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SOFT ROBOTICS

Strong and fast hydrogel actuators

Plant cells inspire a hydrogel actuator that achieves ultrastrong and fast actuation

By Zhen Jiang! and Pingan Song'2

he movements of soft-bodied animals

have long inspired scientists to design

soft actuators (Z) that can convert vari-

ous forms of energy into mechanical

work. Hydrogels (2) hold the potential

to close the performance gap between
synthetic actuators and biological organisms
because of their similarity to soft tissues, ex-
cellent biocompatibility, and large deforma-
tions. Expansion toward soft robots and arti-
ficial muscles challenges their status, calling
for hydrogels with large actuation forces and
fast responses to external stimuli. However,
existing hydrogel actuators usually exhibit
low actuation forces (<2 N) and
slow responses. On page 301 of
this issue, Na et al. (3) report by-
passing state-of-the-art hydrogel
actuators to achieve an ultrahigh
actuation force (730 N) and high
speed by combining turgor de-
sign and electroosmosis.

potential energy. However, strong actuation
forces are needed to realize their real-world
applications in soft robotics, where they are
often required to perform laborious mechan-
ical tasks.

Another bottleneck encountered by os-
motic pressure-driven hydrogel actuators is
their slow actuation speed owing to the dif-
fusion-limited water transport. One general
approach to increase the actuation rate is
by the introduction of pores through freeze-
thaw (8), three-dimensional (3D) printing (9),
and phase transitions (70). Emerging actua-
tion mechanisms that do not rely on water
diffusion, such as electrostatic permittivity
change (17) and light-induced bubble forma-

Turgor design for a high-power actuator
The hydrogels were designed to retain high osmotic pressure by wrapping with a
stiff but permeable membrane to create a confined swelling environment. To im-
prove actuation speed, an electric field is applied that drives hydrated counterions
(left) into the hydrogel (right). This accelerates the hydrogel swelling.

Generally, a hydrogel actuator
works through a change of os-
motic pressure in the network.
The resulting pressure, up to a
few megapascals, cannot be fully
harnessed as actuation forces
because it is balanced with the
elastic restoring stress of the
network upon a swelling equi-
librium. One attractive method
is the use of dissipation mecha-
nisms—e.g., dual crosslinking (4) and double
networks (5)—to improve the mechanical
strength of hydrogels, leading to enhanced
actuation forces. This mechanism does not
contribute to the actuation speed, which
largely depends on the hydrogel porosity.

Compared with osmotic mechanisms,
nonosmotic mechanisms can be used to
create hydrogel actuators with larger actua-
tion forces. Hydrogels actuated by pressured
water (6) deliver a much higher actuation
force (*2 N) than existing osmotic-driven
counterparts (<0.01 N). Meanwhile, inspired
by the superior leap ability of frogs, a supra-
molecular hydrogel (7) exhibits an actuation
force of 0.3 N by storing and releasing elastic
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tion (12), can enable not only ultrafast re-
sponses (<1 s) but also actuation in an open-
air environment. Although their actuation
speed is acceptable for most practical appli-
cations, more improvements are still needed
to achieve high actuation force while retain-
ing fast responses.

In nature, plant cells retain a high turgor
pressure because of the confinement effect of
cell walls on transported water. Inspired by
this phenomenon, Na et al. created a confined
swelling environment by wrapping a hydro-
gel with a permeable and stiff membrane,
which resulted in an ultrahigh osmotic pres-
sure (Troswmpped) (see the figure). Theoretical
calculation revealed a negligible contribu-
tion of polymer elastic stress (o), which pre-
vented actuation. Both factors contributed to
an ultrastrong actuation force (730 N), which
is three orders of magnitude higher than that
of existing hydrogel actuators. The turgor ac-

il Confined swelling
environment

tuator could withstand a high compressive
force of 917 N without fracture. This allowed
it to break a rigid brick, which is impossible
for current hydrogels.

To further boost the actuation speed, an
electric field was applied to drive hydrated
counterions that accelerate the water mi-
gration to swell the network. This electrical-
driven water transport had an actuation
speed 19 times that of the corresponding
osmotic rates and augmented the actuation
forces. Turning on and off the field allowed
for a reversible actuation over 20 cycles with-
out any deterioration.

