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SOFT ROBOTS

High-performance electrified hydrogel actuators based
on wrinkled nanomembrane electrodes for untethered
insect-scale soft aquabots

Jongkuk Ko, Changhwan Kim?, Dongjin Kim2, Yongkwon Song', Seokmin Lee', Bongjun Yeom3,
June Huh', Seungyong Han?, Daeshik Kang?, Je-Sung Koh?*, Jinhan Cho'-**

Hydrogels have diverse chemical properties and can exhibit reversibly large mechanical deformations in re-
sponse to external stimuli; these characteristics suggest that hydrogels are promising materials for soft
robots. However, reported actuators based on hydrogels generally suffer from slow response speed and/or
poor controllability due to intrinsic material limitations and electrode fabrication technologies. Here, we
report a hydrogel actuator that operates at low voltages (<3 volts) with high performance (strain > 50%,
energy density > 7 x 10° joules per cubic meter, and power density > 3 x 10* watts per cubic meter), surpassing
existing hydrogel actuators and other types of electroactive soft actuators. The enhanced performance of our
actuator is due to the formation of wrinkled nanomembrane electrodes that exhibit high conductivity and ex-
cellent mechanical deformation through capillary-assisted assembly of metal nanoparticles and deswelling-
induced wrinkled structures. By applying an electric potential through the wrinkled nanomembrane electrodes
that sandwich the hydrogel, we were able to trigger a reversible and substantial electroosmotic water flow
inside a hydrogel film, which drove the controlled swelling of the hydrogel. The high energy efficiency and
power density of our wrinkled nanomembrane electrode-induced actuator enabled the fabrication of an un-
tethered insect-scale aquabot integrated with an on-board control unit demonstrating maneuverability with
fast locomotion speed (1.02 body length per second), which occupies only 2% of the total mass of the robot.
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INTRODUCTION

Rapid technological progress in microprocessors, energy storage,
and electromechanical devices has strongly stimulated the success-
ful development of electrified insect-scale (or milliscale) soft robots
(1-6) exhibiting various locomotive motions in unexpected
complex environments. Although there have been notable advances
in electric vehicles and robots based on conventional electric
motors and electromechanical actuators, technological advances
in miniaturized electronic applications have progressed relatively
slowly because of the fundamental limitations of conventional elec-
tric motors with rigid/bulky components that exhibit poor perfor-
mance on a small scale. To resolve these critical drawbacks, research
efforts have been devoted to developing electroactive soft actuators
that emulate various compliant motions shown in biological organ-
isms. However, many challenging attempts at integrating electroac-
tive soft actuators with electronic components have faced a notable
trade-off between the weight/size and energy/power density of soft
actuators as well as between the electrical conductivity and mechan-
ical deformation of actuator electrodes because of limited actuation
performances and strict operating conditions. Consequently, re-
ported electroactive soft actuators have generally needed a bulky,
tethered power supply, which has restricted the range of their
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applicability (I-8). Specifically, state-of-the-art untethered soft
aquabots driven by dielectric elastomer actuators (9—11), ionic
polymer-metal composite actuators (12, 13), and others (14, 15)
must be constructed with a relatively large body size (>7 cm) and
tethered external power supply because of their high operating volt-
ages (about a few kilovolts) and/or poor actuation performances.
Therefore, electroactive soft actuators operating at low voltage/
power with a high degree of portability and performance are
highly desirable for next-generation robotics based on soft
materials.

Hydrogels represent an exciting class of responsive soft matter,
which allow various chemical modifications and the ability to gen-
erate mechanical deformations and forces by osmotic pressure—
induced water diffusion in response to small changes in stimuli,
such as heat (16-19), light (19-21), chemicals (22, 23), pH (24),
and humidity (25, 26), thereby providing distinct advantages over
other types of responsive soft matter requiring relatively large exter-
nal stimuli. However, because of the intrinsically slow nature of
water diffusion within the hydrogel matrix, the abovementioned en-
vironmental stimuli-responsive hydrogels have suffered from slow
response speed and poor controllability, which seriously limit prac-
tical applications. Therefore, the construction of autonomous/
mobile robotic systems with soft hydrogel-based actuators
remains a major challenge.

As an alternative, the application of electric potential on hydro-
gels (or ionic gel) with embedded ionic components can provide an
effective way to accelerate and control reversible water diffusion,
which can notably enhance the response speed and controllability
of actuators. Among these electrically actuating mechanisms, elec-
troosmosis directly generates a dragging force on bulk fluids within
the hydrogel matrix by establishing electric field—induced electric
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double layers in the hydrogel, which provides a more efficient hy-
draulic fluid flow process than other mechanisms ( particularly elec-
trothermal or electrochemical mechanisms). In particular,
electroosmosis and electrically triggered osmosis have recently
shown great promise to overcome the intrinsic limitations of hydro-
gels including diffusion-limited water transport. Specifically, it has
been reported that hydrogel actuators with turgor (27) or bistable
(28) design can exhibit high actuation forces or instantaneously en-
hanced actuation speed, respectively. However, they still have issues
with slow actuation speed (about a few minutes) and bulky/rigid ac-
tuation setup as well as relatively high operating voltages (>5 to 10
V) due to the use of conventional conductive materials and elec-
trode designs.

