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MATERIALS FOR ROBOTICS

Self-powered locomotion of a hydrogel water strider

Hong Zhu', Borui Xu', Yang Wang’, Xiaoxia Pan?, Zehua Qu?, Yongfeng Mei'*

Hydrogels are an exciting class of materials for new and emerging robotics. For example, actuators based on
hydrogels have impressive deformability and responsiveness. Studies into hydrogels with autonomous locomo-
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tive abilities, however, are limited. Existing hydrogels achieve locomotion through the application of cyclical stimuli
or chemical modifications. Here, we report the fabrication of active hydrogels with an intrinsic ability to move on
the surface of water without operated stimuli for up to 3.5 hours. The active hydrogels were composed of hydro-
phobic and hydrophilic groups and underwent a dynamic wetting process to achieve spatial and temporal control
of surface tension asymmetry. Using surface tension, the homogeneous active hydrogels propelled themselves
and showed controlled locomotion on water, similar to common water striders.

INTRODUCTION

Basilisk lizards (1), water snails (2), Mesovelia (3), and water strid-
ers (4, 5) can move freely on the surface of water. With an average
velocity of 60 body lengths per second, water striders use their cen-
tral hydrophobic legs to strike the water surface in a sculling mo-
tion. During the strike, fore-aft contact force differences between
the central hydrophobic legs are generated as a propulsive force and
overcome resistances to move freely (6). To mimic the locomotion
of water striders and move freely on water surfaces, self-propelled
devices have been developed and driven by various external fields
(7-10). As major components of tissues in living species, hydrogels
are polymer networks that are infiltrated with water and have excel-
lent properties of high water content, softness, and stimuli respon-
siveness. Under external stimuli (e.g., optical, electrical, hydraulic,
or magnetic changes), hydrogels can convert other forms of energy
to generate deformations and forces, which are induced by the os-
motic pressure change of hydrogels responding to external stimuli
(11, 12). These existing strategies to achieve autonomous locomo-
tion in hydrogel materials involve applying cyclical stimuli (13-17),
which requires peripheral devices and an energy source. In this
study, we endowed hydrogels with the ability to locomote on the
water surface by continuously establishing asymmetric surface ten-
sions through the dynamic wetting process of active hydrogels.

RESULTS

Locomotion of hydrogel water striders and mechanisms

of locomotion

We collected common water striders from local freshwater ponds to
observe and understand their locomotion. The middle legs of water
striders moved backward to generate fore-aft asymmetric contact
angles from the strider legs (Fig. 1A and inset). The curvature force
caused by the asymmetric contact angles (unequal o and ) worked
as dominant propulsive force for the water surface locomotion of
water striders. After the driving strike, the water striders dragged
the middle legs forward for recovery and then went on for the next
thrust. During the recovery, only resistive force existed. Thus, the
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velocity of the water strider increased sharply from 21.21 to 37.50 cm/s
in the thrust stage of 0.008 s and decreased slowly to 21.21 cm/s in
the recovery stage of 0.013 s. In the next 0.008 s, the velocity of the
water strider increased rapidly to 37.62 cm/s, again owing to the
strike of middle legs. Then, the velocity of water strider decreased
slowly to 19.21 cm/s in the following 0.017 s. In the whole 0.05 s, the
water strider glided forward 5.24 cm (Fig. 1B). Inspired by common
water striders, we synthesized an active hydrogel poly(hydroxyethyl
methacrylate-co-acrylic acid) [p(HEMA-co-AA)] that could move
autonomously on the water surface for 210 min without external
energy input. The superimposed time-lapse snapshots and corre-
sponding color-indicated trajectory of this hydrogel water strider’s
locomotion in the first 4 s are shown in Fig. 1C. We proposed that
the propulsion mechanism of this autonomous locomotion is based
on the dynamic wetting process of the active hydrogel (Fig. 1C, in-
set). The active hydrogel consisted of long carbon chains, hydroxyl
groups, and ester groups (fig. S1). The methyl groups on the back-
bone of the hydrogel network were hydrophobic, and the hydroxyl
groups on the side chains were hydrophilic. When the pristine hy-
drogel was placed in air, it preferentially exposed the nonpolar parts
of the backbone toward the air to minimize surface energy. Thus,
the pristine hydrogel water strider was unwetted. During the water
intake and swelling process, the hydroxyl groups migrated to the
surface to minimize the interfacial free energy (18-23). The reorien-
tation of the hydrophobic and hydrophilic groups occurred at the
outermost interface between 5 and 10 A (19). Then, the hydrogel
became wetted, and the water intake increased the total mass of the
hydrogel, which slightly sank relative to the air-water interface and
exposed the new unwetted part to water. We defined this process as
the dynamic wetting process of the active hydrogel. The dynamic
wetting process occurred unevenly at the water-air interface sur-
rounding hydrogel, which caused an uneven and varying distribu-
tion and a good spatial and temporal control of surface tension
around the hydrogel. According to the Marangoni effect, the local
inhomogeneous distribution of surface tension causes a convection
flow of liquid, and then, floating objects move toward the higher
surface tension regions (24). Therefore, the hydrogel moved toward
the nonwetting region with a fluctuating velocity. The velocity fluc-
tuated throughout the locomotion owing to the dynamic wetting
process, and the initial velocity of the locomotion is 4.86 cm/s. After
15 min, the velocity increased sharply from 1.33 to 2.32 cm/s in
0.167 min and decreased slowly down to 1.51 cm/s in the subse-
quent 0.666 min, which showed a similar fluctuation to the velocity
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tent and color changing of the hydrogel
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Fig. 1. Motion and mechanism of common water strider and hydrogel water strider. (A) Superimposed time-
lapse snapshots and corresponding color-indicated trajectory of common water strider in 0.1 s. The inset is a sche-
matic illustration of propulsion mechanism of common water strider. Here, o and B are contact angles of the strider
leg. (B) The velocity and displacement of the common water strider. (C) Superimposed time-lapse snapshots and
corresponding color-indicated trajectory of hydrogel water strider in 4 s. The inset is a schematic illustration of the
propulsion mechanism of hydrogel water strider. (D) The velocity and displacement of the hydrogel water strider.
(E) Mass swelling ratio and average velocity changes during the whole locomotion time. The insets are photos of the
hydrogel at 0 min (I) and 210 min (Il). The dashed line is the initial edge of the hydrogel. (F) Contact angle changes of
hydrogel in the first 30 min. The bottom insets are the photographs of contact angle at states |, Il, and Ill. The top in-
sets are the in situ AFM microscopic modulus of hydrogel after adding water for 0 min (IV) and 80 min (V). Scale bars,
5mm (A), 1 cm (C), 2 mm [insets of (E)], 1 mm [bottom inset of (F)], and 100 nm [top inset of (F)].

