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The volumetric expansion of hydrogels driven by osmotic swelling
stress has enabled hydrogel actuators for myriad applications.
However, most existing studies disregard optimizing the osmotic
swelling stress for powerful actuation and simply utilize the osmo-
tic swelling stress to trigger certain modes of actuation. In this
work, we probe the osmotic swelling stress of hydrogels using
polyacrylamide as a model system. We design and perform con-
strained swelling experiments to measure the osmotic swelling
stresses at different levels of constraint and compare the results
to the theoretical predictions based on the Flory—Huggins model.
We optimize the osmotic swelling properties by tuning the con-
stituents and structures of the hydrogel and achieve an enhance-
ment of the magnitude of actuation stress from ~180 kPa to
~400 kPa. As a proof of concept, we demonstrate a robust hydro-
gel jack that can lift a weight 2000 times its own weight by harnessing
the high osmotic swelling stress. The feasibility and limits of harnessing
the osmotic swelling stress of hydrogels for actuation are discussed.

Introduction

Submerged in water, a hydrogel often tends to imbibe water and
swell. The imbibition of water is driven by the osmotic pressure
difference between the interior of the hydrogel and the surround-
ing aqueous environment, in response to various external stimuli
such as solvent," ions,” temperature,’ pH,* electric field,” magnetic
field,® and light.” The swelling causes a hydrogel to expand its
volume, enabling soft hydrogel actuators for applications as
diverse as soft machines,® soft robotics,” tunable optics,'® smart
microvalves,' biomedicine,'? and artificial muscles.™

As a hydrogel swells, the osmotic pressure decreases, and
the polymer network of the hydrogel is stretched, exerting
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elastic restoring stress. The resultant of the osmotic pressure
and the elastic restoring stress determines the apparent swel-
ling stress, which is essentially the driving force for hydrogel
actuators."* As such, the magnitude of the osmotic swelling
stress of a hydrogel actuator predominately depends on the
extent of swelling. Osmotic pressure can be very large, and
the osmotic swelling stress, in principle, can be as large as the
osmotic pressure, so long as the polymer network of the
hydrogel is entropic and barely deformed." Salient examples
of large osmotic swelling stress comprise the expansion of
wooden wedges after absorbing water, which might have
allowed the ancient Egyptians to mine megaliths,'® and the
growth of plant roots that destroys rocks. In synthetic hydrogels,
osmotic stress of 45 MPa has been realized using poly(N-isopropyl
acrylamide) hydrogel."”” Very recently, it has been reported that
robust actuators of actuating stress on the order of 1 MPa can be
achieved using hydrogels by invoking the turgor pressure.'®
Nevertheless, most existing studies so far have overlooked the
optimization of the actuating stress and simply utilize the osmotic
swelling stress to trigger certain modes of actuation.'® Quantifying
the osmotic swelling stress is of great importance for the applica-
tions of hydrogel actuators, for instance, to make the utmost
of the osmotic pressure and to construct the force-stroke
relationship,?® which is crucial information for an actuator in
practice,”>* but the paucity of such quantification persists
to date.

In this work, we fill the paucity by quantifying the osmotic
swelling stress of hydrogels using polyacrylamide as a model
material. We design a constrained swelling test to measure the
osmotic swelling stress, characterized by the blocking stress,
and compare the experimental results to the theoretical pre-
dictions derived from the Flory-Huggins model. Subsequently,
we optimize the osmotic swelling properties, including the
magnitude of osmotic swelling stress and the swelling kinetics,
by varying the components and structures of the polyacryla-
mide hydrogel. We obtain osmotic swelling stress ~400 kPa
and a characteristic response time of about 3.6 minutes for a
500 pm thick sample. Using the optimized version, we demonstrate
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the use of a hydrogel actuator as a robust hydrogel jack that can lift
a weight 2000 times its own weight. We enclose the current study
by discussing the design space and the lift efficiency of hydrogel
actuators.