Despite the benefits of the electroosmosis mechanism, reported
electrode fabrication approaches have restricted further advance-
ment of hydrogel actuators because of unfavorable interfacial inter-
actions between hydrogels and conductive components.
Specifically, hydrogel-based electrodes have been mainly prepared
via simple approaches such as coating (29-37) and embedding
(38-41) of conductive components. The resulting hydrogel elec-
trodes have exhibited considerably low electrical conductivity
with slightly increased mechanical deformability (37, 38) [e.g.,
4310 S cm™! with <10% stretchability for the coating method (37)
and 377 S cm™! with 250% stretchability for the embedding method
(38)], in sharp contrast to previously reported dried elastomer-
based electrodes (42—45). As a result, almost all electroactive hydro-
gel actuators reported to date can be operated by externally posi-
tioned electrodes (27, 28, 46, 47) or bulky electrodes poorly
bonded to hydrogels (14, 17, 31, 33) exhibiting limited electrical
conductivity and deformability. Thus, it is expected that the devel-
opment of hydrogel electrodes with high electrical conductivity
(even under large mechanical deformation) combined with a hy-
drogel with desirable chemical/mechanical properties will make
an important breakthrough in the area of electroactive hydrogel
actuators.

Here, we introduce an electroactive hydrogel actuator based on
wrinkled nanomembrane electrodes (WNEs) that is driven by elec-
troosmosis (WNE-hydrogel actuators) (Fig. 1A). We also highlight
that our approach resolves the drawbacks (i.e., slow response speed,
poor controllability, high operation voltage, and low energy/power
density) of previously reported soft actuators, including electric
stimuli-induced hydrogel actuators. For this study, an assembly ap-
proach, called “capillary-assisted in situ assembly of metal nanopar-
ticles,” was newly developed for preparation of WNE-hydrogel
actuators. The proposed approach induces vertical and lateral
growth of densely packed metal nanoparticle (NP) arrays on wet hy-
drogel surfaces through continuous capillary transport and ligand
exchange reactions of amine-functionalized polymer linkers
within hydrogels in a nonpolar medium. After the formation of
these robust metal NP layers on the hydrogel surface, subsequent
deswelling of the hydrogel in a nonpolar medium generates a
WNE that can simultaneously realize high electrical conductivity
(4.1 x 10* S cm™') and high mechanical deformability (110%
stretchability), which stands in contrast to conventional hydrogel
electrodes (29-41). In addition to metal NP assembly, the hydrogel
body was chemically modified for enhanced Young's modulus,
optimal swelling degree/rate, and controlled fraction of ionic
groups and could be successfully used as an ionic liquid reservoir
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and a porous membrane for electroosmosis as well as an actuating
body for swelling/deswelling.

Because of the unique operation mechanism and the electrode
structure shown in our study, the WNE-hydrogel actuators dis-
played high actuation performance (i.e., an actuation strain of
>50%, an energy density of >7 x 10° ] m™>, and a power density of
>3 x 10* W m™>) with low operation voltage (<3 V) and power con-
sumption (<40 mW cm™2). Although previously reported electro-
chemically driven actuators (e.g., ionic polymer metal composite
and carboneous electrode-ionic polymer composite) can also be op-
erated at relatively low voltage (<3 V), their performance has been
intrinsically restricted because of the fundamental limitations of
their working mechanisms (i.e., electrochemical reactions and/or
electrostatic repulsion concentrically occurring on the surface of
the electrodes) and the mechanically stiff electrode layer. To
further demonstrate the high performance of WNE-hydrogel actu-
ators, we designed one of the smallest and fast-moving untethered
soft aquabot among the various aquabots reported to date, mimick-
ing natural propulsion motion (Fig. 1B). In particular, note that the
WNE actuator occupied only 2% of the total body mass of the robot,
which could not be realized with conventional electric motors or
soft actuators (9-15). Considering the high performance, we
believe that our approach provides a basis for developing and de-
signing a variety of high-performance soft actuator—based applica-
tions, including biomedical devices, micromanipulators, and other
types of autonomous milliscale robots.

RESULTS

Preparation of WNEs on hydrogels

To fabricate the WNE-hydrogel actuators based on the capillary-as-
sisted in situ metal NP assembly (Fig. 1), we first immersed a copo-
lymerized poly(acrylic acid)-poly(acrylamide) (PAA-co-PAAm)
hydrogel (fig. S1) in poly(ethylenimine) (PEI) aqueous solution
(pH 11) for infiltration of PEI into the hydrogel. In particular,
note that the monomer types and compositions of PAA-co-
PAAm (8:2) hydrogels used in our study were determined from pre-
liminary experimental results related to swelling ratio, electroosmo-
sis, and actuation performance (fig. S2). In this case, a large amount
of carboxylic acid (COOH) groups of PAA-co-PAAm hydrogels in
the pH 11 PEI solution [ pK, (where K, is the acid dissociation cons-
tant) of PEI, ~10] were converted to carboxylate ion (COO™) groups
(pK, of PAA, ~4.5), which caused the hydrogels to swell by more
than a factor of 10 (in volume) due to strong electrostatic repulsions
between negatively charged COO™ groups. More specifically, the
swelling ratio of the hydrogel was increased from 1 to 11.4 with in-
creases in the PEI concentration from 0 to 30 mg ml™" (fig. $3). In
this case, the infiltrated PEI served as an additional cross-linker
within the hydrogel via mixed interactions (i.e., hydrogen
bonding and electrostatic interaction) between the NH,/partial
NH;" groups of PEI and the partial COOH/COO™ groups of hydro-
gels, which also had a notable effect on the mechanical stiffness of
the hydrogels. That is, when using a PEI solution (30 mg ml™"), the
Young's modulus of the hydrogel was increased up to 4.2 MPa,
which was about 14 times higher than that (0.3 MPa) of a hydrogel
immersed in a PEI solution (1 mg ml™?) (fig. S3). This facile control
of mechanical stiffness is highly beneficial for achieving high per-
formance in hydrogel actuators, because their performance is
closely related to the swelling ratio and mechanical stiffness of the
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A Bare hydrogel