Na et al. open an exciting avenue for
maximizing actuation force in hydrogels.
Theoretical analyses provide
guidelines for rationally design-
ing and better understanding
material performances. A turgor
hydrogel that combines ultra-
high actuation force, high com-
pressibility, and fast response
will likley help to expedite the
next generation of aquatic soft
robotics capable of withstand-
ing high underwater pressure.

Despite substantial progress,
these materials are at an early
stage. Future endeavours should
be dedicated to realizing their
excellent water-retention abil-
ity to function under nonaque-
ous conditions. The combina-
tion of surface modifications
and innovative materials design could be a
promising direction for the next generation
of integrated smart hydrogels exhibiting fast,
reversible, and high-powered actuation in
multiple environments.
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HYDROGELS

Hydrogel-based strong and fast actuators
by electroosmotic turgor pressure

Hyeonuk Na't, Yong-Woo Kang't, Chang Seo Park't, Sohyun Jung?t, Ho-Young Kim?*, Jeong-Yun Sun"*

Hydrogels are promising as materials for soft actuators because of qualities such as softness,
transparency, and responsiveness to stimuli. However, weak and slow actuations remain challenging as
a result of low modulus and osmosis-driven slow water diffusion, respectively. We used turgor pressure
and electroosmosis to realize a strong and fast hydrogel-based actuator. A turgor actuator fabricated
with a gel confined by a selectively permeable membrane can retain a high osmotic pressure that drives
gel swelling; thus, our actuator exerts large stress [0.73 megapascals (MPa) in 96 minutes (min)]

with a 116 cubic centimeters of hydrogel. With the accelerated water transport caused by electroosmosis,
the gel swells rapidly, enhancing the actuation speed (0.79 MPa in 9 min). Our strategies enable a soft
hydrogel to break a brick and construct underwater structures within a few minutes.

ecause of their softness, transparency,

biocompatibility, and responsiveness to

stimuli, hydrogels are attractive candi-

dates for soft actuators and have been

applied in various fields such as soft
robotics (7, 2), tunable optics (3), fluidics (4),
and biomedicine (5). The actuation mecha-
nism of most hydrogel actuators is swelling,
driven by osmotic pressure in response to ex-
ternal stimuli such as solvent (6), tempera-
ture (7), pH (8), electric field (9), and light
(10). However, hydrogel soft actuators gener-
ally suffer from small actuation stress (i.e.,
actuation force per unit area) and low speed.
The weak actuation stress comes from the
low elastic modulus and strength of the hy-
drogel, whereas the low actuation speed is at-
tributed to osmotic swelling, which proceeds
with the diffusion of water.

Although the actuation stress of a hydrogel
actuator is usually weak (i.e., 1 to 100 Kilopascals),
the osmotic pressure of the hydrogel—the
origin of the actuation—is able to reach ~50
megapascals (MPa) (1I). Previous studies on
hydrogel actuators have not focused on con-
verting the high osmotic pressure to a corre-
sponding strong actuation stress. However, in
nature, plant cells harness their high osmotic
pressure to achieve strong turgor pressure.
Turgor pressure is the hydrostatic pressure in
plant cells resulting from the osmosis-driven
swelling confined by the stiff semipermeable
cell walls. The turgor pressure equalizes with
the high osmotic pressure, allowing soft plant
cells to support their bodies, dig deep into the
soil, and even break solid rocks. Likewise, a
system that uses turgor pressure is expected to
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improve the actuation stresses of the hydrogel
actuators by exploiting the high osmotic pressure.

Most hydrogel actuators suffer from low
speeds due to their diffusion-based actuation
mechanisms. Many studies have attempted to
improve these actuation speeds by increasing
diffusion rates or using different actuation
mechanisms; these include the molecular
engineering of stimuli-responsive hydrogels
(12-15), the incorporation of active materials
into hydrogel matrices (16), use of the elastic
potential energy of the hydrogel network (17),
and the pneumatic or hydraulic actuation of
the hydrogel cover structure (I8). Despite sub-
stantial improvements in speed, actuation
forces have been limited to <1 N (19) because
hydrogels are intrinsically soft. A mechanism
that accelerates swelling is expected to create
synergy with a system that can use turgor
pressure and thus is promising in achieving
both fast and strong actuations. Swelling can be
accelerated by adopting a fast water-transport
mechanism. Electroosmosis induces a constant
and rapid water flow through a charged porous
material under an electric field and can thus
accelerate the swelling of hydrogels because
the migrating ions drag the nearby water into
the charged polymer network.

