-poly vinyl alcohol (PAA/PVA)
network and, once polymerized, as passive inclusion to influence its material
and stimuli-responsive characteristics. It is demonstrated that LM
microdroplets enable ultra-fast polymerization in ~1 min, compared to
several hours by conventional polymerization techniques. The results show
several mechanical enhancements to the PAA/PVA hydrogels with
LM-initiated polymerization. It is found that LM ratios strongly influence
stimuli-responsive behaviors in the hydrogels, including swelling and ionic
bending, where higher LM ratios are found to enhance ionic actuation
performance. The dual roles of LM in this composite are analyzed using the
experimental characterization results. These LM-hydrogel composites, which
are biocompatible, open up new opportunities in future soft robotics and

1. Introduction

Recent trends in the development of
hydrogels offer a wide range of mate-
rial characteristics (e.g., high mechan-
ical stretchability!l high electrical®®
and thermal conductivity!), multi-
functionalities (e-g., actuation,>!
batteries,®1% energy harvesting,''l and
self-healingl1213]), programmability!']
and physical intelligence.[">"'7] Composite
hydrogels, with fillers ranging from micro-
scale (e.g., liquid metal microdroplets!*®!
and graphene oxidel'®]) to nano-scale
(e.g., carbon nanotubes™ and silver
nanowires!?l), provide the hydrogel matri-
ces with electrical or mechanical reinforce-
ment into their material properties beyond
their intrinsic limits. In addition to material
enhancement, functional fillers can also
bring their specialized capabilities to the hy-
drogel. For instance, hydrogel composites
can become magnetically responsive when
dispersed with magnetic particles.[??]

biomedical applications.

J. Zhang, ). Liao, Z. Liu, R. Zhang, M. Sitti
Physical Intelligence Department

Max Planck Institute for Intelligent Systems
Heisenbergstr. 3, 70569 Stuttgart, Germany
E-mail: sitti@is.mpg.de

M. Sitti

Institute for Biomedical Engineering

ETH Zirich

8092 Ziirich, Switzerland

M. Sitti

School of Medicine and College of Engineering
Kog University

Istanbul 34450, Turkey

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202308238
© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is
properly cited.

DOI: 10.1002/adfm.202308238

Adv. Funct. Mater. 2023, 2308238 2308238 (1 of 16)

Ideally, hydrogels are embedded with a
filler to provide a certain function without
compromising their intrinsic properties
(e.g., stretchability). In many composites,
however, the fillers, which are typically
rigid solids, do not always mechanically match the compliance
of the soft hydrogels and hence limit their benefits. For instance,
hydrogels with electrically conductive fillers above their percola-
tion threshold often become less stretchable,[?*) which is at odds
with their purpose. To achieve a certain material enhancement or
a unique function, pairing a hydrogel with a certain filler while
minimally compromising its useful properties has been a major
challenge in composite hydrogels.!'>24]

Liquid metals (LM) are excellent soft polymer fillers with their
unique combination of mechanical properties (e.g., fluidic behav-
iors with high deformability!>! and high surface tension!?6-28])
and electrical properties (e.g., high conductivity!?l). Eutectic
gallium-indium (EGaln, 75% Ga and 25% in by weight!?¢))
is a particularly useful liquid metal for its low melting point
(15.5 °Cl?¢]), high electrical conductivity,?’! and low toxicity.[?"]
When embedded into silicone elastomers, LM microdroplets en-
hance their mechanical properties!**-32! without significantly de-
grading their elasticity. With their unique combination of high
electrical and thermal conductivity and low mechanical stiffness,
these LM microdroplet-embedded elastomers have a wide range

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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of applications, from wearable electronics to soft robotics.!’]
However, compared to other polymers such as hydrogels, sil-
icone elastomers have several limitations (e.g., low swellabil-
ity, low biodegradability, inability to self-heal mechanically) that
make them incompatible with some specific applications. Hy-
drogels offer several capabilities beyond these limits, including
their ability to hydrate as well as dehydrate through their porous
structure,[?3 to self-heal mechanically,*}] and to conduct current
through mobile ions.!®! Despite the promising potential of hy-
drogels, dispersing and embedding LM microdroplets remains
in its early stages of development. While interfacing LM with
hydrogels structurally at mme-scales has been explored in vari-
ous contexts (e.g., biomonitoring electrodes**! and 3D printing
suspensions!*l), LM droplet dispersion at pm-scales similar to
LM-embedded elastomers has yet to be explored in hydrogels.

Polymerization of hydrogels can influence their crosslinked
structure by several factors, including the type of reaction ini-
tiator (e.g., UV, thermal, electrochemical, and persulfates) and
polymerization time (typically on the order of several hours). For
instance, UV-initiated photopolymerization typically takes place
at a higher reaction rate than persulfate-initiated radical poly-
merization, which may affect crosslink density and the result-
ing material characteristics. Interestingly, the LM microdroplet
as an unconventional polymerization initiator was recently stud-
ied for the polymerization of polyacrylamide from vinyl-based
monomers,3® where LM provides free radicals, and poly(acrylic
acid) from acrylic acid monomers,”) which can be ionically
crosslinked by the gallium ions (Ga**) released from the LM mi-
crodroplets. In both cases, the hydrogel systems do not need a
conventional initiator for polymerization to take place. Chemi-
cal polymerization as the primary role of LM dispersion in these
systems motivates their use beyond the currently established LM
microdroplet-embedded polymers, where LM microdroplets are
used for their intrinsic material properties. We note that these
factors are not mutually exclusive. For instance, by tuning the
matrix structure through stronger crosslinks, the hydrogel may
display different mechanical strengths as a result. In this sense,
by their multiple roles, the inclusion of LM microdroplets may
be leveraged to achieve desired hydrogel characteristics that oth-
erwise require other compositional modifications.

Hydrogels as stimuli-responsive materials can also benefit
from LM microdroplets inclusion as LM microdroplets can re-
spond to a wide range of stimuli (e.g., electrical,[?®], magnetic,38!
thermal,®? and chemicall®®)) as a passive (e.g., supporting
compliant structures(“!l) or active component (e.g., generating
forces!?#2] or electricity!®*]) in synergy with the hydrogels. In
addition to the chemical and compositional effects of LM micro-
droplets at a molecular level (e.g., as polymerization initiators),
their inclusion in a hydrogel matrix also has interfacial and func-
tional consequences at a structural level (e.g., LM microdroplets
may influence the hydrogel’s ability to absorb water). This multi-
level duality further exploits the role of LM microdroplets in a
stimuli-responsive hydrogel beyond their conventional uses.