Results and discussion

We first examine the swelling behaviors of hydrogels with/
without constraint. Take a covalently crosslinked single-network
hydrogel as an example. Recall that the free energy of a hydrogel
results from two molecular processes: stretching the polymer
network and mixing the polymers and the water molecules, and
can be described as W = W + Wy, where Wy accounts for the
strain energy due to stretching and W, accounts for mixing.>*
When a hydrogel undergoes free swelling (Fig. 1(a)), water
molecules migrate into the polymer network due to the osmotic
pressure, resulting in the uniform extension of the polymer
chains in all directions. The absorption of water lessens the
osmotic pressure. The stretch of polymer chains induces elastic
restoring stress due to entropy and exposes more polymer
segments for mixing. The osmotic pressure facilitates while
the entropic elasticity prohibits the inward water migration.
The equilibrium state is reached once the osmotic pressure
balances with the elastic restoring stress. We illustrate the free
swelling of the hydrogel by soaking a dry sodium polyacrylate
hydrogel ball in deionized water. After swelling, the volume of
the ball expands more than 200 times (Fig. 1(b)). Note that the
mechanical strength of the hydrogel will deteriorate with

(a)

Free swell

(c)

Confined swell
-

F -

N Polymer chain

: DI water

® : Crosslink

(b)

View Article Online

Soft Matter

swelling, due to the dilution of the polymer chains by water,
and the fragile hydrogel might fracture during swelling.

Unlike free swelling, when a hydrogel undergoes confined
swelling, the polymer chains can only extend in the unconfined
direction whereas a blocking force will be exerted in the
confined direction to prevent swelling (Fig. 1(c)). The blocking
force, the resultant of the osmotic swelling stress determined
by the difference between the osmotic pressure and the elastic
restoring stress, can be manipulated for actuation. We demon-
strate the osmotic swelling stress using two simple examples.
In one example, we put a dry sodium polyacrylate hydrogel ball
into a 5 ml measuring cylinder, place a 20 g weight on it, and
then add deionized water. Because of the constraint of the
measuring cylinder, the hydrogel ball can only swell in the
vertical direction after it reaches the boundary of the inner wall.
After 7 days, the lifting height of the weight plateaus at about
20.21 mm, corresponding to a swelling ratio of the hydrogel of
~9 (Fig. 1(d)). The 20 g weight corresponds to the nominal
compressive stress of about 2.5 kPa, which apparently is not
adequate to completely block the swelling of the hydrogel. In
another example, we wrap the hydrogel ball with a paraffin
shell drilled with holes at both ends. The swelling of the
hydrogel ball renders hoop stress to break the paraffin shell,
whose strength is measured to be about 12.4 kPa, while the
paraffin shell without hydrogel remains intact (Fig. 1(e)).

We then quantitatively characterize the swelling using poly-
acrylamide (PAAM) hydrogel. We synthesize a PAAM hydrogel
with ~75% water, by weight, as the reference. Briefly, 3.6 g
acrylamide is dissolved in 10 ml deionized water, followed by

6.75mm
— e

Dry state Swelling state

Fig. 1 Schematics and images show the free swelling and constrained swelling of hydrogels. (a) When a hydrogel free swells, its polymer chains are
stretched isotropically. (b) A sodium polyacrylate hydrogel ball, with an initial diameter of 6.75 mm, free swells into a 39.62 mm-diameter ball. (c) Under
constrained swelling, the polymer chains in the free direction are stretched, while blocking force F is exerted in the constrained direction. (d) The
hydrogel ball, confined by a measuring cylinder, swells and lifts a 20 g weight, which is equivalent to the compressive stress of 2.5 kPa, by 20.21 mm after
7 days. (e) The swelling of the hydrogel ball induces hoop stress to break a paraffin spherical shell.
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Fig. 2 Swelling of PAAM hydrogel containing 75% water. (a) Three states of a hydrogel: as-prepared state, dry state, and equilibrium (i.e. fully swollen)
state. Referring to the dry state, the polymer network swells by an isotropic stretch of Jg at the as-prepared state and by the stretches of 44, 4,, and /3 at
the equilibrium state. Referring to the as-prepared state, the polymer network swells by 21/40, 42/40. and Zs/Aq at the equilibrium state. (b) AV/V, varies
with time. The curve represents the first-order approximation for the swelling response with a characteristic time of 575 seconds. (c) Nominal
compressive stress—strain curve. (d) Schematic and image of the apparatus for measuring the osmotic swelling stress. (€) Nominal blocking stress varies

with time. (f) The equilibrated true blocking stress as a function of As.

adding 400 ul of 0.1 mol L™' N,N’ methylene bis(acrylamide),
and 400 pl of 0.1 mol L™" a-ketoglutaric acid as the crosslinker
and the initiator, respectively. Because the amounts of the
crosslinker and the initiator are tiny, their weights are neglected
and only the weights of monomer and water are accounted for.
After homogeneous mixing and defoaming, the precursor is
injected into a glass mold with a 500 pm thick spacer and cured
under UV light for 1 hour. As shown in Fig. 2(a), at the as-prepared
state, the PAAM network can be regarded as swollen with an
isotropic stretch of 1, with respect to the dry state. After swelling
to the equilibrium state, the PAAM network has stretches of 4/,
Jallo, and Az/4y with respect to the as-prepared state and /i, /,,
and /; with respect to the dry state. Although the PAAM network
must be stress-free at the as-prepared state, we will determine the
state of the hydrogel by taking the dry state as the datum in the
following sections.