Wrinkled Nanomembrane Electrode
(WNE)-coated hydrogel

Fig. 1. Insect-scale untethered soft aquabots by WNE-coated hydrogel actuators. (A) Schematic illustration of the formation of WNEs prepared from capillary-as-
sisted in situ NP assembly and deswelling processes with their consequent optical microscopy and SEM images. (B) Schematic illustration and photographic image of the
representative untethered soft aquabots integrated with WNE-hydrogel actuator, circuit board, and battery.

hydrogel. On the basis of these results, the concentration of the PEI
solution used in preparing hydrogel bodies was fixed at 30 mg ml™".
Considering that the swelling degree and Young's modulus are two
conflicting mechanical properties of hydrogel, note that enhancing
their properties at the same time is quite challenging.

The swollen PEI-infiltrated hydrogel was subsequently dipped
into a toluene solution containing tetraoctylammonium-stabilized
Au NPs (TOA-Au NPs) with diameters of about 8 nm (fig. S4), fol-
lowed by both the formation of dense Au NP layers onto hydrogel
and the deswelling (49% reduction compared with the initial PEI-
infiltrated hydrogel) of the resultant Au NP-coated hydrogel
(Fig. 2A). With increasing deposition time for the TOA-Au NPs,
the adsorbed Au NPs were converted to porous Au nanomembrane
films composed of numerous Au nanoplates, which caused an in-
crease in the thickness of the Au nanomembrane [from 32 nm (for
30 min) to 125 nm (for 3 hours)] and an increase in lateral size (figs.
S5 and S6). This unique phenomenon was mainly due to the
primary amine (NH,) groups of the infiltrated PEI, which have a
higher binding affinity for the Au NP surface than the ammonium
groups of native TOA ligands. That is, TOA ligands loosely bound
to the surfaces of Au NPs were replaced by NH,-functionalized PEI
at the interface between the aqueous and toluene solutions, result-
ing in room-temperature sintering of adjacent Au NPs without the
repetitive ligand exchange processes used in the layer-by-layer
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assembly approach (48, 49). It has been recently reported that suf-
ficiently small interparticle distance (<5 A) can induce metallic
bonding between adjacent metal NPs with low cohesive energy
through reciprocal atom diffusion, which enables notable sintering
at room temperature (50). The role of the PEI on the sintering of Au
NPs was investigated by analyzing the conformations of PEI ad-
sorbed between adjacent Au NPs using molecular dynamics
(MD) simulations (fig. S7). The simulation results showed that
PEI chains sandwiched between Au surfaces adopted flat conforma-
tions to maximize the number of PEI atoms within a radius of van
der Waals interactions with Au atoms, indicating more favorable in-
teractions between PEI and Au surface than intra- or intermolecular
PEI interactions. The minimal separation (by sandwiched PEI
monolayer) between neighboring Au surfaces was estimated to be
about 5.6 A. Although the calculated separation gap was slightly
larger than the threshold distance (~5 A) for the metallic sintering
between neighboring Au NPs (48-50), it could sufficiently give rise
to the Au NP sintering by small structural fluctuations (possibly
due to the fluctuation-induced transient exposure of bare Au NP
surface). Therefore, continuous capillary transport of PEI from
the inside of the hydrogel to the outermost nanoporous NP layers
could accelerate formation of Au nanoplates and porous Au nano-
membranes through vertical and lateral growth of Au NPs at the
water/toluene interface (fig. S5).
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Fig. 2. Preparation of WNE on hydrogel. Photographic images and cross-sectional illustration of the procedure for WNE formation on hydrogel in different stages. (A)
Optical microscopy and SEM images of the nanomembrane electrode (before deswelling) and WNE (after deswelling). (B) Sheet resistance and conductivity of the nano-
membrane electrode coated on PAA-co-PAAm as a function of assembly time. (C) Sheet resistance and conductivity of the WNE coated on PAA-co-PAAm as a function of
deswelling time after 60 min of NP assembly. Error bars in (B) and (C) represent SD. (D) Resistance changes in a WNE coated on PAA-co-PAAm (WNE-2 and WNE-3.8) in
stretched or bent states as a function of the stretching strain and bending radius. (E) Photographic images of WNE-coated PAA-co-PAAm connected with light-emitting
diodes before and after stretching. (F) Electrical conductivity comparison between WNE-coated PAA-co-PAAm (our study) and previously reported hydrogel-based elec-

trodes as a function of stretching strain.