This study presents an LM microdroplets-hydrogel compos-
ite in which LM microdroplets have dual functions as a poly-
merization initiator for a poly(acrylic acid)—poly(vinyl alcohol)
(PAA/PVA) network and, once polymerized, as passive inclu-
sion to influence the hydrogel functionalities (Figure 1A). We
highlight the remarkably reduced polymerization time by us-
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ing LM microdroplets as a controllable initiator (=1 min) in
this work. Compared to existing polymerization methods the
LM-initiated polymerization is remarkably faster (1 min vs sev-
eral hours) at a similar range of molar concentrations of the
initiator (e.g., LM: ~107' mol L' compared to persulfates:
~1072 — 107! mol L7, Figure 1B). This LM microdroplet-
initiated ultra-fast polymerization technique also affects the re-
sponsiveness of hydrogel to electrical stimuli. The LM-hydrogel
composite results in higher stimuli responsivities of the hydro-
gels when used as an electrical bending actuator. We show that
LM microdroplet-hydrogel thin films bend faster ionically in an
electric field compared to similar work, with higher LM ratios re-
sulting in higher bending speeds (Figure 1B). To investigate the
ultra-fast polymerization mechanism, we analyzed the rheolog-
ical behaviors of AA monomer, AA-PVA solution, and LM-AA-
PVA hydrogel during the crosslinking process. The mechanical
performance of the LM microdroplet-hydrogel over various de-
hydration stages (i.e., a soft stage, followed by a tough stage af-
ter 24 h and eventually a rigid stage, Figure 1C) is characterized.
We demonstrate that LM microdroplets significantly enhance
the maximum strain of the rigid LM microdroplets-crosslinked
PAA/PVA hydrogel by ~10 times compared to the LM-free,
UV-crosslinked PAA/PVA hydrogel after swelling. As a stimuli-
responsive material, we examine the LM microdroplet-tunable
bending ability of the LM microdroplet-hydrogels in response to
electric fields by osmosis and humidity by swelling. These be-
haviors are further demonstrated in self-folding structures and
controllable robot locomotion. Finally, we discuss the biocompat-
ibility of the LM microdroplet-hydrogel composites and propose
future prospects for the dual roles of LM in hydrogel polymeriza-
tion and functionalities.

2. Results and Discussion

2.1. LM-Hydrogel Composites
2.1.1. Characteristics of the LM-Hydrogel Composites

To fabricate the LM microdroplets-hydrogel composites,
polyvinyl alcohol (PVA) powder was dissolved in a solution
of acrylic acid (AA) and phosphate-buffered saline (PBS) to
obtain a homogeneous solution. LM (eutectic Ga 75% and In
25% by weight) was added in four various quantities (0, 100, 200,
and 300 mg), which were labeled hereinafter as LM-0, LM-100,
LM-200, and LM-300 groups. The LM microdroplet initiated
the polymerization of AA monomers through rapid radical
polymerization, facilitated by sonication of the LM droplets
for 1 min. The stable colloidal suspension of LM droplets
was produced with a broad diameter range from ~107% to
~10® m and incorporated into the polymer network
(Figure 1A,F; Figure S2, Supporting Information). It was
observed that homogeneity of the LM microdroplets began to
degrade as the LM content exceeded 400 mg, where millidroplets
visibly appeared (Figure S3D, Supporting Information). This
inherent limit on the LM content can be explained by the poly-
merization duration, where a larger volume of LM requires a
longer time for sonication than polymerization. This sonication
process produced smaller LM droplets, increased total surface
area, and accelerated the formation of PAA-PVA hydrogel.
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Figure 1. Polymerization mechanisms of the liquid metal (LM) microdroplet-hydrogel composite. A) (Top) Sonication of liquid metal into microdroplets
enables ultra-fast, LM-initiated polymerization (1 min) of the LM-PAA-PVA hydrogel. (Bottom) The resulting hydrogels transition from a soft to a tough
and eventually rigid state through dehydration at room temperature. B) Compared to existing polymerization methods,[#4->6] the LM-initiated polymer-
ization is remarkably faster (1 min vs several hours) at a similar range of molar concentrations of the initiator (e.g., LM: ~ 10" mol L~" compared to
persulfates: ~ 1072 — 107" mol L™"). The LM polymerization also results in higher stimuli responsivities of the hydrogels when used as an electrical
bending actuator. C) The polymerization of the LM-PAA-PVA hydrogel involves hydroxyl radicals, acrylic acid radicals, Ga** cross-links, and hydrogen
bonds. Rheological characterization was performed on the acrylic acid (AA) monomer, AA-PVA solution, and LM-200 soft hydrogel after sonication,
viscosity (D), and shear stress (E). F) Morphology and distribution of the LM microdroplets in the LM-200 soft hydrogel. (Scale bar: 10 pm). G) FTIR
spectra of PVA, AA monomer, the LM-0, and LM-200 groups.
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The pre-gel solution underwent a “sol-gel” transition and
transformed into a soft hydrogel. The soft hydrogel exhibited
remarkable mechanical strengths such as high stretchabil-
ity, with a maximum strain of up to ~2500% (Figure S1A1,
A2, Supporting Information), as well as self-healing capabil-
ities, where the polymeric network was able to completely
recover after dissection and recontact (Figure S1B, Support-
ing Information). The conductivity of the LM-200 group was
10.3 + 1.4 x 1073 S m™!, which was higher than that of the
LM-0 group (2.3 + 0.2 x 10~ S m~!). Moreover, the conductivity
remained consistent before and after healing in the LM-200
group. The higher conductivity may be attributed to the presence
of LM microdroplets.>’! By leveraging the self-healing capability,
hydrogels with different LM concentrations were able to be com-
bined through self-healing while maintaining high stretchability
(Figure S1D, Supporting Information). The soft LM-hydrogel
was molded into a thin sheet (thickness: 1 mm) and dehydrated
for 24 h, which transitioned the hydrogel into a tough stage,
with gradually improving mechanical toughness. During this
process, the LM-hydrogel became less stretchable (maximum
strain decreased from 600% to 300%). Finally, the LM-hydrogel
became completely dehydrated and rigid, where it became the
least stretchable (<20% maximum strain after 96 h). One benefit
of dehydration was to facilitate laser-cutting of the rigid polymer
into the desired shapes.

2.1.2. Mechanisms of LM-Initiated Ultra-Fast Polymerization

The polymerization reactions of acrylic acid (AA), which is
conventionally initiated by free radicals from certain initiators
(e.g., ammonium persulfate or potassium persulfate), is re-
cently found to be achievable with Ga-based liquid metals!3¢7]
through two distinct mechanisms. First, Ga is used as a source
of free radicals due to its atomic configuration with one unpaired
electron,l**>8! which gives Ga the tendency to release radicals
to initiate the polymerization reactions. Second, Ga®* ions re-
leased from Ga surfaces can function as ionic crosslinkers in
some systems.>? Our study presents an ultra-fast polymerization
method where Ga, in its eutectic form with In as a liquid metal,
is sonicated for greater surface areas. The exposed Ga and Ga3*
ions then initiated co-polymerization of PAA and PVA by these
two concurring mechanisms of radical and ionically crosslink-
ing (Figure 1C). While a longer sonication time can increase Ga
surface areal® and expose the system to a larger number of Ga3*+
ions and hence denser crosslinking, we note that the formation of
the crosslinks may also prevent breaking up the LM droplets fur-
ther after a certain time limit. In addition to the LM contribution
to ultra-fast polymerization, we also observe distinct rheological
trends between AA-PVA and AA monomer solutions (i.e., higher
viscosities and shear stresses in the former; Figure S1D,E, Sup-
porting Information), which is consistent with the known effects
of theology on polymerization kinetics.[®"¢2] The rapid increase
in the viscosity of AA-PVA system also agrees with the strong
molecular interactions due to the hydroxyl groups in PVA.