We report a hydrogel-based actuator with a
design that uses turgor pressure and electroosmo-
sis, which can achieve much higher actuation
force in a shorter time than conventional
hydrogel actuators. Wrapped in a membrane,
a hydrogel converts its inherent high osmotic
pressure to a large actuation stress. The ac-
tuation stress of a hydrogel actuator (bare) can
be characterized by the blocking stress (cpjock)
of a constrained swelling between two rigid
plates at the equilibrium state (Fig. 1, A and B);
the blocking stress can be predicted with the
ideal elastomeric gel model (20). The model
presents equations of state for a swollen hy-
drogel (Egs. 1 and 2), which are used to de-
termine the swelling stress (os,,)—the stress
that a hydrogel applies outward—on the basis

of the difference between two competing
terms: (i) the water inflow pressure (P;y),
which is the driving force for the volumetric
expansion of a hydrogel and is equal to the
osmotic pressure () in an aqueous environ-
ment (P, = m,s); and (ii) the elastic stress (o)),
which is the elastic restoring stress of the
polymer network which prevents swelling

Osw.i = Pin — Celi = Tos — Oeli (2 =2,Y, Z) (1)

oai =00 ()i =295 (2)

where N is the number of polymer chains
per unit volume of a dry network, and k7 is
the temperature in the unit of energy. n, is a
function of the swelling ratio (/) and has the
same value regardless of the direction. J =
Azhyhs, Where A; is the stretch ratio from the
initial hydrogel unit cube in the ¢ direction.

A constrained swelling of a bare gel meets
Oswe = Oswy = 0 and A, = A, in the equi-
librium state, as shown in Fig. 1A. From Eq. 1,
Tos = Oelx = Oaly, and the blocking stress is
calculated as

bare

Oblock — Osw,z = Tos — Oel,z
NET
= Oelx — Oelg — 7 (kxz - 7‘22) (3)

where NET/JV? is the shear modulus of a gel,
which is generally low (e.g., below 50 kPa)
(20, 2I), resulting in the weak blocking stress
presented by bare hydrogels. The shear mod-
ulus of the fully swollen hydrogel used in
our experiment was measured as 8.24 kPa
with J = 125 (Fig. 1C); further, the blocking
stress of the bare hydrogel was limited even
below NkT, i.e., 41.2 kPa (see methods for
details). At the equilibrium state, the remain-
ing osmotic pressure is as low as its weak
elastic stress, which leads to the weak block-
ing stress.

In our turgor actuator (Fig. 1B), which is a
hydrogel wrapped in a selectively permeable
and relatively stiff membrane, the membrane
prevents the swelling of the gel. As a result, a
high osmotic pressure can be retained in the
hydrogel, thus causing the contribution of the
polymer elastic stress (o)) to the swelling stress
(osw) to become negligible (Fig. 1C). Then, the
swelling stress equals the osmotic pressure:

Osw,i = Pin — Oelj = Tos — Oel;i =
Tcos(i:x7y7z) (4)

Therefore, the gel inside the membrane can
act similar to a liquid under a hydrostatic
pressure equal to the osmotic pressure. In the
transverse (x, ) direction, the swelling stress is
balanced with the membrane pressure (Pemn)
(see supplementary text and fig. S1).

Premp = Tos (5)
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Fig. 1. Design and principle of a hydrogel turgor actuator. (A and B) Schematic
illustrations of constrained osmotic swelling of hydrogel between two fixed plates
(A) without membrane (bare) and (B) with membrane (wrapped). The initial hydrogel
is a dry polymer cube with a volume of Vo. V, volume of the hydrogel after swelling.
Pressure and stress within the gels are represented as colored arrows; red is water
inflow pressure (P;,), and blue is elastic stress (o). The membrane stress (Gmemp) in
the membrane cross section is represented by dark gray arrows and the blocking
stress (opick) is represented by green arrows. When the hydrogel swells in a membrane
by osmosis, the water inflow pressure becomes the osmotic pressure of the gel Py, =
Ttos, and the high osmotic pressure can be sustained by the turgor pressure originating

Absolute zero

from the membrane tension leading to the generation of a large blocking stress. (C) The
osmotic pressure and the elastic stress developed in PSPA hydrogel as a function

of the swelling ratio (V/V). The osmotic pressure of the gel (red dot and line) was
measured by dynamic mechanical analysis. The blocking stresses of the hydrogel turgor
actuators (green dot) were measured by a universal testing machine and were
consistent with the osmotic pressure curve. The inset shows a magnified graph at a high
swelling ratio. The blocking stresses of the wrapped gel and the bare gel are marked. The
blocking stress of the wrapped gel with a low swelling ratio (1.53) was 1.44 MPa, whereas
the osmotic pressure of the bare gel with the same polymer weight was 0.008 MPa.
(D) Comparison of turgor pressures between our turgor actuator, plants, and tires.