These phenomena were further confirmed with a two-phase
liquid system based on PEI solution (in water) and TOA-Au NP sol-
ution (in toluene) (fig. S8). In this case, the dispersed TOA-Au NPs
were gradually transformed to Au nanoplate layers at the water/
toluene interface because the surfaces of Au NPs undergoing
ligand exchange reactions were changed from hydrophobic (by
TOA ligands) to hydrophilic (by PEI), thereby strongly inducing
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the additional capillary transport of PEI toward the upper TOA-
Au NP layer. This capillary transport phenomenon, which was
very similar to that observed in our hydrogel system, induced the
continuous sintering of Au NPs for the formation of porous Au
nanomembrane at the water/toluene interface and further increased
their vertical and lateral sizes. Given that previously reported NP
assemblies generate monolayers with limited packing densities or
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multilayers with high packing density through repetitive deposition
steps (45, 51-56), our approach using the capillary-assisted in situ
NP assembly is advantageous over other approaches reported to
date for preparing conductive electrodes on wet hydrogels.

Furthermore, the highly conductive layers (designated as Au
nanomembrane electrodes) adsorbed on the hydrogel surface ex-
hibited wrinkled structures through additional deswelling of the hy-
drogel (Fig. 2A). Although direct and rapid dehydration of the
hydrogel in air led to a highly wrinkled structure exhibiting a 3.8-
fold increase in surface area (defined as initial surface area of elec-
trode divided by projected surface area of wrinkled electrode), this
dehydration process made it difficult to control the deswelling
process precisely, which resulted in a nonuniform structure (i.e.,
WNE-3.8). Therefore, to provide an environmental condition for
slow and conformal deswelling, we slowly deswelled the porous
Au nanomembrane electrode—coated hydrogel in a nonpolar
medium (toluene) according to the dehydration time. In this case,
the dehydration process reached a plateau after about 3 days (fig.
S9). Consequently, deswelling in a nonpolar medium produced
controllable WNEs with porous structures on the hydrogel surfaces,
which induced a twofold increase in the surface area (i.e., WNE-2).
Because a further deswelling process could result in the excessively
increased Young's modulus and the decreased swelling rate as well
as the nonuniform structure, WNE-2 was mainly used for the fab-
rication of WNE actuators. The strong dependence of the initial
swelling ratio of the hydrogel on the solution concentration of in-
filtrated PEI enabled effective control of the surface areas of the re-
sultant wrinkled electrodes on the hydrogel surfaces (fig. S10).

On the basis of these results, we investigated the electrical prop-
erties of nonwrinkled Au nanomembranes (non-WNEs) and wrin-
kled Au nanomembrane electrode (WNEs) prepared with different
processing conditions. When the TOA-Au NPs were deposited onto
the hydrogel for 30 min, the TOA-Au NP-assembled hydrogel ex-
hibited an electrical conductivity of 1.7 S em™" (Fig. 2B). With an
increase in the deposition time (assembly time) from 30 to 120 min,
the sheet resistance of the nonwrinkled Au nanomembrane de-
creased sharply from 2.2 x 10° ohms square™ (conductivity, ~1.7
S ecm™') to 5.1 ohms square™ (conductivity, ~1.6 x 10* S cm™)
due to the increased interconnectivity of the Au NPs and subse-
quent transformation to Au nanoplates on the hydrogel. In addi-
tion, the formation of wrinkled structures by deswelling increased
the electrical conductivity of the hydrogel electrode. That is, a WNE
with a relative surface ratio of 2 (i.e., WNE-2 prepared by TOA-Au
NP assembly with a deposition time of 60 min and subsequent
deswelling in toluene for 3 days) displayed an electrical conductivity
of 4.1 x 10* S cm™! and a sheet resistance of 3 ohms square™!
(Fig. 2C), which outperformed those of the previously reported hy-
drogel-based electrodes. This notable enhancement in electrical
properties was mainly attributed to the shortened distance
between neighboring Au nanoplates because of additional shrink-
age of hydrogel supports. Moreover, the WNE-coated hydrogel ex-
hibited highly stable electrical conductivity under mechanical
deformations, including bending and stretching. Specifically, even
in the 110% stretched state and fully bent state, the electrical con-
ductivities of the WNE-coated hydrogel were about 1.2 x 10* and
3.5 x 10* S cm™%, respectively (Fig. 2, D and E). In particular, it
showed stable electrical stability under repetitive mechanical defor-
mation, maintaining low sheet resistance (< 10 ohms square™) even
after 2000 cycles of bending tests. (fig. S11). The WNE-coated
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hydrogel showed high electrical conductivity and mechanical
stretchability at the same time, which outperforms previously re-
ported hydrogel-based electrodes (Fig. 2F).

Electroosmotic performance of the WNE-coated hydrogel
On the basis of these results, we sought to prepare a hydrogel actu-
ator with electroosmotic properties that could reversibly pump the
ionic fluid with an applied external electric field (fig. S12). To this
end, ionic electrolytes [i.e., 1:1 mixture of aqueous PEI (30 mg/ml)
and 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM*]
[BE,7])] were infiltrated into WNE-coated hydrogels with a relative
surface area of 2 (i.e., WNE-2) that had been prepared by deswelling
in toluene phase (Fig. 3A). When an external electric field was
applied to the WNE-coated hydrogel, the ionic fluid was induced
strongly even at low voltages (<3 V) with a diverse range of frequen-
cies (movie S1). Given that our WNE electrode was prepared by
conversion from densely packed Au NPs to Au nanoplates and sub-
sequent deswelling-induced wrinkled structure, a WNE with a large
surface area could provide an effective pathway for reversible
pumping of ionic fluid. In this case, the amount of the ionic fluid
pumped inside the hydrogel was estimated as a function of applied
time under constant electric potentials (fig. S13).