As summarized in Figure 1C, we identify three types of
crosslinks that account for the polymerization of the LM
microdroplets-PAA-PVA system. First, radicals can be provided
by the hydroxyl groups in oxygen, water, and PVA solutions dur-
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ing the sonication process. Second, AA can also release radicals
to participate in polymerization. Third, the LM can release Ga**
and can form ionic crosslinks with —COO- in the PAA system.
To study the effect of LM ratios, we tested the LM-hydrogels in
three different groups, namely LM-100, LM-200, and LM-300 and
compared them to a control group of LM-free PVA/PAA (LM-
0) that was UV-crosslinked. Once polymerized, the LM micro-
droplets are immobilized in the hydrogel network (Figure 1F;
and Figure S3A-C, Supporting Information). The complexa-
tion was confirmed by enhanced FTIR absorption of —COO— at
1622.4 cm™! (Figure 4D). Furthermore, FTIR spectroscopy con-
firmed the surface interaction between LM and PVA. While the
characteristic peak for the stretching vibration of the -OH group
is typically observed at 3280 cm™!, a shift of 90 cm™ was ob-
served in the case of LM-PAA-PVA, indicating the presence of
hydrogen bonding between LM microdroplets and PVA chains.
Rheological analysis revealed that the loss modulus (G’) became
close to the storage modulus (G”) and the low tangent (tané
= G"/G’) was &1, indicating the formation of weak hydrogels
with a low crosslink density in the soft stage. In the low fre-
quency regime, G” exceeded G’ and exhibits liquid-like behav-
iors, whereas in the high frequency regime, G’ surpassed G’
and started to show solid-like behaviors (Figure S4A-C, Support-
ing Information), which is consistent with the behaviors found
in previous work on LM-sonication-based polymerization of AA
monomers.3’)

Overall, the ultra-fast polymerization method demonstrated in
this work marks a distinct regime in terms of LM microdroplet-
initiated PAA-PVA polymerization kinetics (=1 min compared to
several hours, Figure 1B) and LM microdroplet-enabled multiple
crosslinking mechanisms (Figure 1C) that complement conven-
tional polymerization methods for hydrogels.

2.2. Stage Transition of the LM-Hydrogels
2.2.1. Hydrogel Transition from the Soft to Tough Stages

We define the characteristic stages based on the mechanical and
rheological properties of the LM-hydrogel composite, where the
soft hydrogel transitions into the tough hydrogel stage after 24 h
of gelation. The storage modulus (G’) significantly increased and
exhibited angular frequency-independent plateaus, while the tan-
gent delta (tan &) remained < 1 across the entire frequency range
of 0.1-100 rad s7!, indicating the formation of a robust gel net-
work with a high crosslink density. Figure 2C shows the results of
the oscillation rheology tests to investigate the evolution in me-
chanical properties after 24 h of gelation. Strain sweeps with an
applied strain of 1-100% showed no critical point, indicating the
absence of phase separation. This soft-tough transition is consis-
tent with previous work on LM-polymerized PAA hydrogels,*’!
which toughen after 24 h.

2.2.2. Self-Healing Ability of the Tough LM-Hydrogel
The LM-hydrogel system exhibited self-healing ability with-

out the need for additives such as water or acid after 24 h.
Figure 2D illustrates a dog-bone-shaped LM-hydrogel sample

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Stage transition and self-healing ability of the LM-hydrogel . Rheological characterization was performed on the LM-200 group after sonication
(0 h) and at the tough stage (24 h): A) Frequency sweeps, B) loss tangent, and C) strain sweeps. D) Principles of LM-initiated self-healing in hydrogels,
where further Ga* ions and H bonds form between the two cut LM-hydrogel sections. E) A schematic diagram illustrates the self-healing property of
the LM tough composite hydrogels, which is attributed to the hydrogen bond formation and the release of Ga>* ions from the liquid metal particles.
Scale bar: 3 mm. F) The healing efficiency of the LM-200 group was assessed after cutting for 1, 2, and 3 h. G) The weight loss of the LM-200 group was
monitored over time. H) The stress—strain relationship of the LM-200 group was evaluated at different time points (24, 48, 72, and 96 h) to investigate
the evolution of its mechanical properties over time. |) The relationship between weight loss and maximum strain was analyzed to explore the correlation
between these two factors in the LM-200 group.

cut into two halves and then merged by pressing for 1 min.  LM-hydrogel groups show remarkable self-healing efficiencies of
Figure S3F-H(Supporting Information), shows the stress—strain ~ over 50% compared to 0% in the LM-0 group. This self-healing
curves for the LM-0, LM-100, LM-200, and LM-300 groups before ~ process was facilitated by two mechanisms: First, the presence
and after the healing process. Notably, the LM-hydrogel groups  of LM, which can release Ga** during hydrogel deformation and
(LM-100, LM-200, and LM-300) display greater strain compared  rupture under acidic conditions. The ionic interconnections be-
to the LM-0 group prior to cutting. The strain, however, de-  tween —COO- of PAA and Ga** promote healing. Second, hy-
creases slightly at higher LM concentrations, which can be ex-  drogen bonding interactions form between LM, water, and PVA.
plained by the occupation of the hydrogel network by the increas-  These hydrogen bonds contribute to healing. The healing effi-
ing number of LM droplets. After 3 h of healing after cuts, the  ciency of the tough hydrogel was 45% after 1 h of cutting, and
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it increased over 3 h due to a sustained Ga** release and hydro-
gen bond formation. We also note that self-healing efficiencies
are enhanced by higher LM contents for the increasing release
of Ga** ions. Similar healing efficiency trends have been ob-
served in LMs@rGO/PAA samples within the initial few hours
(2-10 h),>! and the coordination bonding rate decreases once
Ga** diffusion reaches equilibrium. Figure 2F and Figure S3H,
Supporting Information, show that self-healing efficiency in-
creases with a longer healing time and higher LM concen-
trations. This phenomenon can be attributed to enhanced hy-
drogen bonding and interactions between Ga’* and —COO-~
group. The self-healing capability of the stretchable LM-hydrogel
composite can benefit soft robotic devices for continual operation
after significant mechanical damage.[®*) Meanwhile, various LM
concentrations could be combined into a single sample, due to
the self-healing capabilities of the LM-hydrogel composite. How-
ever, the strain observed in the healing sample (LM-100-200-300)
was lower compared to the LM-100, LM-200, and LM-300 groups
(Figure S3G, Supporting Information).

