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MATERIALS SCIENCE

Bioinspired high-power-density strong contractile
hydrogel by programmable elastic recoil

Yanfei Ma"%3*, Mutian Hua?*, Shuwang Wu?*, Yingjie Du?, Xiaowei Pei', Xinyuan Zhu?,

Feng Zhou'!, Ximin He*'

Stimuli-responsive hydrogels have large deformability but—when applied as actuators, smart switch, and artificial
muscles—suffer from low work density due to low deliverable forces (~2 kPa) and speed through the osmotic
pressure-driven actuation. Inspired by the energy conversion mechanism of many creatures during jumping, we
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designed an elastic-driven strong contractile hydrogel through storing and releasing elastic potential energy in
polymer network. It can generate high contractile force (40 kPa) rapidly at ultrahigh work density (15.3 kJ/m3),
outperforming current hydrogels (~0.01 kJ/m3) and even biological muscles (~8 kJ/m®). This demonstrated elastic
energy storing and releasing method endows hydrogels with elasticity-plasticity switchability, multi-stable de-
formability in fully reversible and programmable manners, and anisotropic or isotropic deformation. With the
high power density and programmability via this customizable modular design, these hydrogels demonstrated
potential for broad applications in artificial muscles, contractile wound dressing, and high-power actuators.

INTRODUCTION

Stimuli-responsive hydrogels are appealing with their merits of large
volume change and high water content (low solid/polymer fraction),
which make the mechanical and many properties of hydrogel dif-
ferent from solid/dry polymers, and swell and contract via absorb-
ing and releasing water in and out their network (i.e., osmotic-driven)
upon environmental cues [e.g., temperature (1), pH (2), and light
(3)]. Their excellent softness, elasticity, deformability, biocompati-
bility, stimulus diversity, and permeability (secure diffusion of oxygen,
nutrients, metabolites, and cells enabling) have promoted their
broad application in tissue engineering (4), soft electronics (5-7),
miniaturized soft robotics and actuators (8-11), biomedicine (4),
and mechano-therapeutic wound dressings (12). However, when it
comes to building large-scale actuating systems practically, hydro-
gels suffer from being mechanically weak and slow, specifically low
deliverable force (F, about 107 N or even lower) (13) and size-
dependent actuation speed (e.g., hours at centimeter scale) (14, 15).
The essential evaluation of high-performance actuators—high output
power density—requires both a large force generated by unit mass
and high actuation speed.

The energy density and power density of current typical (osmotic-
driven) hydrogels are respectively ~107> kJ/m> and ~107> W/m”,
significantly lower than biological muscle (8 kJ/m?, 50 to 100 W/kg)
(16). This low actuation power density of current hydrogels is rooted
in the osmotic pressure—driven, diffusion-limited volume change
mechanism. Under the osmotic-driven framework, actuation speed
and delivered force are negatively balanced rather than acting syner-
gistically, where one is raised by sacrificing the other. For instance,
high actuation speed demands high diffusivity through the hydro-
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gel, while high diffusivity is often linked with high porosity, which
prescribes low elastic modulus and weak mechanical property of the
hydrogel. Hence, this has been a long-standing dilemma, given the
contractionary requirements of force and speed for material micro-
structures (e.g., porosity) (15, 17) or rapid in response but low in
modulus (1). Furthermore, the osmotic-driven mechanism deter-
mined the maximum magnitude of the deliverable force, which is
unavoidably limited by mild intrinsic hydrophobicity change. In
past efforts to address this dilemma, high speed and large force have
been achieved by using salt water as solvent to expedite water expul-
sion from gel network (18) or structurally using asymmetric hollow
hydrogel structure for hydraulic actuation (13). However, altering
actuation condition did not change the osmotic-driven mechanism
of the material itself. Fundamentally solving the dilemma is to truly
increase the unit volume/mass deliverability, i.e., output energy
density (joules per cubic meter) and power density (watts per cubic
meter). This necessitates a new, non-osmotic contraction mechanism
with a conceptually new material design at molecular level to funda-
mentally break through this limit.

Jumping of many animals presents incredibly high speed and
force. Mammalian skeletal muscle fibers, the natural actuators, can
deliver more than 1 N force with 10 MPa modulus and show no
reduction of actuation speed when bundled and thus display high
work output (16, 19). They use a catapult-like energy conversion
mechanism, through which potential energy is temporarily stored
in elastic structures, followed by the rapid release of this energy to
complete the jump (20-22). Shape memory hydrogel (SMH) as a
shape-editable and recoverable material has the potential to become
a carrier of energy to store and release elastic potential energy in a
similar manner. However, most SMHs as actuators have low elastic
moduli and/or weak reversible bonds, which are intrinsically insuf-
ficient for desirable large energy storage and high work output, so
most SMHs can only recover moderate bending, folding, and twist-
ing deformations (23, 24). Moreover, there is very little focus on the
mechanical energy change of SMHs during shape fixation and res-
toration, which is vital for their practical applications in soft robotics,
intelligent switch, and surgical materials. These all impose needs for
developing strong contractile hydrogels. However, not all SMHs
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upon contraction can generate high force with a high energy density
and a high energy standardization rate. It needs to meet the follow-
ing: The hydrogel must have high toughness and be able to form
strong reversible bonds to store high energy. Meanwhile, the origi-
nal material should also have high elasticity to avoid excessive energy
loss and thus reduce the energy conversion rate.