The importance of the wrinkled porous structures of electrodes
for effective electroosmotic performance is more evidently con-
firmed in Fig. 3 (B to D). Specifically, in the cases of WNE-1.3
and WNE-2, the amounts of their ionic fluid pumped at 2 V were
increased to 7 and 26%, respectively, compared with that of non-
WNE (Fig. 3B and fig. S14). On the other hand, when the porosity
of WNE was blocked by poly(dimethyl siloxane) (PDMS) coating,
the pumped fluid volume decreased by 15% (Fig. 3B). These phe-
nomena were also observed with different electric potentials. That
is, when the WNE-coated hydrogel was operated at 1.5, 2, or 3 V, the
fluidic volumes were increased by about 18, 26, and 30%, respective-
ly, compared with those of non-WNE-coated hydrogel at the same
electric potentials (Fig. 3, C and D). The total and relative amounts
of pumped fluids as a function of sample thickness were further ex-
amined at a fixed voltage (2 V). In this case, the pumped volumes for
three different kinds of samples were almost saturated after 30 s
(Fig. 3E), showing a similar relative pumped volume of about
25% regardless of actuator thickness (Fig. 3F). In particular, as
shown in Fig. 3F, about 10 to 15% of the ionic fluid was rapidly
pumped in a few seconds, which contributed to pumped fluid-
induced swelling/deswelling of the hydrogel body. Moreover, we
also confirmed that the electroosmotic flow rate of our actuator
could be increased to 7.5 pl cm™ s™! V!, which was more than
three times higher than those of conventional electroosmotic
devices (<2 pl em™% 57! V™!), indicating its high electroosmotic per-
formance and efficiency (57-64). Therefore, the enhanced electro-
osmotic performance of the WNE-coated hydrogel was mainly
caused by the substantial increases in electrode surface area and
electrical conductivity due to the wrinkled structure.

Performance of WNE actuators

Upon confirming the noteworthy mechanical, electrical, and elec-
troosmotic properties of WNE-coated hydrogels, we constructed an
actuator using the WNE-2—coated hydrogel. We investigated the
performance of WNE actuators with an external power supply
and an on-board battery (fig. S15). When the WNE actuators
were subjected to an electric potential, electroosmotic flow toward
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negative potential was generated, resulting in swelling and deswel-
ling of the hydrogel near the negative and the positive electrodes,
respectively (Fig. 4A). These phenomena implied that bending
motions of WNE actuators could be easily induced and controlled
by the applied electric potential and time (movie S2). In particular,
the unique morphologies of electrodes (i.e., wrinkled structure and
porosity) in WNE actuators played an important role in achieving
high performance of actuators. In contrast, the hydrogel actuators
with nonwrinkled electrodes (i.e., non-WNE actuator) and porosi-
ty-blocked wrinkled electrodes (i.e., porosity blocked-WNE actua-
tor) showed that their actuation strains were decreased by about 50
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and 15 to 25%, respectively, compared with that of WNE actuators
(fig. S16). In addition, high electrical conductivity of WNE actua-
tors was also critical for their high actuation performances (fig.
S17). Moreover, among various hydrogel bodies with different
monomer types and compositions, PAA-co-PAAm (8:2) hydrogel
exhibited superior actuation performance compared with other hy-
drogels (fig. S18). On the basis of these results, when an electric po-
tential of 3 V was applied to WNE actuators with thicknesses of 250,
450, and 600 pm, their maximum actuation strains were estimated
to be about 43, 45, and 60%, respectively (Fig. 4, B and C). In addi-
tion, a considerably short response time (<0.5 s) was observed from
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all the actuators except the 600-um-thick actuator (Fig. 4D). Al-
though the 600-pm-thick actuator exhibited the highest actuation
strain among the three different actuators, it exhibited a relatively
slow response speed due to its thickness. Therefore, the 450-pum-
thick actuator was selected for further investigation and application.
On the basis of these results, the 450-pum-thick actuator was oper-
ated with different electric potentials at alternating signals (frequen-
cy of 0.25 Hz). In this case, high actuation strains of 12.6, 9.8, and
4.2% were observed at 3, 2, and 1.5 V, respectively (Fig. 4E). In par-
ticular, the WNE-actuator exhibited high actuation strains with an
enhanced maximum transduction efficiency of 22.8% (maximum
60% strain of 600-pm-thick actuator with an average power con-
sumption of 10 mW) compared with previously reported electro-
chemical actuators that suffered from low actuation strains below
2% with a transduction efficiency of <7.5% (31, 32) and deteriorat-
ing actuation strains with increased thickness of devices (fig. S19)
(29-33, 36). Because of the low operation voltage and power con-
sumption of WNE actuators, they can be sufficiently operated
with on-board electronics and a small battery (movie S3). Moreover,