2.2.3. Hydrogel Transition from the Tough to Rigid Stages

Due to the presence of PBS solution in our hydrogel system,
we further investigated dynamic mechanical properties of the
hydrogel over the dehydration process. As shown in Figure 2G
and Figure S3E, Supporting Information, weight loss of the LM-
hydrogel increased over time until most water evaporated. The
water content underwent a significant reduction within 96 h,
reaching nearly 0% by the 120-h mark. This observation suggests
that the LM hydrogel composite had transformed into a fully
dried polymer at the 120-h mark. Tensile experiments demon-
strated increasing mechanical properties in the dehydration pro-
cess (Figure 2H), indicating the formation of a higher crosslink
density and more robust gel networks during the transition.
However, the maximum strain decreased from ~600% to ~300%
from 24 to 72 h. The maximum strain drastically declined from
72 to 96 h and the weight loss increased from 29.3% to 42.7%.
Interestingly, the maximum strain was found to decrease and ex-
hibit an inverse correlation with weight loss (Figure 2I).

2.3. Effect of LM Microdroplets on Swelling and Bending

The ability to absorb and contain water through the porous hy-
drogel matrix is highly influenced by its structural (e.g., pore size
distribution,[**l porosity,[®®] and specific surface areal®®!) and in-
terfacial characteristics (e.g., contact anglel®”)). In this work, we
analyze the effect of using LM microdroplets as a polymerization
initiator3*] and a passive inclusion to the PAA-PVA hydrogel on
its water uptake behaviors over time. This method of LM-initiated
polymerization is demonstrated here as a means of tuning the
swellability of a hydrogel, which can be used in applications that
require programmable swelling-enabled bending motions.

2.3.1. Swelling Characterization and Theory
For characterization, we synthesized rectangular films of LM-

hydrogels with different LM ratios by mixing LM content (0, 100,
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200, and 300 mg, denoted LM-0, LM-100, LM-200, and LM-300,
respectively) with the PAA-PVA gel. Prior to the swelling exper-
iment, the mechanical properties of the rigid LM hydrogel com-
posites were investigated. As shown in Figure S5A,B, Support-
ing Information, all those hydrogels had very low strain (<10%)
in tensile experiments, while the elastic modulus was around
500 MPa. Meanwhile, SEM microscopy was used to visualize
the surface morphology of the rigid LM hydrogel composites, as
shown in Figure S6, Supporting Information. LM-0 had a smooth
surface, while LM microdroplets were trapped on the surfaces of
LM-100, LM-200, and LM-300 groups. More LM microdroplets
were observed with higher LM concentration groups. The rigid
LM hydrogel composites were submerged in water, and swelling
ratios were tracked over time (i.e., weight expansion —¢ where

W, is the hydrogel weight after swelling at th and W, s the ini-
tial dry weight) over 7 days (Figure 3C,D). In terms of macro-
scopic expansion due to water uptake, the LM-hydrogels (LM-100,
LM-200, and LM-300) displayed higher equilibrium uptake W,
compared to the non-LM-hydrogel (LM-0), which suggests higher
porosities that were contributed by the structural effect of LM on
crosslinking (Figure 3B). LM-0 had a compact hydrogel structure,
whereas the LM-PAA-PVA groups showed porous structures af-
ter swelling and freeze-drying (Figure S7, Supporting Informa-
tion). Within the groups of LM-hydrogels, we observed a trend of
lowering W_ as LM content increased, from which we inferred
that the presence of LM affects water uptake in more than one
competing mechanism as follows.

LM for Wettability (Higher Water Uptake with Higher LM Con-
tents): By this hypothesis, the LM microdroplets embedded in
the hydrogel matrix provide an abundant surface gallium oxide
that is highly hydrophilic (near-zero contact angle of water[68¢9]),
which agrees with lower water uptakes in the LM-0 hydrogels.
In other words, LM microdroplets may enhance local wettabil-
ity ¢ in the capillary structure and hence contribute positively to
the overall diffusivity. To see this, consider a hypothetical small
capillary cross-section (radius r, length L considering a tubular
equivalent to a porel’?) that is assumed to be surrounded by
LM only (i.e., in the LM-hydrogels) as opposed to gel crosslinks
only (i.e., in the non-LM-hydrogels). The time t required for this
small section to fully absorb water can be solved from the Lucas—
Washburn equation!”*73] as

-(5)(2)
cos ¢ yr

where ¢ is the water contact angle (in this case ~0° with LM and
>0° without LM), 7 is the dynamic viscosity of water, and y is the
surface tension of water. Note that we only consider water intake
in an infinitesimally small tube and neglect the elastic expansion
of the wall. Clearly, this mechanism favors the presence of LM
for a shorter period of t required to fill the tube.

This LM surface theory, however, does not solely contribute
to the overall swelling behavior due to a simple scaling law:
More LM microdroplets would have multiplied the number of
such hypothetical capillary tubes, which does not explain the
general trend of decreasing water uptake with higher LM ratios
(Figure 3D). This suggests a second mechanism at play in the
LM-embedded regime.
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Figure 3. Effects of LM inclusion on hydrogel swelling. A) A thin film of LM-hydrogel is placed in a water bath and functions as a porous medium
for water (left). Driven by the capillary actions across the hydrogel surface, the water uptake into the hydrogel matrix enlarges the volume (right). B) A
representative SEM image of an LM-100 sample showing the inclusion of LM microdroplets after swelling and freezer drying, scale bar 2 pm. C) Hydrogel
swelling ratio in the first 120 min displays a monotonic relationship between LM ratios and water uptake (i.e., LM-0 absorbs the fastest). After ~120
min, this relationship transitions into a new regime (i.e., LM-0 absorbs the slowest). A trend is observed among the LM hydrogels, where higher LM
contents cause lower swelling capacity, a phenomenon in agreement with our theoretical analysis. D) Equilibrium water uptake after 7 days shows that
the second regime stabilizes. E) The stress—strain curves of the LM composite rigid hydrogel after swelling for 2 h. F) Maximum strain changes before
swelling (rigid) and after 2 h swelling in water. G) The water contact angle on the LM-hydrogels contributes to the microscopic capillary water uptake
and overall swelling behavior, water volume 50 pL.
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Figure 4. Effects of LM microdroplets on hydrogel bending by constrained swelling. A) An elastically hinged structure is made from a thin film of LM-
hydrogel taped on the bottom side along with two rigid plates of transparency films (left). Upon swelling on the top side due to a droplet of water, the
hinge expands on the top, whereas the bottom face is constrained, resulting in an overall bending (right). B) The swelling-induced bending behavior
in four LM-hydrogel samples with different LM ratios, where higher LM content generally lowers the bending speed and the final angle as a result.
C,D) Actual images of bending of the LM-hydrogel samples at 0 min (C) and 5 min (D), which can be used as a building block for more sophisticated
self-folding structures with programmable folding behaviors in each hinge, scale bar 2 mm. E) A more complex self-folding structure with double LM-
hydrogel hinges. After 30 min of swelling, a 2D linked structure transforms into a 3D table-like geometry in response to bending in both hinges. Scale

bar 2 mm.