of the water strider locomotion. The hydrogel water strider moved
19.69 cm in 1.83 min (Fig. 1D). The surface tension-dominated lo-
comotion of the hydrogel water strider matched the agility of the
common water strider, with fluctuating speed and long-lasting lo-
comotion duration.

To verify the propulsion mechanism of the hydrogel water strid-
er’s locomotion, we analyzed the velocity of locomotion and con-
ducted characterization to the hydrogel. The velocity was tracked
from the recorded video, and we calculated the average velocity per
5 min (Fig. 1E, black line). The initial velocity was 4.86 cm/s, and it
dropped to 1.565 cm/s in the first 30 min. Then, the velocity was
steady around 1 cm/s during the following 150 min and lastly de-
creased markedly to 0 cm/s in the last 30 min. Then, we analyzed
the instantaneous velocity and frequency of velocity changes through
the fast Fourier transform (fig. S2). The frequency of velocity changes
gradually decreased from 0.1504 to 0.0231 Hz in the first 40 min.
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hydrogel at the microscopic level during
the water intake process. To verify that
the dynamic wetting occurs during the
water intake process, we measured
the contact angles of the hydrogel by the
sessile droplet technique (Fig. 1F). The
initial contact angle was 103.1° (state I),
which means that the pristine hydrogel
surface was hydrophobic. In the first
5 min, the hydrogel absorbed water from
the droplet, and the contact angles grad-
ually decreased to 88.3° (state II). After-
ward, when another droplet of the same
volume was added on the same place of hydrogel, the contact angle
increased to 101.9° (state III) immediately, which means that the
adjacent part of the first droplet on the hydrogel was still hydropho-
bic. The bottom inset photos of Fig. 1F directly compare the droplet
volume and contact angle at states I, I, and III. The droplet volume
decreased from state I to II owing to water absorption and became
larger at state III than state II because of droplet addition. The pris-
tine hydrogel was unwetted, and then, the part of the hydrogel that
had contact with the water droplet changed to a wetted condition
because of water absorption. However, the adjacent part was still
unwetted. With more added water, the adjacent part of the hydrogel
started changing to a wetted condition. This wetting process of the
hydrogel continued for a long time, but for simplicity, we just ex-
amined the first 30-min results of contact angle changes. After
210 min of locomotion, the surface of the active hydrogel was wetted,
and the contact angle was 65.1°, which decreased to 48.1° with the
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addition of the new droplet. Before the hydrogel was wetted, water
diffused into the interior of the hydrogel instead of spreading along
the surface. Moreover, from the rheological test, in situ fast-scan
atomic force microscopy (AFM), and cryo-scanning electron mi-
croscopy (SEM) results, we observed that the elastic modulus of the
hydrogel dropped markedly, and the morphology of the hydrogel
changed from flat to rough during the water intake and dynamic
wetting process (fig. S4). The microscopic elastic modulus of the
hydrogel at the original state had a value ranging from 30.0 to
49.0 MPa (state IV); then, it dropped to a range of 8.7 to 14.6 MPa
after the 30-min water intake (state V). After 80 min, the hydrogel
became soft and the elastic modulus markedly decreased to a range
from 7.4 to 8.1 kPa. Combining the synergistic variation slope of
velocity and mass swelling ratio as well as the microscopic changes
during the water intake and dynamic wetting process, we posit that
the propulsion mechanism of the locomotion was based on a dy-
namic wetting process and the Marangoni effect. The hydrogel ab-
sorbed water, which caused the hydrophobic groups at the outermost
surface of hydrogel to turn inside and the hydrophilic groups to
reorient toward the outside. The hydrogel was dynamically wetted
during the reorientation of the functional groups, which was mac-
roscopically shown as a change in contact angle. The continuous
reorientation processes of the active hydrogel induced surface ten-
sion changes, and the propulsion force of the locomotion changed
relatively, according to the Marangoni effect. Because the mecha-
nism of the locomotion depends on the dynamic wetting process of
the hydrogel and Marangoni effect, this autonomous locomotion
was reversible as long as the hydrogel was exposed to repeated de-
hydration (fig. S5).