We conduct free swelling for the PAAM hydrogel and mea-
sure the volume ratio AV/V,,, where AV is the difference between
the volume at the current state V and the volume at the as-
prepared state Vy, as a function of time (Fig. 2(b)). Assuming
that the total volume of hydrogel is equal to the sum of the
volume of the dry PAAM network, Vg, and the volume of water,
we measure the mass of the hydrogel and calculate the volume
at the current state as

V= Vary + (Mg — mp)/pw (1)

where my and m,, are the masses of hydrogel and dry PAAM,
respectively, and p,, is the density of water. At the as-prepared
state, AV/V, is 0 and 4, = 1.75. At the equilibrium state, AV/V, is

This journal is © The Royal Society of Chemistry 2022

about 3, corresponding to a water content of ~94% and 4, =
Ay = A3 = 3.54. Assuming a first-order approximation to the
swelling response, the swelling kinetics can be described by an
exponential function. Theoretically, the free diffusion time of
water through a hydrogel is estimated as t ~ #*/D, where h is
the thickness of the hydrogel and D is the coefficient of
diffusion of water. Because the hydrogel sample sinks to the
bottom of the reservoir, we take 4 = 500 pm, D = 10" '° m? s %,
and obtain ¢ = 2500 seconds, which agrees well with the time for
reaching swelling equilibrium in experiments. We perform a
uniaxial compression test to access the strength of the hydro-
gel. The nominal stress—strain curve up to 90% compressive
strain indicates that the hydrogel containing 75% water can
sustain compressive stress higher than 4.5 MPa (Fig. 2(c)).
The shaded regions associated with curves represent the range
of error bars throughout the text unless otherwise specified.
Since free swelling is generally insufficient in generating
large actuation force,'®*° we improve the osmotic swelling
stress using constraints. We design an experimental setup for
measurement (Fig. 2(d)). We prepare the hydrogel sample into a
10 mm diameter disc, place it on a piece of 15 mm diameter
filter paper, and then on a piece of acrylate sheet inside a
container. The top surface of the hydrogel sample is contacted
by the 20 mm diameter loading head of a mechanical testing
machine (INSTRON 5966). A preload of 0.2 N is applied to
guarantee intimate contact between the loading head and the
hydrogel and then the position of the loading head is held.
After that, deionized water is infused into the container to swell
the hydrogel. The filter paper is porous, allowing the hydrogel
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to swell as if its bottom surface were free. The swelling of the
hydrogel is blocked by the loading head. The force recorded by
the machine is normalized by the area of the hydrogel measured
at the as-prepared state and plotted against time in Fig. 2(e). After
saturation in about 1 hour, the maximum osmotic swelling stress,
i.e. blocking stress, of ~180 kPa is obtained. When the blocking
force supplied by the loading head is reduced, the hydrogel
pushes the loading head upward by a distance before reaching
equilibrium, increasing the stretch in the vertical direction.
We vary the blocking force and obtain the true block stress as a
function of /3 (hollow circles in Fig. 2(f)). The true block stress is
calculated based on the measurement of the area of the sample
after the experiment. The experimental data are fitted to the
following formular:** ¢ = 1058(%; ")**".