LM for Polymerization (Lower Water Uptake with Higher LM
Contents): Structural effect on the LM-initiated crosslinks, as pre-
viously analyzed, is found to be more significant with higher LM
contents.*%) Pore sizes r are generally considered to be smaller
with stronger crosslinks,[®* which in this work is found to be re-
lated to the presence of LM microparticles, which may contribute
to the inhibition of water uptake by the Lucas—Washburn equa-
tion (Equation (1)) where t « r~! as opposed to t « sec ¢ in the
first mechanism. Furthermore, interfacial characterization of wa-
ter contact angle ¢ on the non-LM-hydrogel and LM-hydrogels
(Figure 3G) also reveals increasing ¢ as LM contents increase,
which by the same equation also contributes to the lowering wa-
ter uptake.

Swelling is therefore theorized to be less significant when
there are more LM microdroplets scattered across the hydrogel

Adv. Funct. Mater. 2023, 2308238 2308238 (8 of 16)

matrix, which would decrease microscopic capillary perimeters
and hence macroscopic swelling capacity. We also note that it is
unlikely that the dual mechanisms proposed here can be suffi-
ciently described solely by a classic first-order swelling kinetics
by Fick’s laws!®]

Woo ~ ﬂth
In < W_ — W(t)) ) 2)

The presence of LM microparticles, by the analysis here, may
contribute to the non-Fickian transport of water through the hy-
drogel matrix. Overall, the inclusion of LM microparticles as both
polymerization initiators and passive hydrophilic components
creates a new class of porous media where swelling rate and
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capacity are governed by multiple roles of LM that influence poly-
meric structure!®! and local wettability.[*>74]

The coupling of the two mechanisms proposed above also
displays time dependence, where the non-LM-hydrogel swells
faster than the LM-hydrogels within the first hour (Figure 3C)
and slows down after the first hour. The exact mechanism of
this transition, where one of the above mechanisms overtakes
the other, is unknown. In terms of the tunability of hydrogel
swellability, this transition marks two distinct regimes, where
swelling occurs faster monotonically with LM contents in the
first regime and a more complex LM-dependence in the second
regime toward equilibrium (¢ — o0). It is unknown how dry-
ing behavior differentiates among different LM ratios over time
once the LM-hydrogels are removed from an aqueous environ-
ment. Meanwhile, the mechanical properties of the LM hydro-
gel composites after swelling were also investigated. As shown
in Figure 3E,F, and Figure S5C,D, Supporting Information, LM-
0 had a very small strain change (~50%) compared to the rigid
hydrogel (~8%), which showed a brittle property. However, the
maximum strain of the LM-hydrogel groups was around 600%,
which was significantly increased from the rigid hydrogel (~8%).
Compared to LM-0 hydrogel, LM-100, LM-200, and LM-300 hy-
drogels showed tough hydrogel properties with good stretchabil-
ity. Overall, swelling behaviors in the LM-hydrogel are considered
influenced by the inclusion of LM microdroplets in more than
one competing mechanism. Dynamic transitions of these influ-
ences are also observed over time. Different swelling behaviors
and crosslinking methods also affect mechanical properties.

2.3.2. Influence of LM Microdroplets on Bending Hydrogel by
Constrained Swelling

Hydrogel swelling allows for a variety of programmable motions
that are not limited to the omnidirectional volume expansion
(Figure 4A) but rather many possible constrained motions!”! that
arise from asymmetric expansion and shrinking in the hydro-
gel (Figure 4A,B). One typical example is bending in a thin film,
which occurs under one or both of the conditions. First, the hy-
drogel may generate overall bending by absorbing water faster
on one side than the other.l”®! Second, the hydrogel may bend by
integrating a kinematic constraint on one side as a strain limiter
such that any volume expansion only affects the non-constrained
side. Here, we demonstrate a bending design that enables both
conditions by taping one side of a LM-hydrogel film (length:
8.5 mm, depth: 5.5 mm, thickness: 0.85 mm,; all in the dehy-
drated state) to two rigid transparency films (length: 7.5 mm,
depth: 5.5 mm, thickness: 0.5 mm). This configuration allows the
LM-hydrogel to act as an elastic hinge that connects the two rigid
films, similar to classic self-folding structures.l”’7°! We created
the bending LM-hydrogel with different LM ratios (LM-0, LM-
100, LM-200, and LM-300). With an initial configuration where
the hinge was flattened, we covered the LM-hydrogel with a dyed
water drop and allowed it to be absorbed by the LM-hydrogel over-
time. We recorded the bending motion on a camera for accurate
video analysis. The water drop was dyed in different colors for
different LM-hydrogel samples, where the effect of dyes on wa-
ter absorption is assumed to be negligible, to visually mark the
difference between the LM ratios.
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The results after 5 min showed that the change in bending
angle of LM-0 was the highest (111.3°) and followed by LM-100
(68.4°), LM-200 (21.9°), and LM-300 (14.8°) (Figure 5; Video S1,
Supporting Information). We calculated the radial stresses at the
tip of the beam for the LM-0/100/200/300 groups as 145.31,
37.32, 19.70, and 14.10 kPa, respectively, which is consistent
with the observation that higher LM ratios degrade swellability
of the LM-hydrogels. This trend is in decent agreement with the
swelling characterization (Figure 4C,D) and the theoretical anal-
ysis above, as this swelling time is still in the first regime be-
fore the transition. We note that, in this configuration, we as-
sume that the LM-hydrogel only absorbs water from its top sur-
face, and hence the effect due to the weight of the water drop is
symmetric.

To demonstrate a more complex self-folding capability, we de-
signed a doubly hinged structure that consists of two hydrogel
films and three rigid plates (Figure 4F). This structure began in
a 2D configuration, with all the plates horizontally aligned, and
was folded into 3D by swelling each hydrogel hinge for 30 min
(Figure 4E; Video S2, Supporting Information). This multi-hinge
configuration allows for higher degrees of freedom in program-
ming the shape transformation by differentiating the swelling
behaviors in the LM-hydrogel hinges. For instance, as demon-
strated in Figure 4E, hinges made with the same LM ratio are
expected to fold at nearly the same speed and result in a nearly
symmetric shape upon deployment. By varying LM ratios in the
hinges, the structure can be, in theory, programmed to fold into
a variety of 3D geometries!””® with their desired curves and sur-
faces encoded into the LM ratios in the hydrogels. In addition to
conventional single-stage folding, the LM-varying method in this
work can also potentially apply to sequential folding®!! where the
structure goes through multiple folding stages according to the
LM ratios. In summary, spatial and temporal programmability
can be potentially achieved by controlling the LM ratios in the
hydrogel hinges.

2.4. lonic Mobility and Electrical Actuation
2.4.1. lonic Mobility and Osmotic Pressure

The ability to convert electrical energy into useful mechanical
work in the case of ion-carrying polymers such as conjugated
ionic conductive polymers,#?] ionic polymer-metal composites
(IPMC)#334] and ionic hydrogels,®] is typically a result of wa-
ter migration in response to an electric field (Figure 5A). In the
case of hydrogel thin films, whose shapes are determined by the
balance of local water content, electric stimuli are typically used
to ionically alter the balance. This electrically responsive effect is
reliant on physical asymmetry across the ionizable hydrogel, in
which anions (e.g., COO™ in our PAA/PVA system) are immo-
bilized by the crosslinked matrix while cations (e.g., Na* in PBS
solution) can move freely. When osmotic pressure across the hy-
drogel (AI, Figure 5A) becomes imbalanced (AIl > 0) under an
electric field (strength: E), the hydrogel becomes more hydrated
on the anode side than the cathode side and curves toward the
cathode as a result (Figure 5A).