In the longitudinal (=) direction, the swell-
ing stress is balanced with the blocking stress
of the turgor actuator. From Eq. 4, the block-
ing stress can be expressed as

Ooat = Oz = Tos (6)
By having the gel constrained in a mem-
brane, the hydrogel turgor actuator can exploit

the high osmotic pressure () of the hydrogel
as the blocking stress (cﬁﬁ‘f{ped).

To verify Eq. 6 experimentally, the blocking
stresses of the hydrogel turgor actuators were
compared with the osmotic pressures in var-
ious swelling ratios (Fig. 1C and fig. S2; see
methods for details) (21). As shown in Fig. 1C,
the blocking stresses are consistent with the
osmotic pressure curve (table S1). The actua-
tors achieved a broad range of pressure, up to
1.44: MPa (Fig. 1D).

To evaluate the turgor effect, the actuation
stresses and speeds of the bare hydrogel and
the turgor actuator were measured as illustrated
in Fig. 2A. Poly(3-sulfopropylacrylate) potassium
salt (PSPA) polyelectrolyte hydrogels were used
for the actuators because the ionizable polymer

Na et al., Science 376, 301-307 (2022) 15 April 2022

chains contribute to high osmotic pressure
(see methods and fig. S3 for detailed fabrica-
tion of the turgor actuators) (22). As shown in
Fig. 2B, the blocking stress of the turgor ac-
tuator reaches 0.46 MPa (421 N)—16.8 times
as large as that of the bare hydrogel. The ac-
tuation speeds of the bare hydrogel and the
turgor actuator are both very slow, taking
about 4 days to reach the equilibrium swollen
state (fig. S4).

We also measured the blocking stresses of
the hydrogel turgor actuators with various
swelling ratios by changing the initial volume
of the hydrogel (Vgq) inside the membrane
(Fig. 2C). As the inner volume (Vemp) of the
turgor actuators was the same for each, the
gels with larger initial volume swelled less,
retaining the higher osmotic pressures and
exerting the large blocking stresses. For the
same reason, the blocking stress of the ac-
tuator increases as the stroke decreases (fig.
S5). The maximum stress of the hydrogel turgor
actuator is 1.44 MPa (1330 N) with a swell-
ing ratio of 1.53. The maximum stress was
obtained immediately before the gel was
squeezed out through the pores in the mem-
brane in response to the excessively large

turgor pressure developed inside the mem-
brane (fig. S6).

The strength of the turgor actuator was
also substantially higher than that of the bare
hydrogel. To demonstrate the strength of the
turgor actuators intuitively, dead weights were
loaded on a bare hydrogel and a turgor ac-
tuator with the same amount of hydrogel
(movie S1 and Fig. 2, D and E). Both were fully
swollen in deionized water. The bare gel, which
had a swelling ratio of 125 (fig. S7 and S8), was
completely crushed under 38.4: N of load (Fig.
2D). By contrast, the turgor actuator contain-
ing the same hydrogel (swelling ratio of 17.4)
in its membrane endured a much heavier weight
(184 N) and recovered to its original state when
unloaded (Fig. 2E). To quantitatively compare
the two actuators in terms of strength, their
compressive force-strain curves were mea-
sured. As shown in Fig. 2F, a hydrogel turgor
actuator endured 917 N of compressive force
before the membrane ruptured, which is a value
22 times as large as that of the fully swollen
bare hydrogel (41 N). The compressive strength
of the turgor actuators was limited by the du-
rability of the wrapping, such as the adhesion
strength or the toughness of the membrane.
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Fig. 2. Mechanical properties of the osmosis-driven hydrogel turgor actuator.
(A) Schematic illustration of the setup for the constrained swelling experiment. A
PSPA hydrogel wrapped in a selectively permeable membrane was placed between
two rigid plates with a fixed height. (B and C) The stress generated by the turgor
actuator was measured as a function of time. (B) Wrapped turgor actuator compared
with a bare hydrogel. (C) Blocking stresses of the turgor actuators with different
membrane-to-gel volumetric ratios were investigated. (D and E) Compression tests
of a fully swollen bare hydrogel (D) and a turgor actuator (E). Weights were
suspended from a force sensor and slowly lowered at 5 mm/s; 4- and 20-kg kettlebells
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were used, respectively. The bare gel ruptured at 38.3 N, whereas the wrapped
gel endured 184 N and recovered its original shape when unloaded. Scale
bars, 2 cm. (F) Compressive force-strain [(ho—h)/ho] curves for a bare hydrogel
and a wrapped hydrogel with a swelling ratio of 17.4. (G) Compressive true
stress, (compressive force)/(contact area), versus strain, (hg—h)/hg, curve for
turgor actuators with the swelling ratio of the gel inside the membrane at
various strains. The stiffness (tangential slope of compressive stress-strain
curve) decreases with the swelling ratio (Vimemb/ Vger), Which is inversely related
to the osmotic pressure of the turgor actuators.