We observe that the area of the hydrogel increases consider-
ably after the experiment, implying that the filter paper does
not constrain the deformation of the hydrogel in lateral directions,
Le. Ay # Ao, /4y # Ao Recall that the chemo-mechanical behaviors
of the hydrogel can be described by invoking the theory of an ideal
elastomeric gel, whereby the equations of state of the swelling
hydrogel can be written as>

NKT .
o == (mz—l)—Hmix(J,T)—g @)
_NKT . 5 , M
o2 —T(/Lz —1) = Hyix(J, T) o (3)
NKT ,,
03 = ——(i = 1) = x4, T) —g @)

where a4, 0, and g5 are the true stresses, NkT is the shear modulus
of the dry polymer network, J is the swelling ratio defined as the
ratio of volume at the current state over the volume at the dry state,
J = As/s, ik is the osmotic pressure, which depends on the
swelling ratio and temperature, x is the chemical potential and Q
is the volume of water molecules. In this work, isothermy will be
assumed such that I1,,; is determined once the swelling ratio is
set. We measure the shear modulus at the as-prepared state using
uniaxial tension and calculate the shear modulus of the dry
polymer network to be 65.9 kPa. According to Flory and
Huggins,> the osmotic pressure takes the form

kT 1 N 1y
i (J, T)=*6{3+10g(1*7) *UJrﬁ} (5)

where o is the volume per polymer chain divided by the volume per
water molecule, which can be assumed to approach co, and
is the Flory-Huggins parameter that measures the enthalpy of
mixing. Since the explicit relationship between J and 4; is not
available, we estimate the maximum and minimum osmotic
swelling stress for comparison. Taking 7 = 0.51*° and u = 0, the
lower bound (green curve in Fig. 2(f)) is obtained when the sample
is free to deform in lateral directions, i.e. g, = 0, = 0, giving

_ NKT

J (A% = 73%) (6)

03

The upper bound (red curve in Fig. 2(f)) is obtained based on
eqn (4) and (5) when the lateral deformation is completely
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constrained, i.e. 4, = A, = Ao. The experimental data fall in-
between the green and red curves, implying a certain degree of
in-plane constraint, which is presumably caused by the friction
at the interfaces. Indeed, we measure the friction coefficient
between the hydrogel and a steel indenter to be 0.29 using a
rheometer.”® Although a reliable friction coefficient between
the hydrogel and the filter paper is difficult to measure, it
should be larger because of the rougher surface. Additionally, it
should be noted that we have used the Flory-Huggins model,
which assumes dilute solution,”” without any modification,
which, however, has long been proven feasible in describing
the behaviors of hydrogels.'*

Now that we have quantitatively measured the osmotic
swelling stress of PAAM hydrogel containing 75% water, next
we try to optimize its osmotic swelling properties. One con-
spicuous way is to increase the osmotic pressure of the hydro-
gel. We do so by two methods. First, we increase the polymer
content by dehydrating the as-prepared hydrogel sample to
45% water content (Fig. 3(a)). Deswelling does not induce
elastic restoring stress since the relaxed polymer chains in
the as-prepared state remain relaxed after dehydration,”® yet
it causes an increment in the shear modulus of the hydrogel
since the number of polymer chains per unit volume is enlarged.
As expected, the saturated nominal osmotic swelling stress esca-
lates, to ~364 kPa, which corresponds to an improvement of
more than 100% compared to that of the as-prepared hydrogel.
Second, we increase the ion concentration by replacing one-
quarter of the acrylamide monomers with sodium acrylate while
keeping the same water content. The copolymerization yields
poly(acrylamide-co-sodium acrylate) (P(AAM-co-AANa)) (Fig. 3(b)),
and the saturated nominal osmotic swelling stress increases from
~180 kPa to ~225 kPa accordingly.

Apart from the magnitude of the osmotic swelling stress, the
response speed can be pivotal for hydrogel actuators and
sometimes even becomes the primary concern.?® The osmotic
swelling of hydrogel is accomplished by the diffusion of water
through the polymer network, an intrinsically slow molecular
process. We assuaged this issue by imparting the hydrogel
matrix with bubbles, which are generated from the reaction
of acrylic acid and sodium bicarbonate within the precursor of
the hydrogel before curing. The time for reaching (1 — e )
equilibrium swelling, referred to as the time constant, is
shortened from ~ 10 minutes for the non-porous PAAM hydro-
gel to ~5 minutes for the porous P(AAM-co-AANa) hydrogel
(Fig. 3(c)). In addition, the porous P(AAM-co-AANa) hydrogel
possesses a much larger swelling ratio, ~ 31, with respect to the
mass of the as-prepared state, and ~170, with respect to the
mass of the dry polymer. The large swelling ratio is ascribed to
the reduction of effective stiffness due to the presence of pores
on one hand, and to the uptake of water due to the filling of the
pores on the other hand. Note that the swelling ratio here is
represented by weight, since the expansion of the volume of the
pores from an empty state to water-filled state confounds the
swelling ratio of the porous hydrogel. The residual sodium
acrylate will dissociate fully into sodium ions and acrylate ions
to increase the ion concentration, which expedites the swelling