Here, inspired by the energy conversion mechanism in the elas-
tic actuation of some creatures, we developed a high-power-density
strong contractile hydrogel material, which can store elastic poten-
tial energy in an elastic hydrogel polymer network and subsequently
release the energy, to achieve both high-force (40 kPa) and high-
speed deformation (25%/min strain rate), which matched the high
output work density (15.3 kJ/m’) and have even outperformed bio-
logical muscles (8 kJ/m>). The elastic-driven hydrogel (EDG) mate-
rial was fabricated by fixing the deformation of a stretched elastic
poly(acrylamide-co-acrylic acid) [p(AAm-co-AAc)] hydrogel through
forming new bonds between carboxylic groups and Fe** ions in the
polymer network to store elastic potential energy in the material.
The EDG material could restore its original shape under ultraviolet (UV)
light or in acid solution, which breaks those bonds and releases the
prestored elastic potential energy. It is worth noting that, although
the initial trigger of the hydrogel contraction involves the penetration
of acid/light into the polymer network, it is different from convention-
al osmotic hydrogels whose contraction speed is fully limited by water
transportation, whereas the contraction of EDG is enabled and deter-
mined by the elastic recovery after the triggering, which endows EDGs
with fast and strong contract and thus high output work density. More-
over, the p(AAm-co-AAc) network of the presented EDGs has
excellent elasticity and toughness and can form strong bonds with
Fe’* ions, which further increase its mechanical strength. All of
these together enable materials to store and release more energy.

Furthermore, the elastic energy storing and releasing method
endows the materials with a switchable mechanical property between
elastic and plastic behavior. In addition, the contraction speed of
the elastic actuation could be controlled on demand by adjusting
the bond breaking speed. In addition, the contractive direction could
be encoded simply by the prestretching direction and magnitude,
allowing for diverse shape-changing behaviors from anisotropic to
isotropic. In this work, we demonstrated potential functions of the
EDGs to showcase their merits of programmable shape changes,
large contraction force, and high elastic modulus, including expand-
able hydrogel tube (shrinking in transversal direction), actuator for
artificial muscle, and contractile hydrogel patch for smart wound
dressing. This universal design of EDGs has not only opened a new
avenue to addressing the contradictory relationship between con-
traction force, contractive speed, and elastic modulus but also ex-
panded the scope of responsive hydrogel applications.

RESULTS

Design of the elastic energy storing and releasing

method and system

Jumping is a swift and powerful motion initiated by muscle-powered
accelerations for many animals, such as frogs, kangaroos, and rabbits.
The catapult mechanism first requires muscle contraction to pre-
store elastic potential energy via consuming chemical energy into
elastic structures, followed by joint movement owing to elastic re-
coil by releasing the stored elastic energy to produce kinetic energy
(Fig. 1A) (20-22). Moreover, this cycle of energy storing-releasing
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can be repeated infinitely (Fig. 1B). SMH as a shape-editable and
recoverable material has the potential to become a carrier of energy
to finish the storage and release of elastic potential energy in a similar
manner. Inspired by this energy conversion mechanism and com-
bined with shape memory effect of hydrogel, we developed a new
class of hydrogels that can generate a large force by strong contrac-
tion. As shown in Fig. 1 (B and C), a hydrogel is mechanically
stretched to accumulate elastic potential energy, and this energy is
temporarily stored by forming new reversible chemical bonds within
the polymer, which effectively “lock” the hydrogel at the deformed
shape. The stored elastic potential energy can be released controllably
in the form of kinetic energy or other potential energy by applying
another stimulus to “unlock” the previously formed reversible intra-
network bonds. Such energy-releasing-induced shape restoring of
an elastic network (spring recoil) can generate much larger force (F)
at a higher speed (v), thus greater power (P = F « v), compared to the
osmotic-driven volume change (passive network collapse) of con-
ventional hydrogels.

In general, the polymer chains must consist of at least two different
components: one highly elastic network to minimize energy dissi-
pation in the stretching-relaxing process to maximize the amount
of energy stored and released and another smart (switchable) com-
ponent to “freeze” and “restore” the tendency for elastic recoil by
reversible bonding ideally with high bond force constants for effec-
tive elastic network locking. The latter is necessary as the elastic
network alone cannot lock the elastic potential energy produced by
mechanical stress for delayed release (fig. S2). These two compo-
nents would ideally coexist or be linked through permanent bonds
to form a single hydrogel network, avoiding chain sliding or energy
dissipation in double network design, to maximize the energy conver-
sion efficiency for optimum work output. Such a modular design pro-
vides two knobs for further tunability of the mechanical property and
the force for material optimization and broad applications (25-29).