Versatility of active hydrogels

Hydrophobic hydrogels with different cross-linker amounts and
types all showed autonomous locomotion on water surface (Table 1
and fig. S6). We first analyzed the locomotion and swelling behav-
iors of the p(HEMA-co-AA) hydrogel with different cross-linker
amounts ranging from 0.5 to 10 volume %. The mass swelling ratio
of hydrogels after absorbing water for 5 min over the equilibrium
mass swelling ratio was defined as the initial water intake percent-
age. The initial water intake percentage increased from 0.30254 to
0.59741, with the cross-linker amounts increasing from 0.5 to
10 volume %. After swelling equilibrium, the hydrogel with 0.5 volume %
cross-linker showed the highest equilibrium mass swelling ratio of
0.09602, and the initial water intake percentage decreased to 0.02931

when the cross-linker was added to 10 volume %. The hydrogel with
0.5 volume % cross-linker took 280 min to reach the swelling equi-
librium, and the time gradually decreased to 85 min, with the cross-
linker increasing to 10 volume %. The p(HEMA-co-AA) hydrogel
with different cross-linker amounts were all able to locomote. The
initial velocity of the locomotion increased from 4.78 to 7.07 cm/s,
with the cross-linker amounts increasing from 0.5 to 10 volume %,
which showed a similar trend to the initial water intake percentage.
In addition, the locomotion duration was slightly shorter than the equi-
librium swelling time. The hydrogel with 0.5 volume % cross-linker
had the ability to move on the water surface for 270 min. With the
increasing of cross-linker amounts from 0.5 to 10 volume %, the
locomotion duration decreased from 270 to 55 min. The initial water
intake percentage revealed the water affinity of hydrogel. With the
increase in cross-linker amounts, the pore size decreased and the
cross-link ratio of the hydrogel increased relatively. With a smaller
pore size, the hydrogel showed a stronger water affinity and higher
initial water intake percentage. Because of the increase in the cross-
link ratio, the cross-link density increased (25). According to the
Flory-Rehner theory, including the ideal Donnan equilibria (26),
the equilibrium mass swelling ratio depends on the charge density,
cross-link density, and relaxed volume fraction. With the same
functional groups, the high equilibrium mass swelling ratio can be
acquired at low cross-link density. Thus, the equilibrium mass
swelling ratio increased with increasing cross-linker amounts, as
shown above. Considering the relationship between the mass swell-
ing ratio, locomotion velocity, and locomotion duration, the initial
velocity was consistent with the initial water intake percentage, and
the locomotion duration was consistent with the equilibrium mass
swelling ratio and equilibrium swelling time. The AFM images of
the p(HEMA-co-AA) hydrogel with different cross-linker amounts
ranging from 0.5 to 10 volume % showed the micromorphologies of
the active hydrogel with different cross-linking densities (fig. S7). In
addition, the contact angles of the p(HEMA-co-AA) hydrogel with
different cross-linker amounts changing with time verified the dy-
namic wetting process of the active hydrogel with different cross-
linking degrees (fig. S8). Moreover, not only did the hydrogel
p(HEMA-co-AA) show the ability to move on water surface spon-
taneously, but other types of acrylic derivative hydrogels, such as
pHEMA and poly(methacrylic acid) (pMA), also had locomotive
ability. We compared and analyzed the swelling and locomotion be-
haviors of these active hydrogels with the same cross-linker amounts
(1 volume %). The initial water intake percentage of p(HEMA-co-AA),

Table 1. Comparison of swelling behaviors and locomotion of hydrogels with different cross-linker amounts and types.

Type Cross-linker . Initial water Equilib!'ium mass Statif quilibrium Locom?t.ion Locqmotiop Initial velocity
amount intake percentage swelling ratio swelling time (min) capability duration (min) (cm/s)
0.5 volume % 0.30254 0.09602 Yes 270 4.78