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Optimizing the osmotic swelling properties. (a) A higher polymer content leads to higher osmotic swelling stress. Plotted are the nominal
blocking stress—time curves of PAAM hydrogels with 45% and 75% water. (b) A higher ion concentration also yields higher osmotic swelling stress. Plotted
are the nominal blocking stress—time curves of PAAM and P(AAM-co-AANa) hydrogels, both with 75% water. (c) Higher porosity results in faster swelling
kinetics. Plotted are the Am/mg—time curves of non-porous PAAM, non-porous P(AAM-co-AANa), and porous P(AAM-co-AANa). (d) All-in-one: a porous

P(AAM-co-AANa) hydrogel with 45% water exhibits the highest osmotic s

process. To exclude this confounding effect, we also synthesize
non-porous P(AAM-co-AANa) hydrogel containing the same
amount of sodium acrylate and measure its swelling ratio as
a function of time. It can be seen from Fig. 3(c) that, whereas
the swelling ratio increases a bit, the swelling speed only
changes slightly. Within the first-order linear paradigm, we
estimate the time constant to be ~9 minutes. Based on the
preceding results, we further synthesize a porous P(AAM-co-AANa)
hydrogel with 45% water and achieve the highest osmotic swelling

This journal is © The Royal Society of Chemistry 2022

welling stress and the fastest swelling kinetics.

stress, ~400 kPa, with the shortest swelling time, ~ 3.6 minutes,
for the stress to increase from the addition of deionized water to
(1 — e™) x 100% of the maximum value (Fig. 3(d)). Also plotted
for comparison is the nominal stress-time curves of non-porous
PAAM hydrogels with 75% water and non-porous P(AAM-co-AANa)
hydrogel with 75% and 45% water. According to eqn (4), assuming
that the chemical potential of water is zero and the temperature is
constant, the osmotic swelling stress at a given swelling ratio
will be larger when the shear modulus of the hydrogel is smaller.

Soft Matter, 2022, 18, 5177-5184 | 5181
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The porous P(AAM-co-AANa) hydrogel has a smaller modulus than
that of the non-porous P(AAM-co-AANa) hydrogel, so that its
osmotic swelling stress is higher.

One of the major working modes of hydrogel actuators is to
displace an object by a certain distance. Such an operation
resembles the scenario of weightlifting. In nature, a weightlifter
can at most lift a barbell about three times his/her weight, and
the natural Hercules, ants, can lift an object as large as about
400 times their own weight (Fig. 4(a)). For hydrogel actuators,
we define a successful lift as elevating a weight by a distance
not less than the thickness of the hydrogel and the lift effi-
ciency as the weight lifted divided by the weight of the hydrogel.
We prepare a piece of 0.3 mm thick porous P(AAM-co-AANa)
hydrogel containing 45% water and put on it a 5 kg weight,
whose top surface is connected to a micrometer (Fig. 4(b)). After
swelling in water for 1.5 hours, the hydrogel functions like a
jack that successfully lifts the weight by 0.3 mm, corresponding
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to a lift efficiency of 2000. A hydrogel actuator can be a robust
hydrogel jack.

As mentioned before, the osmotic swelling stress of a
hydrogel is the competing resultant of the osmotic pressure
and the elastic restoring stress of the polymer network.
Whereas the osmotic pressure can approach infinite theoreti-
cally, refer to eqn (5), the mechanical strength of the polymer
network is finite. In this sense, the osmotic swelling stress is
bottlenecked by the strength of the hydrogel. According to the
Flory-Huggins theory,”® both the osmotic pressure and the
mechanical strength decrease with the swelling ratio J. In the
constrained swelling experiment, the maximum blocking stress
is obtained by completely blocking the swelling of the as-
prepared/dehydrated sample in the vertical direction. The elastic
restoring stress at the as-prepared/dehydrated state is zero such
that the maximum blocking stress equates to the osmotic pres-
sure if the lateral deformations are completely restricted.'®

11 :
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Fig. 4 Harnessing osmotic swelling stress for robust hydrogel actuators. (a) A weightlifter can lift a maximum barbell about three times his/her weight
while an ant can lift an object about 400 times its weight. (b) A piece of porous P(AAM-co-AANa) hydrogel with 45% water is a robust hydrogel jack that
can lift a weight 2000 times its weight by a distance of its height. (c) Both the osmotic swelling stress and the strength of the hydrogel decrease with
swelling. The blue region indicates the feasible design space. (d) Relationship between lift efficiency and the thickness of the hydrogel actuator.