EDGs based on elastic energy storing and releasing

In this work, we used poly(acrylamide) (PAAm) as the elastic com-
ponent (30) and poly(acrylic acid) (PAAc) as the smart component
in our copolymer p(AAm-co-AAc) as an exemplary EDG. Acrylamide
(AAm) and acrylic acid (AAc) monomers were mixed at different
ratios and heated to be covalently cross-linked. Pure PAAm and
PAAc hydrogels were used as control samples. The hydrogels were
stretched mechanically and immersed in an iron (III) chloride solu-
tion. In this system, the first stimulus Fe’* and carboxylic groups
formed coordination bonds (31-34), which fixed the mechanically
stretched hydrogel at its stretched geometry and stored the mechanical
energy. The Fe**-carboxylic pair was rationally selected for the follow-
ing reasons: (i) its reversibility nature of the ionic (coordination) bond
for realizing locking-unlocking the elastic network, (ii) its high
coordination coefficient for effectively locking the network and
efficiently storing maximum energy, and (iii) its versatility of dis-
sociation with light and various molecular stimuli for diverse actu-
ation modes. The secondary stimulus, UV light or an acid solution,
destablized the coordination bonds by photoreduction (Fe** to Fe*)
or protonation (COO™ to COOH) (Fig. 2A) (35-37). Figure 2B shows
the change in length to 160% of its original length and the corre-
sponding color change of the p(AAm-co-AAc) hydrogel film during
energy storage in 0.06 M iron ion solution and then its contraction
back to its original length in 1 M acid solution, whose contraction
could be also achieved by UV irradiation alternatively (fig. S3).
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Fig. 1. Conceptual scheme of the strong contractive materials based on mechanical energy storing method. (A) Frog leaping off a rock through prestoring and
subsequent releasing of elastic potential energy. (Photo credit: Purchased from vjshi.com under royalty-free license.) (B) Elastic potential energy was initially stored (red
area) in elastic structures by contraction of muscle via consuming chemical energy in the body and then instantaneously releasing based on releasing (blue area) of elas-
tic potential energy. (C) Schematics of the design strategy of shrinking materials via storing energy during stretching and then releasing the energy: storing elastic poten-
tial energy in the material by mechanically stretching it and locking it at the stretched state through forming new chemical bonds under external stimulus-1 (i). Upon
external stimulus-2, the newly formed bonds break, and the prestored energy is released, resulting in rapid and powerful contraction of the material, which generates
large force (ii). The green images are confocal microscopic images of the hydrogel material.

The original p(AAm-co-AAc) hydrogel did not exhibit distinct
hysteresis after loading-unloading over 5 cycles (at 300% uniaxial
stretch) and was able to fully recover to its original length after un-
loading, indicating the excellent elasticity of the hydrogel (Fig. 2C
and fig. S5). As a control sample, PAAm-alginate double-network
hydrogels were also prepared (fig. S7). When soaked in Fe’* solution,
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the p(AAm-co-AAc) hydrogel displayed hysteresis in the same
loading-unloading test (holding for 3 min), and the hysteresis pro-
gressively increased over the 5 cycles, as seen in the stress-stretch
curves in Fig. 2F (replotted from the data in Fig. 2G). This shows
that, as the Fe’* ions complex with the carboxylic groups on the
polymer chains, these newly formed bonds effectively locked the
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Fig. 2. Materialization of elastic energy storing and releasing method based o

n reaction between carboxylic group and iron ion in p(AAm-co-AAc) hydrogels.

(A) p(AAm-co-AAc) hydrogel network (left) can be locked by forming new carboxylic—Fe3+ coordination (middle) and subsequently unlocked by reduction of Fe**ionsand
protonation of carboxylic acid (right). (B) Prestretched hydrogel (left) after fixation in Fe** solution (EDG, middle) and after contraction in 1 M acid solution (right). (Photo

credit: Yanfei Ma and Mutian Hua, University of California Los Angeles.) (C to E) Stre

ss-stretch curves of the hydrogel before (C) and after Fe>*-treatment at different pre-

stretched ratios (percentage of the original length) (D) and after subsequent acid treatment (E), showing reversible elastic-plastic switchability. (F) Stress-stretch curves of
hydrogels during Fe*" treatment and after five loading-unloading cycles. (G) Time profiles of the loading-unloading cycles in (F), in terms of L, (prestretched length) and
force (newton). (H) Extension of hydrogels with different PAAc contents as a function of soaking time in Fe** solution. () Programmable deformability: controllable mul-
tistage energy storing and releasing of hydrogels in Fe3* solution and under UV radiation, respectively. (J) Fully reversible energy storing in 0.06 M Fe* solution and re-

leasing in 1 M acid solution of hydrogel (0.03% BIS).

polymer network and thus fixed the hydrogel at the prestretched
length. Over the cycles, as the locking/fixation sites increased, the
unloaded hydrogel was able to retain a length closer to the pre-
stretched length (300%) from 157 to 195%, presenting more plastic
behaviors and increased hysteresis.