Electrode

Actuator

the actuation strain of a small battery-powered WNE actuator was
consistent with the actuation strain of a WNE actuator operated
with an external power source (Fig. 4F). Furthermore, although
our WNE actuator could not generate high force similar to that of
a turgor cell-structured electroosmotic hydrogel device (>500 N)
(27), it showed maximum blocking force of more than 20 mN (2
cm by 0.7 cm by 450 pm, 72 mg), which was higher than those pre-
viously reported of electrochemical actuators. Such high force could
be induced by effective conversion from osmotic pressure to exter-
nal force with the aid of electroosmotic pumping inside the hydro-
gel body having increased Young's modulus (fig. $20). This WNE
actuator exhibited high energy and power densities of maximum
7.5 x 10° ] m™3 and 3.8 x 10* W m™> (4.2 x 10° ] m~3 and
1.1 x 10* W m™ at the frequency of 0.25 Hz), which were 5 to 10
times higher than those of other mechanism-driven hydrogel actu-
ators (Fig. 4G). In particular, a notable feature of the WNE actuator
is that its power density is comparable to that of natural skeletal
muscle, although it is still inferior to those of electrostatic and elec-
trothermal soft actuators requiring high voltages (about kilovolts)

.
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Fig. 5. Demonstration of untethered soft aquabots (flapping motion). (A) Photographic image of a soft aquabot with flapping (left-right) motion and a component
weight pie chart. (B) Photographic image of a moving soft aquabot with a flapping (left-right) motion. Scale bar, 3 cm. (C) Photographic image of a soft aquabot with a
flapping (up-down) motion and a component weight pie chart. (D) Photographic image of a moving soft aquabot with flapping (up-down) motion. Scale bar, 3 cm.
Displacement and velocity of flapping aquabots with left-right (E) and up-down (F) motions operating with a single WNE actuator.
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and/or power consumption (>100 mW cm™2) (table S1). These
results are notable in that a high-performance WNE actuator with
low operation voltage and power consumption can be effectively
applied in the development of untethered mobile robots, requiring
large strokes of actuators even with small-scale electronic
components.

The operation stability and energy/power density of WNE actu-
ators also play an important role in maintaining the actuation

performance. To improve the operation stability of our actuator,
we encapsulated it with an elastic protective layer to prevent water
evaporation. Specifically, imine-incorporated PDMS was uniformly
coated on the surface of the WNE actuators by simple dip coating in
a solution of bis(3-aminopropyl)-terminated PDMS and benzene-
1,3,5-tricarboxaldehyde. Subsequently, a thin (~10 um) and confor-
mal PDMS layer was formed on the WNE actuator within 30 s (fig.
S21). Because of the low thickness and low modulus (~150 kPa) of
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Fig. 6. Demonstration of untethered soft aquabot (sculling motion). (A) Photographic and schematic images of a soft aquabot with a sculling motion and a com-
ponent weight pie chart. Photographic images of forward-moving (B) and steering (C) soft aquabots with a sculling motion. Scale bar, 3 cm. (D) Displacement and velocity
of a soft aquabot with a sculling motion. (E) Steered angle and angular velocity of a soft aquabot with a sculling motion. (F) Photographic images of a turning and
forward-moving soft aquabot with sculling motion by feed forward command. Scale bar, 3 cm. In addition to forward swimming, the aquabot allows to make turns
by controlling the timing of activation of the two fins. Steering can be performed by applying the fins with different signals independently. (G) The tracked swimming

trajectory corresponding to the demonstration.
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the PDMS-coating layer, the Young's modulus of the PDMS-coated
WNE actuator was increased slightly from 4.2 to 4.5 MPa. Although
the actuation strain of the PDMS-coated WNE actuator was de-
creased by about 20% compared with that of a WNE actuator
without a PDMS layer due to the increased Young's modulus and
blocked porous structures of WNE (fig. $22), PDMS-encapsulated
WNE actuators operated stably more than 500 cycles, maintaining
more than 90% of the initial actuation strain (fig. $23). Although it
is still challenging to realize highly repeatable and precise actuating
motions because of the presence of various and complicated param-
eters affecting the hydrogel swelling, the repeatability and precision
of actuation motions shown in the WNE actuator can be further en-
hanced by the additional coating of encapsulation layer onto the
WNE actuator (fig. S24). Moreover, most previously reported hy-
drogel actuators cannot be operated stably for more than 10
cycles in air, which has been a serious barrier to practical utilization
of soft robots.

Untethered soft aquabots by WNE actuators

To further demonstrate the notable characteristics of WNE actua-
tors in application-specific scenarios, we constructed untethered
autonomous soft aquabots (i.e., WNE actuator—based aquabots
with small microcontrollers and batteries) requiring large strokes
of actuators to generate sufficient thrust forces (Fig. 5A and fig.
§25). To generate large propulsion in water, we attached 3-cm-
long fins with anisotropic shapes to 1.2-cm-long WNE actuators
(fig. S26). On the basis of these components, two different types
of aquatic robots were prepared, possibly allowing flapping and
sculling motions similar to those shown in natural organisms.

First, we fabricated 1.95-cm-sized aquabots with flapping
motions (Fig. 5), which included a battery (3.7 V, 30 mA-hour,
737 mg) and printed circuit board (326 mg) (fig. S27). A single
WNE actuator (1.2 cm by 0.4 cm by 450 pm, 25 mg) was integrated
into three-dimensional (3D)—printed bodies (350 mg for flapping
left-right and 326 mg for flapping up-down) embedding the
circuit board and battery (Fig. 5, A to D). Unlike previously report-
ed soft aquabots that required relatively lengthy soft actuators to
generate sufficient thrust, our soft aquabots can be driven by 1.2-
cm-long WNE actuators with attached fins (flapping left-right:
2.5 cm by 1 cm, 6 mg; flapping up-down: 2 cm by 2 cm, 33 mg).
When the WNE actuator was subjected to an alternating 2.8-V po-
tential with a frequency of 1 Hz, the up-down or right-left flapping
motions drove the aquabots forward with maximum speeds of 1.02
and 0.5 body length (BL) s™%, respectively (Fig. 5, E and F, and
movie S4).