1 volume % 0.32512 0.09498 Yes 210 486 o
P(HEMA-co-AA) 2 volume % 0.40747 0.06798 160 Yes 150 531 o
5 Vo|ume% - 056476 003042 ”0 Yes 100 566 P
1ovo|ume% e 059741 002931 85 e Yes 55 707 P
pHEMA s 1vo|ume% P 029692 001721 60 e Yes 50 455 P
pMA e 1VO|ume% - 027466 001602 40 e Yes 30 456 P
AH s 01M RO 098333 422957 140 e No 0 0 P
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pHEMA, and pMA were 0.32512, 0.29692, and 0.27466, respectively.
The equilibrium mass swelling ratio, static equilibrium swelling time,
and locomotion duration showed large differences between these
three hydrogels. The equilibrium mass swelling ratio of p(HEMA-co-AA)
reached 0.09498; however, the ratios of pHEMA and pMA were just
0.01721 and 0.01602. The equilibrium swelling times were 210, 60,
40 min for p(HEMA-co-AA), pHEMA, and pMA, respectively. All
these active hydrogels had the ability to locomote as well. The initial
velocity of p(HEMA-co-AA) was 4.86 cm/s, which was largest
among all the three hydrogels. The initial velocities of pPHEMA and
PMA were 4.65 and 4.66 cm/s, respectively, and the locomotion dura-
tions were 210, 50, and 30 min for p(HEMA-co-AA), pHEMA, and
pMA, respectively. Comparing pHEMA with p(HEMA-co-AA),
the copolymerized acrylic acid monomer provides ionic groups to
the hydrogel, which increases the affinity to water simultaneously.
Thus, the initial water intake percentage of p(HEMA-co-AA) was
slightly higher than pHEMA. In addition, an increasing number of
ionic groups produce additional osmotic pressure that swells the
hydrogel (26). Thus, the equilibrium mass swelling ratio of p(HEMA -
co-AA) was much higher than pHEMA. As for the pHEMA and
PMA, the types and amounts of functional groups are almost the
same, so the initial water intake percentage and the equilibrium
mass swelling ratio are almost the same. Thus, the initial velocity of
these three hydrogels was consistent with the initial water intake
percentage, and the locomotion duration was consistent with the equi-
librium mass swelling ratio and static equilibrium swelling time.
However, pristine hydrophilic hydrogel, such as calcium alginate
hydrogel (AH), showed no locomotion on a water surface owing to
the nonexistence of the dynamic wetting process. Thereafter, we ex-
tended the range of liquids with different surface tension coeftfi-
cients (fig. S9) and different pH values (fig. S10), which the hydrogel
could also move automatically on. Using pH-sensitive dye as an
indicator, the velocity of the hydrogel on aqueous solutions with
different pH values could be visualized as well. All these active hy-
drogels could be processed by both three-dimensional (3D) print-
ing and soft mold casting (fig. S11). Therefore, hydrogel water
striders made of various active hydrogels with different cross-linking
degrees could move on diverse aqueous solutions with a suitable
surface tension range, which demonstrated the universality of the
autonomous locomotion of the active hydrogel.

Guided locomotion by materials or geometry design

The locomotion of hydrogel water striders was controlled by intro-
ducing material asymmetry, geometry asymmetry, and edge length
difference to hydrogel water striders through different kinds of pro-
cessing methods. As illustrated in the first two rows of Fig. 2 (movie
S1), material asymmetry was realized by coating the hydrogel with
hydrophobic polydimethylsiloxane (PDMS). There was only one
side of the hydrogel in contact with water, as shown in the third
column of the first two rows in Fig. 2. The photo of the hydrogel
water striders and the trajectories of their locomotion are shown in
the fourth and fifth column of the first two rows in Fig. 2. The tra-
jectories of gradient gray color were tracked from the central posi-
ton of the hydrogel water strider, and the trajectories of gradient
rainbow color were tracked from the edge positon to distinguish the
linear and angular velocity of the hydrogel water strider. With a
longer tail in the first row in Fig. 2, the hydrogel water strider rotat-
ed around the mass center. With only one surface of hydrogel ex-
posed to water in the second row in Fig. 2, the hydrogel water
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Fig. 2. Materials and geometry asymmetry of hydrogel water striders and rela-
tive locomotion. Design, contact area, photo, and trajectory of material asymmet-
ric hydrogel water striders (first and second rows); geometry asymmetric hydrogel
water striders (third and fourth rows); asymmetric hydrogel water striders with
different edge lengths (fifth and sixth rows); and hydrogel water striders in a gear
shape (seventh and eighth rows). To distinguish the linear and angular velocity, the
trajectories of gradient gray color were tracked from the central positon of the hy-
drogel water strider and the trajectories of gradient rainbow color were tracked
from the edge positon. Scale bars, 1 cm (first to third, seventh, and eighth rows in
the fourth column), 2 cm (fourth to sixth rows in the fourth column), 5 cm (first to
sixth rows in the fifth column), and 3 cm (seventh and eighth rows in the fifth column).

strider moved in a circular path. As discussed before, the surface
tension at the hydrogel surface dynamically decreased owing to the
dynamic wetting process, whereas the surface tension at the PDMS
surface remained steady. Thus, the surface tension differences be-
tween the hydrogel and PDMS surface pushed the hydrogel water
strider to the more hydrophobic surface, which was the PDMS sur-
face. Geometry asymmetry also played a vital role in the locomotion
of the hydrogel water strider (movie S2). When the hydrogel water
strider was in a central symmetric shape, the contact area was cen-
trally symmetrical. So, the locomotion direction was arbitrary, and
the trajectory of the locomotion was either circular or linear. The
ratio of circular motion was higher with larger hydrogel diameters
(fig. S12). The photos and locomotion of a hydrogel water strider in
a round shape are given in the third row of Fig. 2. After two rectan-
gular tails were added to the round shape, the hydrogel water strid-
er moved in a straight line toward the round shape surface (fourth
row in Fig. 2). In the simple semicircle shape, the hydrogel water
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strider moved linearly toward the straight-line surface (fifth row in
Fig. 2). In the semicircle shape with zigzag edge, the hydrogel water
strider moved linearly toward the curved-line surface (sixth row in
Fig. 2). For hydrogel water striders with asymmetric geometries,
one side of the hydrogel had a larger water-hydrogel interfacial area,
which had more contact with water and a relatively lower surface
tension than the other side. Therefore, the hydrogel water strider
moved linearly toward the side with a shorter edge length, which
means a smaller water-hydrogel contact area. Adding one quarter
circle as a vane and transforming the circle into a gear shape was
another way to break the symmetry of the circular hydrogel water
strider (seventh and eighth rows in Fig. 2 and movie $3). When
the curved teeth edge was at the counterclockwise position of the
straight teeth edge, the gear rotated counterclockwise. When the
reverse side contacted the water, the gear rotated clockwise. Because
surface tension is always perpendicular to the gear boundary in the
gear shape, the disequilibrium angular momentum led to the rota-
tion toward the curved teeth edge in each gear vane (27). Thus, the
hydrogel water strider could realize multiple locomotion types and
could be controlled through both material and geometric design.