Moreover, Fe** ion and carboxylic groups formed coordination
bonds, which not only fixed deformation but also created a second
physical network in the p(AAm-co-AAc) hydrogel, which resulted
in substantially increased modulus from ~30 kPa to ~0.7 MPa
(Fig. 2, Cand D, and fig. S19). In addition, the mechanical behavior
of the hybrid hydrogel composed of a covalently cross-linked net-
work (elastic property) and a physical network (plastic property)

Ma et al., Sci. Adv. 2020; 6 : eabd2520 18 November 2020

depends on which network playing a leading role in the hydrogel
(38). Therefore, the mechanical behavior of EDG would be a conse-
quence of the competition between the chemical and physical net-
work in the hydrogel. As shown in Fig. 2D, the EDG (after network
locking) displayed higher extent of plastic property than the origi-
nal elastic p(AAm-co-AAc) hydrogel. The EDG hydrogel retained
30% of its stretched deformation after unloading. Furthermore, the
elasticity could be 100% restored after immersing in a 1 M hydro-
chloric acid solution for 30 min (Fig. 2E). Thus, it completed a cycle
from elasticity to plasticity and eventually back to elasticity. This
rational design opens up an avenue for reversibly switching a material
between highly elastic and plastic.
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During the process of storing mechanical energy, the ultimate
fixable length of EDG directly correlates with the quantity of new
bonds formed inside the polymer network. As shown in Fig. 2H, the
hydrogel slices (20 mm by 10 mm by 2 mm) were stretched to 190%
of the original length and fixed in a 0.06 M iron ion solution (L/Lo,
where L = final fixed length after stretching and Fe’* treatment
without loading and L = original length). The p(AAm-co-AAc) and
PAAc hydrogels containing carboxylic groups exhibited a memo-
rized temporary deformation after complexing with Fe** ions, and
the speed of fixation depended on the concentration of carboxylic
groups in the hydrogel. More carboxylic groups would offer more
sites to form coordination complexes with ferric ions. The Fe’* ions
concentration in hydrogels was determined through measuring the
weights of the dried hydrogel before and after bonding with Fe**
ions. Results confirmed that the Fe** ions concentration increased
with carboxylic group concentration in the hydrogel and that PAAc
hydrogel (100% carboxylic groups) had the highest content of Fe
(about 0.7 M). By contrast, the pure PAAm hydrogel (no smart
bond carboxylic gr0u3p) exhibited negligible extension because of
swelling and lower Fe’* ion concentrations (fig. S9).

With such controllability, the p(AAm-co-AAc) hydrogel could
be programmably deformed, being fixed progressively and self-held
at any desirable arbitrary lengths on demand. For example, it was
first fixed at 150% of its original length, refixed at 200%, and continued
at 250% by incremental prestretches. This demonstrated the con-
trollable and multistage energy storing of the hydrogel’s deform-
ation. Similarly, the EDG can shrink back to any desirable lengths
and eventually its original length, when exposed to UV light (320 to
390 nm, 225 mW/cm?) for 1 min as the dissociation of the PAAc
network begins. Upon pausing of light irradiation, the contraction
of the hydrogel gradually slowed down and eventually stopped after
5 min. Shrinkage can resume when the UV light irradiation resumes
(Fig. 2I). In addition, the consumed energy could be regained by
reforming the coordination bonds with additional stretching to store
the mechanical energy again. As shown in Fig. 2], there is no nota-
ble decay in the energy storage and release based on the continuous
measurement spanning 5 cycles, which is attributed to the out-
standing elasticity of p(AAm-co-AAc) network. By contrast, for the
PAAm-alginate hydrogel with relatively high plasticity and two
polymer networks, its final recovery showed obvious hysteresis be-
cause of the energy dissipation during the release of stored energy,
which also reduced the energy conversion rate (figs. S10 and S23).
Such capability of customizable multi-stable deformation cannot be
seen in conventional elastic or plastic materials. The excellent re-
versibility, cyclic reliability, and programmability of this chemo-
mechanically modulated synthetic material (Fig. 2, T and J).

Strong contraction on demand

To quantify the elastic potential energy stored in EDG under me-
chanical stretching and chemical locking, the force and length were
recorded in stretching processes. All mechanical tests were performed
in air at room temperature using a tensile machine with a 4.5 N load
cell. The hydrogels were stretched to twice or thrice their original
length, and the work was calculated by integrating force-displacement
curve (fig. S1). The mechanical strength of EDGs was highly sensitive
to the chemical cross-linking density (fig. S4). Therefore, we mea-
sured the energy stored after 200% stretched EDGs with cross-linking
densities varying from 0.02 to 0.04 weight % (wt %). As expected,
the amount of elastic potential energy stored increased from 5.76 kJ/m’
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to a maximum of 10.81 kJ/m’> (fig. S12A). Moreover, the 300%
stretched EDG was able to store energy of 31.04 kJ/m>. As controls,
unstretched hydrogels were also used (Fig. 3A).

To understand the kinetics of contractile strength, the contrac-
tion force was measured by fixing the ends of an EDG sample and
then recording the forces generated by its contraction under stimulus-2,
either UV light (320 to 395 nm, 17 W cm™) or acid (0.1, 0.5, and
0.25 M). All contractile force tests were performed in water at
room temperature using a tensile machine with a 0.5 N load cell.
Contractile strength, i.e., force per unit cross-sectional area, was ob-
tained and used for the contraction performance studies to eliminate
the effect of sample size on the generated force. As shown in Fig. 3B,
during UV radiation (320 to 395 nm, 17 W ¢m?), the contraction
strength rose gradually as increasing amount of Fe-carboxylic bonds
were broken over time. Under the same UV exposure time, the con-
traction strength increased with the UV irradiation intensity (fig. S11).
After 60 min of UV exposure (320 to 395 nm, 17 W cm~2), the con-
tractile strength of the 300% EDG (stretched and fixed at 300% of
the original length during energy storing) was close to 40 kPa (Fig. 3B).
As expected, the samples of 200% stretch or low cross-linking den-
sity showed lower contractile strength (fig. S12B). Similar length change
kinetics was observed (Fig. 3C) as in the contractile strength, verify-
ing the dynamics. In addition, the destruction of coordinate bonds
is reflected in UV-visible spectra. The 200% EDG material presented
an evident absorption peak at 458 nm, implying the formation of
Fe-carboxylic coordinate bonds. After exposure to the UV light, the
absorption peak decreased gradually and was also accompanied by
the restoration of shape (fig. S14). By contrast, the unstretched
hydrogels only displayed swelling rather than contraction (negative
contractile strength and increased length; Fig. 3, B and C), further
proving that contractile force was induced by storing elastic poten-
tial energy.