5182 | Soft Matter, 2022, 18, 5177-5184

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2sm00591c

Published on 30 June 2022. Downloaded on 1/13/2026 4:39:30 AM.

Soft Matter

Consequently, for a hydrogel of decent mechanical strength, there
exists a critical swelling ratio J., above which the strength is larger
than the osmotic swelling stress and the hydrogel actuator will
operate reliably (Fig. 4(c)). Taking the non-porous PAAM hydrogel
as an example, we measure the osmotic swelling stresses at 75%,
60%, and 45% water contents and fit the data (hollow squares)
through y; = 602.7x>**’. On the other hand, we also measure the
strength of the hydrogels at 90% uniaxial compression strain and
fit the data (hollow circles) through y, = 11.51x **°%. The stress
level at 90% uniaxial compression strain is purposely taken as the
strength for the sake of the safety of the testing machine. Note
here that the strength is measured at the as-prepared state while
the osmotic swelling stress is measured at the swollen state. The
strength is higher than the osmotic swelling stress after swelling
and the hydrogel maintains integrity as observed in the experi-
ments. A critical swelling ratio of J. = 3.73 is obtained.

We define the lift efficiency (¢) of a hydrogel actuator as the
ratio of the maximum mass it can lift (at least by a height of its
thickness) over its mass: ¢ = a/pgh, where p and h are the density
and the thickness of the hydrogel, and g is the gravitational
acceleration. We extrapolate the blue curve in Fig. 2(f) and
obtain a lift efficiency of ¢ ~ 1000 for the 500 um thick non-
porous PAAM hydrogel, corresponding to the middle hollow
circle in Fig. 4(d). We also test the lifting efficiency of 350 pm
and 1000 pm thick PAAM hydrogels and the experimental
results are in good agreement with the prediction. Since the
output force, namely the result of osmotic swelling stress, is
independent of the thickness whilst the lift efficiency is inver-
sely proportional to the thickness, one can anticipate that the
theoretical maximum of lift efficiency is achieved when the
thickness of the hydrogel actuator levels off to the mesh size of
the polymer network. Depending on the constituents, the mesh
size of a hydrogel typically ranges from 10-100 nm.*’ In this
sense, the lift efficiency on the order of 1000 we have accom-
plished using hundreds of micrometers thick hydrogel is far
from optimal.

It should be pointed out that, throughout the experiments,
we have used the single-network PAAM hydrogel which has
limited mechanical strength. When the osmotic swelling swell
is set by the strength, hydrogels of higher strength are ready to
be chosen, such as double-network hydrogels,>** nanofiber-
reinforced hydrogels,> and topological hydrogels.*®> For the
promotion of swelling kinetics, connected pores®® or micro-
channels via freeze-casting®” can be constructed within the
hydrogel matrix. Nonetheless, careful attention should be paid
since introducing voids into the matrix generally compromises
the mechanical properties.

Conclusions

In conclusion, we have investigated the osmotic swelling stress
of hydrogels by taking the PAAM hydrogel as the specific
embodiment. Compared to previous studies invoking the
osmotic swelling stress simply for actuation demonstrations,
the emphasis of this work is placed on optimizing the

This journal is © The Royal Society of Chemistry 2022
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magnitude of the osmotic swelling stress. Several strategies
for optimizations are proposed and validated experimentally. A
robust hydrogel jack that can lift a weight 2000 times its own
weight is achieved.

Harnessing the osmotic swelling stress of hydrogels has
enormous practical meaning. For example, instead of the
qualitative trial and error demonstrations, which are often
time-consuming and expensive, quantitative design and opti-
mization allow for the efficient tailoring and programming of
hydrogel actuators and hydrogel soft robots.®® As another
example, the capability of hydrogel actuators has not been
exploited fully.'® There is much room for fabricating robust
hydrogel actuators of large payloads and large output force.
Furthermore, the escalation of the lift efficiency with the
decline of the thickness signifies the miniaturization of hydro-
gel actuators for small-scale hydrogel-based microactuators
and microrobots such as microlenses'® and drug vehicles.*®
It is envisioned that more innovative hydrogel actuators will be
designed and fabricated to fulfill extreme tasks that were
previously inaccessible by pushing the limits of hydrogels.
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