Guided locomotion by interactions with surroundings

Despite the material and geometry of the hydrogel water strider it-
self, the locomotion could also be controlled by surroundings. The
hydrogel water strider could demonstrate hydrophobic features as
it got close to a boundary. To minimize the interfacial free energy
(28, 29), the hydrogel water strider repelled and moved away from
the hydrophilic boundary, while it attracted and stuck onto the hy-
drophobic boundary (fig. S13). When the hydrogel water strider
with diameter D moved in a confined environment with hydro-
philic boundaries and an opening (opening length equal to d), the
locomotion of the hydrogel water strider could be controlled through
the relationships between d and D. When d was equal to 0, the hy-
drogel water strider moved in the confined environment with
wall-following trajectories (first row in Fig. 3 and movie S4). The
experimental results showed the trajectories of hydrogel in triangu-
lar, square, four-pointed star, and circular containers. Within the
triangular container, the hydrogel moved from one vertex to the
opposite edge and was then repelled back or moved to another ad-
jacent vertex. Within the square container, the hydrogel followed
the shape of the container, and the trajectory looked like a square.
Within the four-pointed star container, the hydrogel moved from
one vertex to the adjacent vertex and then moved back or to the
other adjacent vertex. As for the circular container, the hydrogel
moved in circular paths with different radii. The trajectories bear a
resemblance to the container shape with several random paths. The
intrinsic tendency of active swimmers to move near boundary sur-
faces guides the hydrogel water striders close to the boundary
(30, 31), and owing to boundary limitations, the number of freedom
degrees is reduced, which leads the hydrogel water striders to move
along the wall (32). In addition, the hydrophilic and hydrophobic
interactions between the hydrogel water striders and the hydrophil-
ic boundary kept the hydrogel water striders from getting stuck
onto the boundary. When d was smaller than D, the hydrogel
moved periodically around the opening (second row in Fig. 3 and
movie S5). The hydrogel whirled three cycles in the circular paths
with an opening and lastly stopped around the opening. When d
was larger than D, the hydrogel moved away from the hydrophilic
boundaries and out of the confined environment from the opening
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Fig. 3. Locomotion of hydrogel water striders in different environments.
Mechanism, design, and experiment of hydrogel water striders’ locomotion in a
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Motion direction

(third row in Fig. 3 and movie S5). Thus, the hydrogel could find the
path and pass through the maze directly without veering onto the
wrong path. The confinements from all directions reduced the num-
ber of freedom degrees and constrained the locomotion of the hy-
drogel water striders. The opening in the confined environment
allowed a small amount of freedom and relieved the constraints to
some extent (33). On the basis of the same mechanisms of hydro-
philic and hydrophobic interactions, the hydrogel water striders
could be controlled to mimic several ball games with a fixed bound-
ary. The table tennis playing surface was composed of hydrophilic
glass and acrylonitrile-butadiene-styrene plastic (in orange), which
all exerted a repulsive force on the hydrogel water strider. Thus, in
the table tennis playing surface, the hydrogel water strider moved
toward hydrophilic glass at the left side (as tennis bat) and was re-
pelled back (fourth row in Fig. 3 and movie S6). In contrast, to imitate
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Fig. 4. Stimuli-responsive hydrogel water striders. Scheme, photo (top view on the top and side view on the bottom), trajectory, and contact area comparisons of
different types of stimuli-responsive hydrogel water striders before and after stimulus was applied. Scale bars, 2 mm (first row in the third column), 5 mm (second row in
the third column), 2 cm (top view photos of the third to sixth rows in the third column), 1 cm (side view photos of the third to sixth rows in the third column), and 5cm (all

in the fourth column).

the pocket of billiards, we pasted six hydrophobic polypropene (PP)
thin films onto the boundary walls, which exerted an attractive
force to the hydrogel water strider. After the hydrogel water strider
was put in the playing area, it was attracted and stuck to the PP thin
film (fifth row in Fig. 3 and movie S6). Combining these two kinds
of interactions in the football field, the hydrophobic PP films worked
as the goal, and the hydrophilic glass worked as the goalkeeper. The
hydrogel water strider was repelled by the glass and changed the
moving direction to the other goal. After moving into the goal area,
the hydrogel water strider was attracted to the goal and stuck onto
it, which mimicked the short-range shot and score (sixth row in
Fig. 3 and movie S6). Applying the understanding of hydrophilic
and hydrophobic interactions between the hydrogel and surround-
ing objects to an untethered boundary, object manipulation could
be realized through the hydrogel water strider. When the hydrogel
water strider was surrounded by seven floating hydrophilic thermo-
plastic polyurethane (TPU) membranes, it expelled all TPU mem-
branes at the same time and moved away from them (seventh row
in Fig. 3 and movie S7). In contrast, the hydrogel water strider came
close to and carried five randomly distributed PDMS pieces together
one by one (eighth row in Fig. 3 and movie S7). The mass of one
PDMS piece was slightly higher than that of the hydrogel water