Advantageous over conventional stimuli-responsive hydrogels,
the EDG’s chemo-mechanical modulation mechanism allows for
controlling the material’s response, both ratio and rate, on demand
by tuning the coordination bond dissociation speed. For example,
in Fig. 3 (D and E), we demonstrate that acid could controllably
break the coordinate bond (via protonation of carboxylic groups)
much faster than UV radiation. By altering the H" ion concentra-
tion (0.25, 0.5, and 1 M), the response speed of EDG could be regu-
lated from 15 kPa/240 s (contraction strength per time) or 10%/120 s
(contraction percentage per time) to 24 kPa/240 s or 40%/120 s. At
1 M hydrochloric acid solution for 120 s, the EDG could contract to
60% of its stretched length and produce about 24 kPa contraction
strength (Fig. 3, D and E). Using acid as the stimulus-2 enhanced
the response speed to >20 times higher than using UV light and also
enabled faster and complete release of the stored energy to the ground
level. We could also use EDG’s color change to estimate the degree of
dissociation of the coordination bonds (fig. S13 and movie S1). The sam-
ple with the 300% energy storage [0.04% N,N’-methylenebisacrylamide
(BIS)] was thoroughly released by acid and brought ~0.3 N contractile
force, which had a high energy density of 15.3 kJ/m> and a high en-
ergy conversion rate of 49.29%, because the chemical energy was di-
rectly converted to mechanical work without intermediate steps of
heat producing as in traditional heat engines, such as electric motor
and petroleum engine (Fig. 3F). The contractions finished in ~300 s
(fig. $15), which provided an average power density of ~51 W/m”.
The energy density of the EDG is 1000 times higher than that of
typical osmotic hydrogels (Fig. 3F and figs. S21 and S22) and even
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strength versus UV radiation time for EDGs with different prestretch ratio. (C) Length ratio (L/Lo) as a function of UV (320 to 390 nm, 225 mW/mz) radiation time was mea-
sured in water. (D and E) Contraction strength-time and length ratio-time curves of the EDG (200% energy storage, cross-linker: 0.04 wt % BIS) in 0.25, 0.5, and 1 M hydro-
chloric acid solution. (F) Stored energy and released energy of EDG, in comparison with the released energy of osmotic hydrogels. (G) Comparison of the contraction
strength and elastic modulus between EDGs and typical osmotic hydrogels (7, 3, 14,40, 41). (H) Photos of an EDG (300% energy storage, 0.04 wt % BIS) strip lifting a 20-g
weight load upon UV light illumination. (Photo credit: Yanfei Ma and Shuwang Wu, University of California Los Angeles.)

comparable to water-free polymer (39). The high output work (en-
ergy) density is particularly beneficial when there are space (or mass)
limitations as in robots, implantable devices, and microelectrome-
chanical systems (16).

For smart hydrogels, having high mechanical strength and elastic
modulus are critical for expanding the scope of hydrogel applica-
tions (40). However, for conventional osmotic-driven hydrogels, the
intrinsic contradiction between contraction speed and force (affected
by elastic modulus and contraction ratio) strongly hampered their
practical utilization (13, 40). Namely, the osmotic contraction arises
from the passive collapse of a relatively relaxed polymer network
upon water escape, which is solely driven by side-group reactions,
while the main chains of the hydrogel provide little contractile force
and even hinder the network collapse, leaving a substantial portion
of the network underutilized in force generation during contrac-
tion. In addition, the slow mass transport of water molecules out of
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the hydrogel network further limits its collapse speed. For EDG
materials, by contrast, the elastic contraction is driven by the recoil
of the highly prestretched main chains of the hydrogel under large
tension, not dominated or limited by mass transport, while the
active restoration/actuation state of the main chains is triggered by
the side-group reaction. This specific driving mechanism endowed
it high elastic modulus and high stretchability simultaneously and
thus a superior toughness of ~30 times higher than traditional hy-
drogels, such as poly(N-isopropyl acrylamide) (PNIPAm) and PAAc
(movie S6 and figs. S19, S21, S24, S27, and $28). Although the initial
diffusion of acidic solution into the hydrogel to trigger the hydro-
gel contraction is the same process as with PNIPAm and PAAc gels,
the EDG materials based on elastic recoil have a greater advantage
than the osmotic pressure-driven hydrogel whose volume change
rate is limited by the diffusion and thus is substantially size depen-
dent. As shown in fig. S20, the response speed of EDG (0.03 wt %
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BIS and 200%) in 1 M acid solution has negligible size dependency,
which is substantially minimized compared to the osmotic (PAAc)
hydrogels. Several key mechanical behaviors of EDG have matched
and even outperformed biological muscles. The stress, strain, and
energy density of EDG hydrogel were 3.7 MPa, 600%, and 15.3 kJ/m”,
respectively—which were 10, 15, and 2 times higher than that of mam-
malian skeletal muscle (~0.35 MPa, ~40%, and 8 kJ/m®)—while own-
ing high water content (~80%) comparable to muscles (16) and energy
conversion efficiency (~49%). Although the response speed of EDG
is 8 to 25 times that of osmotic hydrogel (PAAc) with the same size
and polymer content, it is 600 to 1000 times less than that of muscle,
which needs further improvement in subsequent work (table S4).
As shown in Fig. 3 (G and F) and fig. S21, the contraction strength
of the EDG hydrogel (40 kPa, 0.3 N) is 10 times (2't02%) higher than
that of osmotic hydrogels [~2 kPa; temperature-responsive (I, 40),
light-responsive (3), muscle-powered (41), ionically imprinted hy-
drogel (14)]. In a typical case, the EDG piece (38 mm by 5.2 mm by
1.3 mm) could vertically and successfully lift up a weight of 20 g in
water upon an exposure to UV light for 60 min (Fig. 3H). To simu-
late the above process for quantitative analysis, we used the tensile
machine with a 0.5-N load cell to apply 0.2 N load on the same sam-
ple. We found that 1.79 kJ/m> (11.70%) of the mechanical energy
stored in the EDG was released in this process (fig. S17). Using a
HCl solution for contraction could also bear 20 g of weight (fig. S18
and movie S2).