Moreover, steering of the aquabot was accomplished with two
independently controlled motions of WNE actuators integrated
on the left and right sides of the 3D printed body, which generated
a sculling motion (Fig. 6). To this end, a 3.5-cm aquabot comprising
a battery, circuit board, body (945 mg), two actuators (1.2 cm by 0.4
cm by 450 um, 25 mg), and fins (20 mg) was additionally fabricated,
as shown in Fig. 6A and fig. S27. By changing the input electrical
signals (2.8 V, 0.33 Hz) on each side of the actuators, the sculling
aquabot produced forward, right-turn, and left-turn motions
(Fig. 6, B and C, and movie S4) under untethered conditions. Spe-
cifically, the forward movements showed a maximum speed of 0.53
BL s™, and turning movements showed a maximum angular speed
of 38.6° s7! (Fig. 6, D and E). We further demonstrated the control-
lability of our aquabot by performing a maneuvering test with a feed
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forward command. By controlling the two actuators with a pro-
gramed control signal at alternating 2.8-V potential, we demonstrat-
ed that the robot can be steered and make forward movements for
maneuvering (Fig. 6, F and G; fig. $28; and movie S5). Although
WNE actuator-based soft aquabots cannot maximize thrust
because of the reverse dragging force during the recovery stroke,
we believe that they are one of the smallest soft aquabots among
the various aquabots containing on-board electric boards and
power sources reported to date (fig. S29 and table S2). As shown
in the mass distributions of the robots (Figs. 5, A and C, and 6A),
the WNE actuator occupied just 2% of the body mass, but its power
density was high enough for propulsion of the aquabots along the
water surface. In particular, considering that conventional actuation
components such as transmissions, linkages, and gear trains have a
notable effect on the mechanical efficiencies of actuation applica-
tions, our WNE actuator, which can be operated without such com-
ponents, can be effectively applied in a small-scale autonomous
robot system.

DISCUSSION
We demonstrated low voltage—driven WNE actuators that overcame
the drawbacks of prior hydrogel actuators, including slow response
time, low power density, and poor controllability. This hydrogel ac-
tuator was fabricated via capillary-assisted in situ NP assembly,
which provided a facile and effective pathway for formation of a
wrinkled nanomembrane layer with a large surface area and a
porous structure on the hydrogel surface. The WNE-coated hydro-
gel exhibited high electrical conductivity and mechanical flexibility
at the same time, which far exceeded those of previously reported
hydrogel-based electrodes (Fig. 2F). These notable features of the
WNE-coated hydrogel resulted in high actuating performance
(i.e., strain of >50%, energy density of >7 x 10° ] m™, and power
density of >3 x 10* W m™) with a low bias voltage of 3 V or less
based on efficient electroosmosis pumping inside the hydrogel
body. This high performance under low operation voltage is diffi-
cult to realize with existing electrically actuating soft actuators, in-
cluding electrothermal (e.g., liquid crystal elastomer and shape
memory alloy), electrochemical (e.g., ionic polymer-metal compos-
ite), and electrostatic (e.g., dielectric elastomer and hydraulically
amplified self-healing electrostatic) mechanism-driven actuators.
The high performance of WNE actuators was further demon-
strated by fabricating untethered soft aquabots that are smaller
and faster than state-of-the-art soft aquabots driven by dielectric
elastomer actuators, ionic polymer-metal complex actuators, and
others (fig. S29 and table S2). In particular, our soft aquabots
based on WNE actuators could be constructed without any high-
voltage converter and conventional transmission system, which
have considerably limited the miniaturization of soft robots.
These characteristics of WNE actuators with high power density
enabled us to build a small-scale aquabot 2 cm in body size with
on-board power. The resulting robot demonstrated maneuvering
with two actuators by feedforward control command. However, to
be a fully autonomous robotic system, sensing components should
be further integrated for the recognition of position and orientation
of the robot. We believe that our approach could provide a basis for
developing lightweight, high-performance soft actuators and robots
at small scale that require a variety of motions under electric stimuli.
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MATERIALS AND METHODS

Synthesis of TOA-Au NPs

The Brust method was used for the synthesis of TOA-Au NPs. First,
20 mM TOA bromide (98%; Sigma-Aldrich) was dissolved in
toluene (80 ml), and 30 mM gold(III) chloride trihydrate (HAuCl,
-3H,0; >99.9%; Sigma-Aldrich) was dissolved in deionized water
(30 ml). They were mixed for more than 30 min with stirring,
and the toluene phase was separated. Then, 0.4 M sodium borohy-
dride (NaBH,; 99.99%; Sigma- Aldrich) dissolved in deionized water
(25 ml) was added to the separated toluene phase with stirring.
After 3 hours of reduction reaction, the solution of TOA-Au NPs
was washed several times with H,SO, (0.1 M), NaOH (0.1 M),
and deionized water.