To evaluate the effect of the osmotic pres-
sure on the mechanical properties of the tur-
gor actuators, true compressive stress-strain
curves were measured at various swelling
ratios. Strain is defined as [(h—hg)/hol, Where

Na et al., Science 376, 301-307 (2022) 15 April 2022

ho and A are the heights of the uncompressed
and compressed samples, respectively. As
shown in Fig. 2G, the true stress at the same
strain increases with the osmotic pressure of
the hydrogel inside the membrane. Further,

the stiffness of the turgor actuator (tangential
slope of the compressive stress-strain curve)
increases with the osmotic pressure (see sup-
plementary text). Altogether, the mechani-
cal properties of a turgor actuator can be
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manipulated by controlling the swelling ratio
of the hydrogel.

Although hydrogel turgor actuators can gen-
erate large actuation stress by using the osmo-
tic pressure, actuation speeds are fairly low
because the actuations are driven by the dif-
fusion of water. To achieve fast actuation, we
added an electroosmotic effect to that of the
osmosis. Electroosmosis is a constant and
rapid water flow through the electric double
layer (EDL) of charged porous materials under
an electric field. As illustrated in Fig. 3A, a
polyelectrolyte hydrogel contains fixed charges
bound to the polymer network, forming an
EDL (23). Thus, the counterions in the electro-
lyte solution can migrate across the charged
polymer mesh under an electric field, thereby
dragging the water into the gel network (24).
The dragged water molecules are captured
by the hydrophilic polymer chain, which leads
to the swelling of the hydrogel. This active
transport of water allows the polyelectrolyte
gels to swell much faster than they do in
osmosis-driven swelling.

To characterize the electroosmosis-driven
actuation of the hydrogel turgor actuator, we
measured the blocking stress and speed. As
shown in Fig. 3B, the electroosmotic actuation
(Vimemb/Vgal = 2.94, E = 12 V/cm) was much
faster than the osmosis-driven actuation. The
electroosmotic stress generation rate (~0.23 MPa/
min) was about 22 times as fast as that of the
corresponding osmotic rate (~0.01 MPa/min)
at the initial stage of actuation (30 s). The
maximum stress generated by the electro-
osmotic actuation (~0.79 MPa) is similar to that
generated by the osmotic actuation (~0.73 MPa)
with the gel squeezed out through the mem-
brane by the high turgor pressure. However,
without squeeze-out of the gel, the actuation
stress and speed increased with the electric
field intensity (Fig. 3F and table S2). The im-
provement in actuation stress by electro-
osmosis was also observed in various strokes
(fig. S5). In a stress relaxation test, the maxi-
mum and relaxed stresses of the electroosmotic
turgor actuator are both much higher than those
of the osmotic turgor actuator (fig. S10 and sup-
plementary text). The effects of the cross-linker
density, the sign of the charged monomer, and
the external solution concentration on the
electroosmotic actuation were investigated
(fig. S11 and supplementary text). As dem-
onstrated in Fig. 3C, this force generator can
break a rigid brick. Under a 4-V/cm electric
field, the turgor actuator broke a brick within
5 min (movie S2). The critical stress used to
break the brick was ~0.38 MPa (570 N) (fig.
S12). Further, a turgor actuator composed of
a hydrogel with a volume of 4.3 cm? lifted a
21-kg weight to twice the initial height (fig.
S13). From the area under the force-stroke
curve (fig. S5) and the slope of the stroke-time
curves (fig. S14), the work density and the