Anisotropicity and programmable reconfiguration

A critical factor for achieving a transition from isotropic to aniso-
tropic deformation with hydrogels is the alignment of the material’s
internal structure, which is generally synthesized by using directional
stimuli, such as mechanical forces, magnetic and electric fields, and
gradients of temperature and ions (42). Here, we found that the
chemical fixation of the mechanically stretched EDG resulted in the
formation of microcosmic fibers along the stretched direction
(Fig. 4E and fig. S25). This was expected, especially for elastic mate-
rials, since the extension in the stretching direction usually leads to
the contraction in other dimensions, resulting in the progressive
orientation of polymer chains along the axial direction (27). As Fe**
ions are introduced, the orientation would be fixed by the coordina-
tion bonds. After UV (320 to 390 nm, 225 mW/cm?) exposure, as
coordination bonds are destroyed, the polymer network would re-
gress, expanding in the prestretching direction and shrinking in the
transversal direction.

On the basis of this mechanism, we speculated that the contrac-
tion behavior of elastic actuation hydrogel could be tuned and pro-
grammed by controlling the direction, quantity, and regularity of
structure fibers in the hydrogel. To realize this in our EDG material,
the contractive behavior in different directions was encoded by varying
the applied force’s magnitude and direction during the stretching
step. We demonstrated the ability to program the mechanical domains
by designing different modes of loading, specifically from two ways
to three and four ways, respectively, in Fig. 4 (A to D), to tune the
quantity and regularity of the polymer network fibers in the hydro-
gel sheets. As shown in Fig. 4A, a rectangular EDG (25 mm by
25 mm by 2 mm) was stretched and fixed to 200% of the original
length along the x axis and fixed with Fe’* ion solution. In Fig. 4B, a
cylindrical-shaped sample (25 mm by 25 mm by 2 mm) was stretched
and fixed to 200% along the y axis while retained unchanged in
length in the x axis by applying a small force. Next, with a star-shaped
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EDG sheet (25 mm by 25 mm by 2 mm) in Fig. 4C, we display where
both x- and y-axis directions were stretched and fixed to 200% of
their original lengths, apart from the negative y-axis section that
was held at original length (Fig. 4C). Last, in Fig. 4D, both x- and
y-axis directions of the hydrogel (25 mm by 25 mm by 2 mm) were
stretched and fixed to 200% for the cross-shaped hydrogel sheet. As
aresult, the quantity and regularity of the hydrogel fibers decreased
with the increasing of the directionality and quantity of the force
applied on the hydrogel (in Fig. 4, E to H). Experimental results
showed that these structures did endow the hydrogels different con-
traction behaviors. As is shown in Fig. 4 (I and J), the hydrogel
sheets stretched, either in x-axis direction only or in y-axis direction
with x-axis length kept unchanged, and both exhibited anisotropic
deformation. One contracted to 83% of the original length along the
stretched direction (along length) and, meanwhile, expanded to
original 113% in width; the other shrunk in y-axis direction only
(84% of the original length), which resulted in the deformation
from round to ellipse. The hydrogel prestretched by a pair of unbalanced
forces displayed stronger contractions along the x-axis direction
relative to their y axis (86 versus 90% of the original dimensions; see
Fig. 4, G and K). By contrast, the hydrogel without aligned structure
exhibited isotropous contraction (91% of their original length and
width) as expected (Fig. 4, H and L). These observations suggest that
anisotropic contraction was linked to the direction, quantity, and
regularity of the hydrogel fiber. This endows the EDG material a
unique capability to achieve complex shape morphing in a spatio-
temporally programmable manner, unachievable with conventional
osmotic hydrogels with only isotropic deformability (fig. S26). More-
over, the EDG is able to produce not only two-dimensional (2D)
planer structures but also complex 3D structures and programmably
reconfigure under UV light irradiation (Fig. 4Q). What is more, the
EDG could also achieve local constriction function using the con-
fined or patterned UV light irradiation (Fig. 4R).