Synthesis of the PAA-co-PAAm hydrogel film

First, acrylic acid (Sigma-Aldrich) and acrylamide (Sigma-Aldrich)
were dissolved in deionized water at a molar ratio of 4:1 (12 and 3
mM, respectively). Then, 200 pl of ethylene glycol dimethacrylate
(98%; Sigma-Aldrich) and 30 mg of 2,2-dimethoxy-2-phenylaceto-
phenone (99%; Sigma-Aldrich) dissolved in dimethyl sulfoxide
(99.9%; Sigma-Aldrich), which served as cross-linker and initiator,
respectively, were added to the aqueous solution of acrylic acid and
acrylamide. The prepared solution was confined within a polyeth-
ylene terephthalate (PET) frame with a specific thickness (50 to
2000 um) sandwiched between slide glasses. The ultraviolet light
was irradiated for 30 min to polymerize the confined solutions.

Preparation of WNE on hydrogel

First, the PAA-co-PAAm hydrogels were immersed in aqueous PEI
solutions (1 to 30 mg ml™") for more than 24 hours. Because of in-
filtration of the PEI into the hydrogel matrix, the hydrogel films
were swollen depending on the concentrations of PEI solutions.
Then, the swollen PEI-infiltrated hydrogel was dipped into a
toluene solution containing TOA-Au NPs. With increasing deposi-
tion time of TOA-Au NPs, the adsorbed Au NPs were converted
into a porous Au nanomembrane film by capillary-assisted in situ
NP assembly. Furthermore, additional deswelling of the Au nano-
membrane electrode—coated hydrogel in air (3 hours) or toluene (3
days) led to WNEs having different relative surface ratios as a func-
tion of deswelling time.

MD simulations

For the construction of a model system that consists of PEI chains
between Au (100) surfaces, all-atom MD simulations were conduct-
ed. The n PEI chains were positioned between Au slabs [FCC
stacked with a (100) face consisting of a 12-by-12 supercell] for
the initial model system. The PEI chain is modeled as a randomly
branched chain with a molecular weight of 777 g mol™!. On the
basis of this system constitution, NPT-ensemble MD simulations
were performed at 298 K and 1 bar using Forcite module with
COMPASS force field (COMPASS 11, implemented in Material
Studio package) (65). To maintain the temperature (298 K) and
pressure (1 bar), we used the Nose-Hoover-Langevin thermostat
(66) and Parrinello-Rahman barostat (67). The Ewald summation
method was used to calculate the electrostatic potential energy (ac-
curacy, 0.1 kcal mol™; buffer width, 0.5 A). The atom-based tech-
nique (cutoff distance, 12.5 A; spline width, 1 A) was used to
calculate the van der Waals potential energy.

Ko et al., Sci. Robot. 7, eabo6463 (2022) 26 October 2022

Characterization of WNE-coated hydrogels

For the characterization of WNE-coated hydrogels, samples were
first freeze-dried at —80°C for more than 24 hours. Then, the mor-
phology and thickness of WNE-coated hydrogels was characterized
and measured using field-emission scanning electron microscopy
(FE-SEM; Hitachi s4800). We further confirmed the results by con-
ducting cryo—FE-SEM (Quanta-3D FEG). The sheet resistance of
the sample was measured using a two-point probe (Keithley 4200-
SCS) and a four-point probe (MCP-T610, Mitsubishi Chemical
Analytech).

Measurement of actuator performance
For measurements of actuation performance, platinum-coated
poles (2 mm in diameter) or carbon poles (1 mm in diameter)
were used to apply electrical potentials to the WNE-hydrogel actu-
ators and minimize mechanical and electrochemical damage during
the operation. The bending motions of WNE-hydrogel actuators
were recorded by a digital camera (Nikon D750; 30 frames s™')
for different electric potential conditions. The bending strain ()
was estimated as previously defined (33, 68):

. AL, +AL, d

L R
R
~5  L+AL
—2-
R+ d L+ AL,

where €, L, d, and R are the actuation strain, the actuator length, the
thickness of the actuator, and the bending radius of actuator, re-
spectively. Energy density (E4), power density (Py) and transduction
efficiency (electrical energy to mechanical energy conversion effi-
Ciency, Nyansduction) Of the soft actuator were estimated by the fol-
lowing equations, which have been widely used for elastically
actuating materials (31-33)

Y€
E; =
17
Eq
py =2
4T
P ; Py - Vol
77transduction(‘%)) = mechanical _ 2d x 100%
P electricalinput v

where vy, €, and t is the Young's modulus of actuators, the actuation
strain of the actuators, and the time required for one cycle,
respectively.

Fabrication of soft aquabots

Bodies of aquabots were fabricated with a 3D printer (Project MJP
2500, 3D Systems Inc.). Printed circuit boards were prepared by in-
tegrating a microcontroller (ATtiny2313A, Microchip Technology),
motor driver (C0805C104K5RAC7800, KEMET), regulator
(TPS74529PQWDRVRAQ1, Texas Instruments), and capacitors
(C0805C224K1RAC7800, KEMET). Fins were fabricated by
cutting 50-um-thick polyimide films and physically attached to
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the WNE actuator by placing elastic PET films between them. The
battery (3.7 V, 30 mA-hour, 737 mg), polychlorinated biphenyl, and
fin-attached WNE actuator were integrated into the 3D printed
body. The prepared aquabots were floated on water surfaces, and
their locomotion was recorded with a digital camera (Nikon
D750; 30 frames s~ 1).
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