Na et al., Science 376, 301-307 (2022) 15 April 2022

power density of the turgor actuator were re-
spectively calculated as 7.0 MJ/m?® and 2.33 KW/
m?, thereby outperforming current hydrogels
(~1072 kJ/m? and ~107° kW/m?) (17). Addi-
tionally, reversible actuation of the turgor ac-
tuator can be achieved by controlling the
electric field (fig. S15 and supplementary text).
We theoretically analyzed the kinetics of the
electroosmotic actuation of the turgor actua-
tor. Electroresponsive hydrogels have been
conventionally used as bending actuators, in
which the bending direction was the primary
interest. Most previous studies have focused
on the interface between the fully swollen hy-
drogel and the surrounding solution (9, 25, 26).
The rate of electroosmotic flow (EOF) in a porous
medium (Qy,), the pore size of which is much
larger than the Debye length, is given by (27)

_ eEgA
o

Qin (7)
where €, E, , 0, |1, and A4 are the permittivity
of the liquid, an electric field, the zeta poten-
tial of the medium, the porosity of the medi-
um, the viscosity of the liquid, and the inlet
area, respectively. The electroosmotic inflow
(@) is either absorbed by the hydrogel (Qaps)
or passes through the hydrogel (Quut): Qin =
Qaps + Qout (Fig. 3E, inset). In the early stages
of the electroosmosis-driven swelling, the en-
tire electroosmotic inflow is absorbed by the
gel: Qin =~ Qans This is because water dragged
into the hydrogel from the solution by electro-
osmosis is captured by the hydrophilic polymer
network, as shown in fig. S16. When the hydro-
gel reaches the swelling equilibrium, the EOF
merely passes through the hydrogel: Qs =~ 0.
As shown in Fig. 3D, the mass of the gel in-
creases linearly over time at the initial stage,
the slopes of which increase with the electric
field intensity. Swelling ceases when a gel is fully
swollen. Under an electric field of 1 to 6 V/cm,
the average swelling rate until reaching the
fully swollen state is 43.5 to 205 times as fast
as that of pure osmosis. Fig. 3E shows that
the measured swelling rates are consistent
with our theory that predicts the linear increase
of the swelling rate with the intensity of the
electric field (see methods for details). By mea-
suring flow rates through saturated hydrogels,
we found that the outlet flow rates (Q,) also
increase linearly with the electric field inten-
sity (fig. S17). We also found that the mass of
the fully swollen gel by an electric field >2 V/ecm
is always 150% as large as that by osmosis
(fig. S18). This is attributed to the fact that the
equilibrium volume of a hydrogel is associated
with the stretch limit of a polymer network (28).
We model the actuation stress exerted by
the turgor actuators. Under an electric field, a
polyelectrolyte gel can absorb the water by both
osmosis and electroosmosis. Under osmosis,
the osmotic pressure (r,) induces the diffu-
sion of the liquid into the gel, whereas the

membrane pressure resulting from osmosis
(Pmemb,os) Squeezes out the liquid. The diffu-
sion flux associated with osmosis (g,) follows
Fick’s 1aw o5 = -DcV |VP|/(RT) where D, c,
Vm, P, R, and T respectively denote the self-
diffusion coefficient of the liquid, the liquid
concentration of the polyelectrolyte gel, the mo-
lar volume of the liquid, the pressure, the gas
constant, and the temperature (29). The
pressure driving the diffusion is given by
AP = Tos = Pmemb,os, and the diffusion flow
rate is written as Qos = DcViAAP/(3RT),
where A is the liquid inlet area and ¢ is the
ion concentration boundary layer thickness.
For the turgor actuator, ¢ and 6 are assumed
constant because the gel volume is fixed in
the relatively stiff membrane. The membrane
pressure corresponds to the mechanical stress
developed inside the gel that is restrained
from swelling, Pmemb,os = KY,, With K and v,
respectively being the bulk modulus of the
polyelectrolyte gel and the restrained volu-
metric strain due to osmosis (30). Because vy,
originated from [Qqsdt / Vo, We Write Pmemp os =
K[Qusdt/Vowith V, being the volume of the
polyelectrolyte gel turgor actuator. By sub-
stituting Qos = Vo (dPmemb,os/dt) /K in Fick’s
law above and solving, we get

Pmemb,os = Tos <1 - eit/%> (8)

where 1, = RTV8/(DcVimKA).