Applications

Owning to its simplicity and versatility, the elastic energy storing
and releasing system and fabrication methods for EDGs could en-
able several new possibilities in many areas, from soft robotics to
biomedical and tissue engineering. For example, EDGs might be
used as reconfigurable structures, owing to their merits of control-
lable anisotropic deformability, strong contraction force, and high
elasticity modulus (figs. S16 and S19). EDG’s mechanical properties
comparable to mammalian skeletal muscle and their similar actuation
behaviors make EDG an excellent material for tissue engineering or
surgery or as therapeutic devices, such as for intestine, vessels, or
wind pipes. Figure 5A demonstrates that our material can be fashioned
into a hydrogel tube (original length: 18.7 mm, original diameter:
4.5 mm) capable of contracting to 16 mm in length and, meanwhile,
expanding to 5.2 mm in width inside a transparent plastic pipe (inner
diameter: 5 mm) under UV light. Figure 5B, fig. S25, and movie S3
demonstrated that this strong contractive hydrogel material is sim-
ilar to mammalian skeletal muscle—not only in terms of the similar
aligned structure but also the comparable properties including
stress, strain, contraction strength, work density, water content, and
work efficiency (16) (table S4)—and also notably outperforms
current synthetic hydrogels that have muscle-like aligned structure
and comparable to mechanical performance but do not have such
active contraction behavior (27, 43, 44). Furthermore, this material
works like biceps to realize arm movement when mounted on a 3D
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Fig. 4. Programmable property of the EDG based on elastic energy storing and releasing method. (A to D) Schematic designs, the p(AAm-co-AAc) hydrogel was
encoded with the applied mechanical force. (E to H) Confocal images of the hydrogel structures after stretching and fixed. (I to L) Optical photographs of edited EDG

materials before and after exposure to the UV light. (I) Contracted in x-axis direction

and extend in y axis. (J) Shrunken in y-axis direction under keeping constant length

in x-axis direction. (K) Three vertices (left, top, and right) contracted but the bottom remained constant. (L) Isotropic shrinkage. (Photo credit: Yanfei Ma and Mutian Hua,
University of California Los Angeles.) (M to P) EDG showed contractility from anisotropic to isotropic. (Q) EDG based on elastic energy storing and releasing method could

achieve 3D contraction under UV light. (R) EDG could locally shrink after local exposu
Photo credit: Yanfei Ma, University of California Los Angeles.

printed skeleton, achieving a life-like performance including move-
ment behavior and morphology when compared to past biomimetic
hydrogel muscles from morphology (27). This demonstration also
showcased good in-air operability, by simply coating the EDG with
a layer of silicone oil to prevent water evaporation under UV light
in ambient environment. As another example, the strong contrac-
tive material also has the potential to be used as a smart wound

Ma et al., Sci. Adv. 2020; 6 : eabd2520 18 November 2020

re to UV light. The size of the grid unit in the photo background is 6.5 mm by 6.5 mm.

dressing to promote wound healing (12). Movie S$4 and Fig. 5C ex-
hibit the shrinking and healing process of a connective EDG ma-
terial adhered to two parts of a cracked glass sheet (75 mm by
50 mm by 1 mm), respectively, loaded with a 20-g weight (fig. S30).
The irreversible feature of the contraction endows the healing pro-
cess with better stability under complex environment with varying
temperature or physiological conditions. EDG could also be applied
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Fig. 5. Applications of EDG materials via the strong contraction force and high elasticity modulus. (A) Contractive hydrogel tube prepared by elastic energy storing
and releasing method could enlarge in the direction of tube diameter under UV light. L and D (length and diameter of the hydrogel tube). (B) Anisotropic EDG material
was assembled on 3D printed arm and helps the arm realize lift. (C) Contractive material was adhered on a broken glass sheet loaded with 40-g weights and achieved the
healing of the glass sheet depending on mechanical contraction. (D) Bending actuator made of EDG-paper (plastic material) bimorph structure showing strong driving
force by lifting a weight (4 g), which is unachievable by the osmotic (PNIPAm) hydrogel as the control. (Photo credit: Yanfei Ma, University of California Los Angeles.)

to actuate other materials by serving as the driving source. As shown
in Fig. 5D, fig. $29, and movie S5, a hydrogel actuator was produced
by bonding the EDG material with paper using commercial glue
and was capable of generating an actuation force greater than that
of an osmotic hydrogel actuator to lift a weight.