We theoretically analyzed this ionic bending behavior (Sec-
tion S2, Supporting Information) in terms of ion mobility
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Figure 5. Effects of LM microdroplets on ionic mobility in hydrogels as bending actuators. A) Left: The LM-embedded hydrogel is submerged in an
aqueous electrolytic solution, where the ions freely move in the water within the hydrogel matrix. Right: Schematic of bending behavior, which is the
result of an osmotic pressure difference AII across the LM-hydrogel film. It is theorized that higher LM ratios result in higher AIL B) Actual image of
bending hydrogel for the LM-300 group after applying a voltage of 10 V for 270 s, scale bar 3 mm. C,D) Accumulation bending angle due to electric field
stimuli (|E| = 10, 5 V) for 300 s. E) Bending velocity increases with LM content. *p < 0.05, #p < 0.05 LM-hydrogel groups compared to the LM-0 group
at the same voltage.

and osmotic pressure. We derived that the osmotic pressure
difference AIl is approximately proportional to ¢~ (immobile an-
ion concentration) and (h*)? (h*: rate of cation transport). A geo-
metric calculation further reveals that bending speed (d6/dt) in-
creases when there are more immobile anions (i.e., higher ¢7)
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and stronger stimuli (i.e., higher field strength E). By this anal-
ysis, we hypothesize that the bending performance of the pro-
posed LM-hydrogel actuators can be enhanced with higher LM
ratios, which increases the osmotic pressure difference across the
LM-hydrogel (Figure 5A).
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2.4.2. Electrical Bending Actuators

To demonstrate the effect of LM microdroplets in ionic actuation
of hydrogels, we prepared LM-hydrogel thin films (length: 2 cm,
depth: 1 cm, thickness: 1 mm) with different LM contents (0, 100,
200, and 300 mg) and tested each sample by anchoring it on one
end in an electrolytic solution (phosphate-buffered saline, PBS)
where a voltage (5 and 10 V) is applied across the hydrogel at a dis-
tance of d = 3 cm. Video analysis (Figure 5B; Video S3, Support-
ing Information) shows that all samples bend toward the cathode
under the electric field, with the higher voltage (10 V) inducing
larger bending angles than the lower voltage (5 V) regardless of
LM contents (Figure 5C,D). LM-hydrogel actuators with higher
LM ratios display higher average bending velocities (Figure 5E)
with both E =5 V and 10 V, which confirms that LM inclusion,
likely through increasing the osmotic pressure difference, en-
hances actuation speed. Compared to similar work on bending
hydrogel actuators (Figure 1B), our LM-hydrogels are more elec-
trically responsive, with tunable responsiveness by LM ratios.

The role of LM microdroplets in bending enhancement is the-
orized by two possible mechanisms (Section S2, Supporting In-
formation), where the primary pathway is related to the asymmet-
ric osmotic pressure as a result of immobilized anions COO~ in
the LM-hydrogel matrix. In this hypothesis, higher LM ratios are
linked to more Ga’* ions released during sonication and hence
a higher degree of ionization of the anions COO~, rather than
other cations. When an electric potential is applied, cations drift
at a velocity v,,;4 « E, which has an additional influence on AII
(Equations (S3), (S11) in Section S2, Supporting Information).
Another likely mechanism is the local acceleration of cations due
to the surface charges on the LM microdroplets. As ions natu-
rally form an electric double layer (EDL) on the LM surfaces, it
is theorized that a cation will see additional Coulomb forces as
it travels through the LM-hydrogel, thereby increasing the vy
further. Further investigations are necessary to analyze these pro-
posed roles of LM. Overall, we showed the physical effects of LM
microdroplets on hydrogels as bending actuators by influencing
ion mobility and hence the osmotic pressure difference. In the
context of ionic bending hydrogels, this work features the use of
LM inclusion that enhances actuation both by likely dual mech-
anisms of ionic crosslinks and interfacial properties.

2.4.3. Robot Locomotion by Asymmetric Bending

The functionality of the electrically responsive ionic LM-hydrogel
is not limited to the anchored motion, where one end of the hy-
drogel film is fixed while force is output at the free moving.[#¢1 Al-
though this operation mode is commonly demonstrated for lim-
ited applications with low frequency oscillations, we emphasize
that the advantage of such LM-enhanced hydrogels can be taken
for whole-body locomotion of a soft robot. Similar to typical lo-
comotion strategies in biological and soft robotics systems,!¥’] a
robot can be designed to produce crawling-like or walking-like
gait patterns by having some limbs in frictional contact with a sur-
face while allowing other limbs to move freely.[2*##] To demon-
strate this, we built a two-limb robot by connecting two rectan-
gular strips of LM-hydrogel (length: 20 mm, depth: 3 mm, thick-
ness: 2.5 mm) with two different LM contents (LM-100 and LM-
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300) assisted by their self-healing tendency (Figure 6 A-C). We
placed the robot in a customized channel (cross-sectional height:
8 mm, depth: 3 mm) surrounded by acrylic sheets. Two graphite
pencil rods were placed across the channel at a distance of 5 cm,
where a voltage of 50 V was applied (Figures 6D). Graphite elec-
trodes were selected over metals to prevent corrosion during the
experiment since they are relatively more electrochemically inert.
The robot was positioned inside the channel such that atleast one
of the three vertices was in frictional contact with the wall at any
given time.

Upon applying the electric field, the two limbs responded to
the ion migration at different velocities (Video S4, Supporting
Information) as analyzed above. This asymmetry, therefore, cre-
ated an overall rotation where the two limbs alternately touched
the wall. To generate the overall translational movement of the
robot, we reversed electrical polarity whenever a limb loses con-
tact with the wall, thereby allowing the opposite limb to take over
(Figure 6 E-H). This locomotion design allows the robot to com-
plete a gait cycle at an overall moving distance of 10.6 mm in
27 s. Here we highlight the advantage of LM inclusion in the hy-
drogel by ability to modulate the ionic mobility within the hydro-
gel across different regions in a soft robot body.

2.5. Biocompatibility

The biocompatibility of LM-hydrogel composites (LM-300 and
LM-0) was assessed through a co-culture experiment involving
four cell lines over one and four days. The cell lines include hu-
man mesenchymal stem cells (hMSCs), human fibroblast cells
(BJ), NIH mouse fibroblast cells (3T3), and mouse myoblast cells
(C2C12). Cell morphology was evaluated using a Live/Dead kit,
while cell viability was determined via a CCK-8 assay to calcu-
late the relative growth rate. As shown in Figure 7, ~80% of the
cells remained viable, where cell spreading occurred on both the
LM-0 and LM-300 surfaces on both days 1 and 4. The inclusion
of LM into the PAA-PVA hydrogel network did not inhibit cell
proliferation during this period. Remarkable cell growth was ob-
served across all groups from days 1 to 4 at varying rates among
different cell lines. On day 1, the cell confluency for all four cell
lines was initially low, averaging around 5%. However, by day
4, an increase was observed, especially in the case of BJ cells
(29.29 + 4.51%) and 3T3 cells (27.95 + 3.78%).