Under electroosmosis, the electroosmotic pres-
sure drives the liquid flow into the polyelectrolyte
gel, whereas the membrane pressure resulting
from electroosmosis (Pmemb,eos) tends to drive
the liquid flow out of the gel. The inflow driven
by electroosmosis is expressed as Eq. 7. The
outflow driven by the membrane pressure
follows Darcy’s law, ge = -(k/1)|VPmemb,cos|»
which describes the viscous liquid flux g,
through a porous medium with permeability
k. Therefore, the total inlet flow rate is the
difference between the electroosmotic inflow
rate and the membrane pressure-driven outflow
rate:Qe = (e{E¢ — KAPemp.eos /L) A /1, where L
is the characteristic length of the polyelectrolyte
gel. Q. causes membrane pressure as a result of
a volumetric strain Pmemp.eos = KIQedt/ V.
Using Qe = Vo (dPrmemb.cos/dt) /K, We get

Pmemb,eos =Me (1 - e—t/re> (9)

where n, = e(E¢L/k and 1, = uLV,/(kKA).
Therefore, the total membrane pressure Ppep =
Pmemb,os + Pmemb,eos is obtained as

Proemb = Tos (1 - eit/Tl)) +

MNe (1 - eit/%)

meaning, as shown in Egs. 5 and 6, that blocking
stress equals the water inflow pressure in the
equilibrium state: Gﬁikpped =~ Premb = Mg +Me =
Py,. Finally, the total membrane stress generates

(10)
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Fig. 3. Electroosmotic actuation of the hydrogel turgor actuator in electrolyte
solution. (A) Schematic illustration of the electroosmotic actuation process of a hydrogel
turgor actuator in an electrolyte solution. The turgor actuator was placed between
platinum electrodes in KOH solution. When a voltage was applied, potassium ions
migrated through the negatively charged polymer mesh, causing electroosmotic flow
(EOF) inside the gel. The flow caused the gel to swell rapidly, generating a large turgor
pressure inside the membrane. (B) Blocking stress versus time curves for the hydrogel
turgor actuator actuated by osmosis and electroosmosis at zero stroke. The same
turgor actuators (Vipemp = 3.40 cm’, Vge =116 cm3) were used for each measurement.
The inset shows the stress versus time over a long time scale. (C) Brick breaking within
5 min with turgor actuator operated by electroosmosis with a 4-V/cm electric field.
The average stress at the fracture of the brick was ~0.38 MPa (570 N). Scale bar, 3 cm.
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(D) Swelling ratio change of bare hydrogels under different electric field intensities.

(E) Electric field dependence of the swelling rate of bare gels with an electroosmotic
actuation where Qi ~ Q.. The gel absorbed water at the rate of Qs as a part of the
water inflow rate Q;,, whereas the remainder (Q,) flowed out of the gel. (F) Blocking
stress of turgor actuator (Ve = 3.40 M, Ve = 0.5 cm®) versus time with different
electric field intensities. The dashed line shows the theoretical prediction of the stress
evolution of hydrogel turgor actuators. Error bars denote SDs; N = 3. (G) Ashby plot of the
actuation force and time, which are normalized by volume of the hydrogel, for the electro-
osmotic turgor actuators and other osmotic actuators. The hydrogel turgor actuators
exhibited the largest force and the fastest speed simultaneously. The data used are sum-
marized in table S2. (H) Force generation rates (that is, actuation force divided by corre-
sponding actuation time) of electroosmotic turgor actuators and other osmotic actuators.
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Fig. 4. Rapid construction of underwater structures. (A) Schematic illustration and pictures of the 1D bending structure with joints. When the
illustrations of the construction of a Greek temple by electroosmotic hydrogel swelled, the wrinkles unfolded in the direction of the sky-blue arrow
actuation. The pillars of the Greek temple were initially filled with dry and the system bent in the direction of the gray arrow. The actuation was
hydrogel and thus started from a fully collapsed structure. Actuation was conducted under a 4.5-V/cm electric field for 12 min. (D) Schematic
conducted at 2.5 V/cm in 0.1-M KOH aqueous solution. (B) Rapid illustration and pictures of 2D bending resulting in the formation of an igloo.
construction of the temple with actuation time ~8 min. The completed The actuation was conducted under a 4.3-V/cm electric field. (E) Actuation
temple endured two weights measuring 19.6 N, and their effective load is progress for construction of the igloo for 15 min. The complete igloo
calculated to be 17.3 N by considering the buoyancy. (C) Schematic endured the effective load (8.6 N) considering buoyancy. Scale bars, 2 cm.
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the actuation force of the hydrogel turgor ac-
tuator as