Zhu et al., Sci. Robot. 6, eabe7925 (2021) 14 April 2021

strider, which showed the potential of transporting cargos and
pollution collection. We treated a water surface contaminated by
50 plastic balls via the hydrogel water strider, and 49 of them were
collected together (fig. S14 and movie S10). Although the target
(yellow PDMS piece) was hindered by a barrier (gray TPU membrane),
the hydrogel water strider could bypass the barrier and navigate to
the target on the basis of the hydrophilic and hydrophobic inter-
action mechanism (ninth row in Fig. 3 and movie S7). Applying the
understanding of the long-range hydrophilic and hydrophobic
interactions between the hydrogel and surroundings, the wettabilty
of a given surface could be identified by the hydrogel water strider,
which could be applied to oil exploration (fig. S14 and movie S10).
On the basis of the simple hydrophilic and hydrophobic interaction
mechanisms, the hydrogel water strider could be controlled to migrate
in a directional movement toward the aimed targets, which demon-
strated the potential to conduct complex missions on aliquid surface.

Deformable locomotion by stimuli-responsive

active hydrogels

Using several types of stimuli-responsive hydrogels, the hydrogel
water striders showed different locomotion before and after stimuli
were applied. Humidity-responsive hydrogel water striders were realized

60of 9

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

Water

.
Mesovelia / *
‘ /_.-} N
ary

-

_ 4
N ieo. Sideview N
= Air
0 l -
11" Water
| / U]
z Climbi ﬁ
Time (s) imbing
/\\ P =

Hydrogel

Fig. 5. All kinds of locomotion of hydrogel water striders and common water
striders, including freewill moving on water surface and menisci climbing.
The top part is the locomotion of Mesovelia with freewill gliding and ascending
menisci onto land. The bottom part is the locomotion of hydrogel water striders.
The left one is a photo of the flower-shaped humidity-responsive hydrogel and the
trajectory of its locomotion in 2 s. The middle one is the schematic illustration of
changes in the hydrogel under humidity stimulus. The right two are the photos of
hydrogel water striders climbing the menisci and attached to the target position in
the top and side view. Scale bars, 4 and 1 cm (top view and side view of the photos).

by two ways. The first way was to establish a thickness gradient in the
rectangular thin film, as the scheme shows (second column in the
first row in Fig. 4). After coming into contact with water, the thinner
part of the hydrogel thin film deformed more quickly and curved to
a smaller radius such that the flat hydrogel thin film changed to an
arc shape with two sides curved (third column in the first row in
Fig. 4). Correspondingly, the trajectory of the locomotion changed
from circular to nearly linear in 5 s (fourth column in the first row
in Fig. 4 and movie S8). This was because the contact area of the
hydrogel changed from a rectangle to an arrow shape (fifth column
in the first row in Fig. 4) (34). The second way was to add a non-
swelling Kapton on top of the swelling hydrogel, and then, the hy-
drogel water strider changed its shape from a flat arc to a closed curved
band shown in the second and third columns in the second row in
Fig. 4.In 55, the hydrogel water strider moved in a straight line and
then changed to a circular motion after stimulus was applied (fourth
column in the second row in Fig. 4 and movie S8). The contact area
of the hydrogel water strider changed from an arc shape to a closed
heart-like shape, which affected the locomotion (fifth column in the
second row in Fig. 4). N-isopropyl acrylamide (NIPAM) was intro-
duced into the hydrogel to endow our active hydrogels with respon-
siveness to temperature. It had a flat pentagram shape and changed
to curved five-point pentagram after being heated to 60°C. The
trajectory of the temperature-responsive hydrogel water strider changed
from a combination of rotation and circular motion to circular mo-
tion only (fourth column in the third row in Fig. 4 and movie S8).
This depended on the contact area of the temperature-responsive
hydrogel water strider changing from a pentagram to an irregular
pentagon. By including acrylic acid, adding azobenzene, or adding
2-acrylamido-2-methylpropane sulfonic acid (AMPS) into hydrogels,
pH-responsive, light-responsive, or electrical-responsive active hy-
drogels were synthesized, respectively. Before stimulus was applied,
their shape was a flat, hollowed-out pentagram. The hydrogel water
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striders changed to a curved five-point pentagram after adding
NaOH into water, irradiating 460-nm light, or applying voltage to
the electrode in the phosphate-buffered saline buffer solution. Their
locomotion shifted from rotation with slightly random translation
to a circular motion (fourth column in the fourth to sixth row in
Fig. 4 and movie S8). These depended on the contact area of the
hydrogel water strider transforming from a hollowed-out penta-
gram to an irregular hollowed-out pentagon. With designed geom-
etry, the hydrogel water strider composed of temperature-responsive
and normal active hydrogel showed controlled locomotion through
heating the water (fig. S15). By applying stimuli-responsive active
hydrogels, the geometry of the hydrogel water striders could be
altered under stimulus on demand during the locomotion, which
changed the locomotion of the hydrogel water strider correspond-
ingly. With elaborate design, the locomotion of the stimuli-responsive
active hydrogel water strider could be controlled under stimuli.