These biocompatibility assessment results are consistent with
previous studies on cytotoxicity of liquid metal-embedded elas-
tomers to C2C12 cells.l”! In our study, we embedded liquid metal
droplets into the hydrogel, where the liquid metal volume is less
than 5 vol%. High cell viability and growth are observed across all
the cell lines of interest. The cell confluency is low compared to
previous studies, which can be explained by the human plasma-
derived fibronectin coating on the elastomer, which may promote
cell attachment and proliferation. We note that cell interactions
may vary between the cell lines and that further investigation is
needed to clarify the underlying mechanisms. In summary, the
results here show promising potential of the LM-hydrogel com-
posites as an good candidate in biomedical and biohybrid appli-
cations where direct contact is needed between the LM-hydrogels
and biological cells and tissues.
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Figure 6. Locomotion of a limbed LM-hydrogel soft robot in a small channel

using asymmetric ionic actuation. A) A hydrogel with locally programmable

ionic responsivity to an electric field is created by healing two LM-hydrogel sheets in various LM ratios. B) U-shaped robots are laser-cut from the
merged hydrogels. C) The limbed robot consists of a higher-LM%, more responsive left limb, and a lower-LM%, less responsive right limb. D) Principles
of locomotion of the robot inside a small channel filled with an electrolyte. The robot moves forward through the asymmetric motions between the two
limbs. E-H) Gait analysis of the robot with periodically reversed electric fields. With a higher curvature change in the more responsive left limb compared
to the right limb (F), the robot center moves forward by 10.6 mm as a result. This process can be repeated for periodic gait cycles.

3. Conclusion

This work contributes to the field of composite hydrogels by in-
troducing a LM-PAA-PVA composite where LM microdroplets
have dual roles as a polymerization initiator and as passive inclu-
sion that influences the stimuli-responsive behaviors of the LM-
hydrogel. As an initiator for polymerization, LM microdroplets
provide radicals due to the atomic configuration of Ga and
ionic crosslinks with the ionized Ga®*. The various free radi-
cal sources, crosslinking bonds, and higher viscosity of the AA-
PVA solution altogether contribute to an ultra-fast polymeriza-
tion time (=1 min compared to several hours by conventional

Adv. Funct. Mater. 2023, 2308238 2308238 (12 of 16)

polymerization methods). The resulting hydrogel demonstrates
a dynamic transition from a soft to a tough and ultimately rigid
stage, each displaying distinctive characteristic mechanical prop-
erties. As a stimuli-responsive material, the effects of LM micro-
droplets polymerization and inclusion on the mechanical behav-
iors of the hydrogel are examined with two different types of stim-
uli. First, we analyze the swelling behavior in the LM-hydrogels as
influenced nonlinearly by LM ratios. It is theorized in this work
that the macroscopic capability to absorb water into the porous
hydrogel structure is the net result of the dual roles of LM as
polymerization initiator and passive inclusion. To demonstrate
the structural benefit of this LM-controlled hydrogel architecture,
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Figure 7. Biocompatibility of the LM-hydrogel composites after swelling. Live/dead cell images in the LM-0 (A1-D1, A3-D3) and LM-300 (A2-D2, A4—
D4) groups at day 1 (A1-D1, A2-D2) and day 4 (A3-D3, A4-D4). Different cell lines (hMSCs: A1-A4, BJ: B1-B4, C2C12: C1-C4, 3T3: D1-D4) were
co-cultured with LM-hydrogel composite, scale bar: 20 pm. E) Quantitative analysis of cell viability on day 1 (E) and day 4 (F).
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we demonstrate a self-folding functionality by asymmetrically
swelling the LM-hydrogels in different LM microdroplets ratios.
Furthermore, the swollen rigid LM-hydrogels exhibit remarkable
stretchability that is ~10 times higher than that of the LM-free,
UV-crosslinked PAA-PVA hydrogels. Second, we study the bend-
ing behavior of the LM-hydrogels due to their osmotic pressure
differences under an electric field. These electrically responsive
actuators are theorized to bend faster with higher LM contents
as they create higher ionization of the COO~ cations, which fur-
ther increases the osmotic pressure difference. The experimental
results of ionically actuating the LM-hydrogels agree with the the-
oretical models. We demonstrate that this LM-controlled ionic ac-
tuation of hydrogels can be applied to robot locomotion. Toward
potential biomedical applications, the LM-hydrogel shows bio-
compatibility with co-cultured hMSCs, BJ, 3T3, and C2C12 cells.
Overall, this work shows the functional benefits of the ultra-
fast polymerization of hydrogels using LM microdroplets as the
initiator, which goes beyond conventional hydrogel polymeriza-
tion techniques. This progress in using LM microdroplets for
their dual roles in hydrogels shows particular advantages in
stimuli-responsive hydrogels. Future investigations into funda-
mental principles of the dual or multiple roles of LM in a hydro-
gel system, as well as their physical effects on hydrogel behaviors
such as swelling and osmosis, will inform further enhancement
of the proposed LM-hydrogel. Finally, further development of
multifunctionalities enabled by LM-polymerized hydrogels will
benefit further robotic and biomedical applications and open up
new opportunities in this unconventional class of composites.

4. Experimental Section

Materials:  The liquid metal (LM, 75% Ga and 25% In) was fabri-
cated by mixing raw gallium (Fischer Scientific 11381238) and indium
(Fischer Scientific 11377028) at 195 °C overnight. Acrylic acid, polyvinyl
alcohol (M,, ~ 80,000-120,000), phosphate-buffered saline (PBS), glu-
taraldehyde solution, ethylene glycol dimethacrylate, and 2,2-dimethoxy-
2-phenylacetophenone were purchased from Sigma-Aldrich.