F= GE?CI]D(DMAC ~ PrnembAe
= Tosdc (1 - eit/“) +
Nedc (1 - eit/re)

where A, is the area over which the force is
applied.

Using the parameter values obtained from
the literature and experiments as described in
table S4 and the supplementary text, we cal-
culated the theoretical actuation stress of the
turgor actuator and plotted the results (dashed
lines) in Fig. 3F. We can see that the calculated
actuation stresses are consistent with the ex-
perimental data under electric fields ranging
from 0 to 6 V/cm. We can also see that the
generated blocking stress approached the os-
motic pressure of the turgor actuator once the
electric field was turned off (fig. S20).

Overall, the electroosmotic turgor actuators
exhibited stronger and faster actuations com-
pared to typical osmotic hydrogel actuators
(table S5), especially with actuation force in-
creased by a factor of 10 to 10° (Fig. 3G). The
acceleration in swelling by electroosmosis
(Fig. 3D), combined with the design employing
turgor pressure, leads to substantially faster
force generation (3.5 N/s) than that of the
osmotic actuator (below 0.001 N/s) (Fig. 3H).

We used the hydrogel turgor actuators as a
structural material in an aqueous environ-
ment because they can swell rapidly and with-
stand large forces (movies S3 and S4). We first
demonstrated the rapid construction of a Greek
temple structure, the columns of which were
made of a membrane filled with a small amount
of polyelectrolyte gel (Fig. 4A). As shown in Fig.
4B, the columns were flaccid before applying
the electric field, so the roof and the floor of
the temple were in contact. However, when the
electric field of 2.5 V/cm was applied, the col-
umns gradually lifted the roof for ~8 min, thus
forming a complete Greek temple structure.
This underwater temple endured a 17.3 N of
effective load, considering buoyancy.

(11)
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We further demonstrated the construction
of a complicated structure by incorporating
wrinkles within the membrane. The wrinkles
on the membrane act as joints which unfold
when the gel swells inside the membrane. A
rod-shaped 1D actuator showed in-plane bend-
ing (Fig. 4C), whereas a planar 2D actuator
showed out-of-plane bending (Fig. 4D). Two-
dimensional bending of the planar actuator
led to creation of an igloo-like shelter structure
within 15 min of application of a 4.3-V/cm
electric field. The underwater igloo endured a
weight of 8.6 N, considering buoyancy. Even
without an electric field, a turgor actuator can
still serve as a support as a result of osmotic
pressure. Thus, constructed structures can con-
tinually maintain their shape with high stiff-
ness in an aqueous environment.

We proposed a hydrogel-based strong and
fast turgor actuator that converts high osmotic
pressure into a corresponding strong actua-
tion stress with the aid of a membrane. Elec-
troosmotic actuation makes the turgor actuator
substantially faster and stronger by the active
transport of water into the hydrogel. The ac-
tuators were used to break a rigid brick and
build complex underwater structures within a
few minutes. Our dynamic model of the ac-
tuation is expected to serve as a guideline for
the control of a prospective soft robot. Our
strategies can be applied to other elastomer-
or hydrogel-based actuators, as they provide
enhanced mechanical power while retaining
the intrinsic advantages of the materials and
thereby extend the scope of applications.
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Wrap it up

Conventional stimuli-responsive hydrogel actuators generally suffer from weak actuation force and slow response
speed because of the osmotic-driven actuation mechanism. They are also limited in how much pressure they can
endure and will collapse or shatter if pushed too hard. Na et al. significantly increased the actuation stress of a
hydrogel wrapping the gel in a relatively stiff but flexible semipermeable membrane, which confined the transverse
deformation (see the Perspective by Jiang and Song). This effect is similar to the turgor pressure seen in biological
cells. The actuation speed can also be enhanced by adding the electrolyte into the water solution and applying an
electric field, which reduces the actuation time from hours to minutes. —MSL
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