Biomimetic locomotion by hydrogel water striders

Because they are capable of deforming under certain stimulus as
desired, the hydrogel water striders could mimic other locomotion
of common water striders. Besides gliding on water surface, com-
mon water striders sometimes need to seek land and climb menisci
to avoid predators or lay eggs. However, the meniscus is a large
topographical barrier for millimeter-scale water-walking insects to
pass from water surface to land. Because they are unable to use the
traditional way to leap onto land, Mesovelia and infant water strid-
ers deform their body posture to surmount the menisci according to
their intention. The wetting tips of the front and rear tarsi pull up
the water surface, and the middle tarsi push down the water surface
without breaking the free surface. With this fixed posture, the capil-
lary forces are generated to propel them to ascend the menisci (35). On
the basis of the same mechanism, the stimulus-responsive hydrogel
water striders could climb the menisci on demand (Fig. 5, fig. S16, and
movie S$9). In the beginning, the flower-shaped hydrogel water strider
moved in a combination of linear and circular motion in 2 s, as the
gradient color illustrated trajectories showed. According to need, hu-
midity stimulus was applied to the hydrogel water striders, and the
eight petals of flower-shaped hydrogel water striders curved up. Then,
the hydrogel water strider climbed the menisci and attached onto the
interface of wall and water. As shown above, the hydrogel water strid-
ers at the water-air interface showed hydrophobic properties and
moved away from the hydrophilic boundaries and land. However, the
underwater part of the hydrogel was wetted and demonstrated hydro-
philic features when encountering a hydrophilic boundary. Thus, the
curved-up hydrogel water striders exposed the wetted surface at and
above the water-air interface, which were attracted to and moved to-
ward the hydrophilic land. In addition, the curved-up hydrogel wa-
ter striders pulled up the free water surface and generated capillary
force to ascend the menisci. On the basis of these two forces, the hydro-
gel water striders could quickly climb the menisci and attach to the
target position as shown in the top view and side view photos in Fig. 5.
Thus, the hydrogel water striders could move on the water surface free-
ly with controllable motion and climb the menisci as required, which
imitated all the locomotion of common water striders.

DISCUSSION
We created hydrogels that can autonomously move on the surface
of water (and potentially other liquids) with high speed and long
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locomotion duration. We achieved locomotion through a dynamic
wetting process without the need for external energy sources. Com-
pared with conventional hydrogels as actuators, the autonomous
locomotion of active hydrogel does not involve deformations or ex-
ternal stimuli. The locomotion of our active hydrogel is determined
by the materials or geometry design of the hydrogel and its surround-
ing environment. Our hydrogel could potentially be used in environ-
mental applications or for exploration. Another potential application
involves adaptive aquatic missions, such as transporting cargo through
complex environment to desired locations.

MATERIALS AND METHODS

Materials

Hydroxyethyl methacrylate and rhodamine B were supplied by Sigma-
Aldrich. Ethylene glycol dimethyl acrylate (EGDMA), 2-hydroxy-2-
methylpropiophenone, acrylic acid, methacrylic anhydride, NIPAM,
azobenzene, AMPS, polyvinylpyrrolidone [molecular weight (Mw) =
1,300,000], CoCl,, methyl violet, methyl orange, and erioglaucine di-
sodium salt were obtained from Aladdin Company. PDMS (SYLGARD
184) was supplied by Dow Corning. All chemicals were used without
further purification.

Preparation of hydrogel precursor solution

Hydroxyethyl methacrylate (51.06 volume %), acrylic acid (21.28
volume %), and EGDMA (1.06 volume %) were mixed in a beaker
and bubbled by nitrogen gas for 5 min. The photoinitiator 2-hydroxy-
2-methylpropiophenone (26.60 volume %) was added into the mix-
ture just before synthesis. Rhodamine B was also added for better
visualization on water surface. During usage, the container of hy-
drogel precursor solution was protected from ultraviolet (UV) light
by aluminum foil.

Soft mold casting of the hydrogel

The hydrogel precursor solution was dropped into the PDMS mold
and exposed to dual-wavelength UV light (254 and 365 nm) until
the hydrogel was completely solidified. The lighting power density
of the UV light was 0.21 W/cm® The pristine hydrogel was washed
by deionized (DI) water to remove the uncross-linked residues and
then stored in the dry cabinet.

3D printing of the hydrogel

We added 6.5 weight % polyvinylpyrrolidone into the hydrogel pre-
cursor solution to increase the viscosity and used a magnetic stirrer
to stir the mixture for 10 hours at 700 rpm. We put the mixture into
the syringe and loaded it into the 3D printing Work Station
(Regenovo 3D Bio-Architect) with various nozzle sizes (from 0.16
to 0.60 mm in diameter). Printing paths were generated by computer-
aided design drawings and converted into G-code. The extrusion
pressure ranged from 0.05 to 0.45 MPa, and the printing speed
ranged from 6 to 20 mm/s. During the printing process, UV light
with a wavelength of 365 nm and power intensity of 0.21 W/cm®
was shined on the nozzle to solidify the hydrogel.

Preparation of stimuli-responsive hydrogel

Temperature responsive

NIPAM was dissolved in water to form an aqueous solution (0.2 g/ml).
Then, the NIPAM aqueous solution (34.73 volume %) was mixed
with hydroxyethyl methacrylate (33.33 volume %), acrylic acid
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(13.89 volume %), and EGDMA (0.69 volume %) and bubbled
with nitrogen gas for 5 min. The photoinitiator 2-hydroxy-2-
methylpropiophenone (17.36 volume %) was added to the mixture
just before synthesis.