Synthesis of LMs-PAA-PVA Composite Hydrogel and Pure PAA-PVA Hydro-
gel:  Poly(vinyl alcohol) (0.65 g) and acrylic acid (6.85 mL) were dissolved
in 6.5 mL of PBS solution. The mixtures were stirred on a magnetic stirrer
at 130 °C for 3 h to achieve homogeneity and complete polymer dissolu-
tion. To form the soft LM-200 hydrogel, 200 mg (2.7 wt%) of liquid metal
was added to half of the above solution, followed by ultrasonication (500
W, 20 kHz, 40% amplitude, pulse on 3 s, pulse off 1's, Fisherbrand) for
1 min in a water bath. The resulting LM soft hydrogel was transferred
onto a non-stick plate, and another non-stick plate was placed on top,
with a 1 mm gap between them. A weight of 10 kg was applied to ensure
a flat and uniform surface of the hydrogel. For the pure PAA-PVA hydro-
gel, glutaraldehyde solution (81.2 pL, 25% in DI water), ethylene glycol
dimethacrylate (200 pL, 98%), and 2,2-dimethoxy-2-phenylacetophenone
(0.15 wt%, 99%) were dissolved in dimethyl sulfoxide (99.9%) solution
(300 pL), which served as an initiator for polymerization. The initiating
agent was added to the AA-PVA solution, and the polymerization solution
was poured into PET mold frames with predefined thicknesses (1000 pm).
The mold-confined solutions were polymerized by UV light irradiation (365
nm, 30 W) for 30 min. Based on the different amounts of liquid metal (0
mg (0 wt%), 100 mg (1.3 wt%), 200 mg (2.7 wt%), and 300 mg (4 wt%))
mixed with the AA-PVA solution, the groups were labeled as follows: LM-0,
LM-100, LM-200, and LM-300.

Instrumental Characterization: Tensile test samples were prepared us-
ing the TSC I1SO 527-2-5B Dog Bone standard size (35 mm X 6 mm) using
test sample cutters. These samples were then tested on a materials test-
ing system (Instron 5942, Illinois Tool Works Inc.) equipped with a 50 N
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load cell and an extension rate of 0.5 mm s~!. The distribution of LMs,
as well as the surface and cross-section morphology of both the rigid hy-
drogel and the freeze-dried swelling hydrogel, were observed using a field
emission scanning electron microscope (SEM 1530VP, Zeiss). Prior to ob-
servation, the samples were coated with a thin layer of gold. To visualize
the distribution of LMs particles in the hydrogel network, a confocal micro-
scope (SP8, Leica) was employed. Viscosity, shear stress, and oscillatory
shear rheology measurements were conducted using a TA Instruments
Discovery HR-2 rheometer with a 25 mm parallel plate and a 0.5 mm gap
distance, maintained at a temperature of 25 °C. Strain sweeps were per-
formed at variable strain levels ranging from 0.1% to 100% at an oscil-
lation frequency of 6.28 rad s~'. Frequency sweeps were performed at a
constant strain of 2.5% and oscillation frequencies ranging from 0.1 to
100 rad s™". The hydrogel structure was analyzed using Fourier transform
infrared (FTIR) spectroscopy (Bruker TENSOR Il). The surface properties
of the rigid hydrogel were measured using an optical contact angle go-
niometer (OCA25, DataPhysics Instruments).

Methods for Self-Healing: The dog-bone hydrogel sample was cut into
two identical pieces with a knife and the two pieces were immediately
brought into contact with each other by manual pressure to promote heal-
ing at the interface. The stress—strain curves of the healed samples were
obtained through mechanical testing. The self-healing efficiency was cal-
culated by comparing the breaking elongation of the healed samples to
that of the original samples and expressing it as a ratio.

Methods for Swelling:  The swelling behavior of the rigid LM compos-
ite hydrogel was evaluated by monitoring the weight of the hydrogels over
time. The hydrogels (n = 3) were immersed in 2 mL of deionized water
at room temperature. The weight of the hydrogels was measured at reg-
ular intervals: every 10 min in the first hour, every 20 min in the first 4 h,
and then daily until 1 week. Before weighing each swollen hydrogel sam-
ple, it was withdrawn from the deionized water and quickly blotted with
absorbent paper to remove excess water. The swelling ratio (Q) was cal-
culated using the following formula: Q = (m,/mg) x 100%, where my rep-
resents the initial weight of the hydrogel at t = 0 h, and m, represents the
weight of the hydrogel at time t. For the fabrication of the soft robot, two
small pieces of rigid plastic sheets were aligned with the rigid LM hydrogel
in the length direction. They were then attached together with a piece of
3M Scotch tape to assemble the sample. Next, a water droplet of 50 pL
was pipetted onto the surface of the rigid LM composite hydrogel, and the
shape change was recorded on a camera.

Methods for lonic Actuation:  To investigate the bending behavior of the
rigid LM composite hydrogels, a swelling process was conducted for 4 h by
immersing the hydrogel in water. A hydrogel strip was prepared, with one
end fixed horizontally, and it was placed in a transparent chamber filled
with PBS solution. The chamber contained two aluminum electrodes po-
sitioned 60 mm apart. To induce bending in the hydrogel strip, a voltage
was applied between the two electrodes using an RS PRO digital labora-
tory power supply. The bending of the hydrogel strip was recorded on a
phone camera. The bending angle of the hydrogel was measured by com-
paring its deviation from the neutral angular position. For the fabrication
of the multi-material soft robot, the LM-100, and LM-300 soft composite
hydrogels were joined together to create a multi-material tough hydrogel.
The soft robot was then cut to ensure that one limb consisted of the LM-
100 material, while the other limb consisted of the LM-300 material. After
undergoing the same swelling process, a voltage of 50 V was applied to
two graphite electrodes to induce locomotion.

Cytotoxicity Characterization: The biocompatibility of the LM compos-
ite hydrogels was evaluated using human mesenchymal stem cells (hM-
SCs), human fibroblast cells (BJ), NIH mouse fibroblast cells (3T3), and
mouse myoblast cells (C2C12) and two different assays: the LIVE/DEAD
Cell Imaging Kit and the Cell Counting Kit-8 assay (CCK-8). First, the rigid
hydrogel samples (LM-0 and LM-300) were sterilized using UV light for 1
h. Then, they were fully immersed in a cell culture medium (DMEM, 10%
FBS, 1% Penicillin-Streptomycin) and kept in an incubator at 37 °C with
5% CO, for 7 days, with daily medium changes. Meanwhile, hMSCs, BJ,
C2C12, and 3T3 cells were cultured in a T75 flask until they reached 80%
confluency. The LM hydrogel samples were added to the cell culture at a
density of 5 X 10° cells per well, and the medium was changed every 2 days.
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On days 1and 4, a 10% CCK-8 solution was added to the cultures, which
were incubated for 1 h. The absorbance of the samples was then measured
at 460 nm using a plate reader (BioTek’s Synergy H1, Winooski). The cell
viability was expressed by the relative growth rate, which was calculated by
cell viability = (ODg,mple /ODpjank) X 100%, where ODg,mpe is the optical
density of the LM-hydrogel sample (LM-300) and the control sample (LM-
0). ODyank is the optical density of the blank control. For assessing cell
morphology, the LIVE/DEAD Cell imaging kit was used after 1 and 4 days
of culture. Confocal microscopy (SP8, Leica) was used to visualize both
live and dead cells and capture three representative images of each scaf-
fold at a magnification of 10x. Cell confluency, defined as the percentage
of the cell culture material area covered by adherent cells, was calculated
using Image| by dividing the cell area by the total area.

Statistical Analysis: ~ All data were expressed as mean + standard devia-
tion (SD), with n = 3 per group. GraphPad Prism 8 (GraphPad, California,
USA) was used to perform the statistical analysis of the obtained data and
*p < 0.05 was considered statistically significant.
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