Electrical responsive

AMPS was dissolved in water to form an aqueous solution (0.1 g/ml).
Then, the AMPS aqueous solution (9.62 volume %) was mixed with
hydroxyethyl methacrylate (46.15 volume %), acrylic acid (19.23 volume %),
and EGDMA (0.96 volume %) and bubbled with nitrogen gas for
5 min. The photoinitiator 2-hydroxy-2-methylpropiophenone
(24.04 volume %) was added to the mixture just before synthesis.
Optical responsive

Azobenzene was dissolved into acrylic acid to form a solution
(0.02 g/ml). Then, this solution (19.42 volume %) was mixed with
hydroxyethyl methacrylate (46.60 volume %) and EGDMA
(9.71 volume %) and bubbled with nitrogen gas for 5 min. The photo-
initiator 2-hydroxy-2-methylpropiophenone (24.27 volume %) was
added to the mixture just before synthesis.

Hydrogel motion observation

All videos were recorded on a digital camera (SONY HDR-CX350E)
mounted on a stabilizer. The container for hydrogel motion was a
rectangular hydrophilic plastic container with a length of 0.9 m, a
width of 0.4 m, and a depth of 0.3 m. All the water used in this study
was DI water, and 5 liters of DI water was added to the container for
the hydrogel locomotion each time.

Characterizations of hydrogels

Fourier transform infrared spectrum

P(HEMA-co-AA) hydrogel with different cross-linker amounts
ranging from 0.5 to 10 volume % and pHEMA, pMA, and algae-calcium
hydrogels were fabricated into small round pieces with a diameter
of 5 mm and a thickness of 1 mm. The Fourier transform infrared
(FT-IR) absorbance spectrum ranged from 400 to 4000 cm™ by a
FT-IR spectrometer (Nicolet 6700, Thermo Fisher Scientific).
Contact angle measurement

P(HEMA-co-AA) hydrogel was fabricated into a small round piece
with a diameter of 1 cm and a thickness of 3 mm. Then, 3 ul of DI
water was dropped onto the hydrogel surface every 5 min, and the
contact angles were measured by the drop shape analyzer (DSA 30,
Kruss) every 12 s.

Rheological test

The pristine hydrogel round pieces were hard and fragile, which made
them infeasible to be fixed by the rheometer (Haake Mars III, Thermo
Fisher Scientific). Thus, we measured the rheological properties of
hydrogel after they moved on the water surface for 210 min. The elastic
and viscosity modulus at a fixed shear strain of 0.5% were measured
with scanning oscillation frequency, and those at a fixed oscillation
frequency of 1.59 Hz were measured with scanning shear strain.

In situ AFM

The pristine hydrogel was placed onto the sample stage of the AFM, and
then, quantities of water were added onto the hydrogel surface. Then,
an in situ fast-scan AFM (FastScan, Bruker) of hydrogel was con-
ducted to get the microscopic modulus and morphologies during
the water intake process.

Cryo-SEM

We conducted cryo-SEM to observe the morphology changes during
the wetting process. The hydrogel samples were rapidly frozen in
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liquid nitrogen and then cut with an installed cold knife and sputtered
with Pt in cryogenic apparatuses. The sputtered specimens were ob-
served by using the cryo-SEM in a cryogenic state, which was oper-
ated at a temperature of 193.15 Kand an accelerating voltage of 5kV.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/53/eabe7925/DC1

Fig. S1. FT-IR spectrum of different active hydrogels.

Fig. S2. Instantaneous velocity of hydrogel and the frequency of velocity changes.

Fig. S3. Using CoCl, as color indicator to visualize the velocity of hydrogel water striders.

Fig. S4. Modulus and morphology characterization of hydrogel during water intake process.
Fig. S5. Velocity and mass swelling ratio of one hydrogel water strider in nine repeating cycles.
Fig. S6. Velocity and mass swelling ratio of hydrogel with different amounts of cross-linkers
ranging from 0.5 to 10 volume % and different types.

Fig. S7. AFM images of the hydrogel with different cross-linker amounts ranging from 0.5 to
10 volume %.

Fig. S8. Contact angle changes of hydrogels with different cross-linker amounts in 30 min.

Fig. S9. The velocity of p(HEMA-co-AA) hydrogel moving on different solutions with different
surface tension coefficients.

Fig. $10. Locomotion of hydrogel water strider on aqueous solutions with different pH values.
Fig. S11. Photos of hydrogel processed by different methods.

Fig. $12. Locomotion of hydrogels with symmetric shapes.

Fig. S13. Energy of two menisci on infinitely long surfaces as a function of the separation
between two surfaces with different wettability.

Fig. S14. Floating plastic debris collection and surface wettability identification via the
hydrogel water strider.

Fig. S15. Controlled locomotion of hydrogel water strider through heat.

Fig. S16. Freewill locomotion and meniscus climbing of humidity- and pH-responsive hydrogel
water strider.

Movie S1. Hydrogel water strider with asymmetric materials.

Movie S2. Hydrogel water strider with geometry asymmetry and different edge lengths.
Movie S3. Gear-shaped hydrogel water strider.

Movie S4. Hydrogel water strider in confined environment.

Movie S5. Hydrogel water strider in confined environment with opening.

Movie S6. Ball game-like locomotion.

Movie S7. Intelligent manipulation of objects.

Movie S8. Locomotion of different types of stimulus-responsive hydrogel water striders.
Movie S9. Freewill moving and meniscus climbing.

Movie S10. Plastic debris collection and surface wettability identification.
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