DISCUSSION

We have demonstrated that the actuation performance and energy
density of hydrogels can be greatly increased by a fundamentally
elastic driving mechanism, inspired by the superior leap abilities
of biological jumpers, which involves the storing and releasing of
elastic potential energy at molecular level. In comparison with the
commonly studied osmotic pressure-driven smart hydrogels, the
elastic-driven actuation of EDGs based on the elastic energy storing
and releasing method can deliver stronger and faster contraction
(40 kPa, 25%/min) with better mechanical properties (high elastic
modulus of 0.7 MPa and toughness of 12.7 MJ/m?). The simulta-
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neous increase of all three properties—force, speed, and elastic
modulus—fundamentally breaks the contradictory relationship
between the three (13, 40), leading to a high output energy density
up to 15.3 kJ/m’, which outperforms all state-of-the-art hydrogels
and even biological muscles. Furthermore, the elastic energy stor-
ing and releasing method endows the hydrogel materials a unique
elastic-plastic switchability and complex deformation program-
mability, enabling anisotropic or isotropic contraction and un-
precedented multistage deformability. This modular material design
composed of elastic and smart components is universal, which can
be broadly applied to various elastic polymers and chemical reactions.
Overall, the energy capture-return strategy solves the long-standing
problem of weak or slow contraction of osmotic hydrogels and opens
up an avenue for the rational design of powerful smart hydrogels with
multifarious reconfiguration behaviors. Hydrous, soft, programma-
ble, and powerful hydrogel materials, without loss of contractive
speed, will improve the performance in applications such as artificial
muscles, soft robots, flexible devices, and biomedical materials.
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MATERIALS AND METHODS

Sample preparation and characterization

Synthesis of p(AAm-co-AAc) hydrogels

The p(AAm-co-AAc) hydrogels were synthesized via a radical
polymerization. AAm (0 and 20%, weight of AAm/H,0), AAc (0,
2,3, 4,5, and 20%, weight ratio of AAc/H,0), ammonium persul-
fate (APS) (30 mg), and N,N'-methylenebisacrylamide (BIS) (0.02,
0.03, 0.04, 0.0276, and 0.33 wt % of H,O) were dissolved in 30 g
of deionized water to achieve a homogeneous solution. Then, the
precursor aqueous solution was poured into a glass mold that
consists of two glass plates (thickness: 2 mm) and was polymerized
at 60°C for 12 hours. After removing the template, the p(AAc-co-
AAm) hydrogels were obtained. The codes of hydrogels and the
weight fraction of each component are summarized in table S1.
Synthesis of PAAm-alginate hydrogels

Alginate was dissolved in 30 g of deionized water to get a homogeneous
solution (2% weight ratio of alginate/H,0). AAm (20% weight
of AAm/H,0), APS (30 mg), and BIS (0.04 wt % of H,O) were
dissolved in the alginate solution. Then, the precursor aqueous
solution was poured into a glass mold that consists of two glass
plates (thickness: 2 mm) and was polymerized at 60°C for 12 hours.
After removing the template, the PAAm-alginate hydrogels were
obtained.

Preparation of the EDG materials

Hydrogel sheets were cut into a rectangle (size: 20 mm by 10 mm by
2 mm) and stretched to 200, 300, or 400% of the original length.
Then, the stretched hydrogels were immersed into the 0.06 M Fe’*
solution for a different time to store mechanical energy (table S2).
Last, Fe’*-loaded hydrogels were released from the mold and im-
mersed in the deionized water for 1 hour to dissipate unstored
energy.

Preparation of switchable hydrogel tube

AAm (20 wt %) (of water weight), 0.03 wt % cross-linking agent,
0.1 wt % initiator, and 2 wt % (of water weight) AAc were dissolved
in 30 g of H,O as a precursor solution. Then, a 4.5-mm (diameter)
iron rod was immersed into the precursor solution for 5 min. The
surface of the iron rod would generate a layer of hydrogel about
0.5 mm. Next, the hydrogel tube was taken down, stretched, and
fixed. Last, the shrinkable hydrogel tube was achieved.
Preparation of poly(N-isopropyl acrylamide) hydrogel
N-isopropyl AAm (NIPAm) (6.67 wt %), 2 wt % mg/ml of BIS
(cross-linking agent), and 150 pl of photoinitiator Darocur (11477)
initiator were dissolved in the 30-g water-dimethyl sulfoxide
(DMSO) mixtures (21.9 g of DMSO and 8.1 g of water) as a precur-
sor solution. Then, the precursor solution was poured into a PDMS
mold (50 mm by 50 mm by 2 mm) and polymerized it under UV
light for 10 s. The hydrogel was released from the mold and immersed
into deionized water for 5 hours. Last, the PNIPAm hydrogel sheet
was successfully synthesized.

Preparation of anisotropic and programmable EDG materials
The p(AAc-co-AAm) hydrogel sheet (25 mm by 25 mm by 2 mm)
was stretched and fixed to 200% of the original length along the x axis
or/and y axis and fixed with Fe** ion solution. The preparative EDG
was cut into different shapes, such as rectangle, ellipse, star shape,
and so on.

Mechanical measurement

Mechanical test systems with 4.5 N load cell (CellScale Biomaterials
Testing) were used to perform the mechanical measurement for
hydrogel materials. The crosshead velocity was 0.2 mm/s in tensile
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measurement and loading-unloading test. The nominal tensile
stress (s), nominal tensile strain (g), stretched times (1), and elastic
modulus (E) were calculated from the stress-stretch curve.

The repetitive storing and releasing energy of

p(AAm-co-AAc) hydrogels

The p(AAm-co-AAc) hydrogels (0.03 wt % BIS) (20 mm by 10 mm by
2 mm) were stretched to 300% of the original length and immersed
in 0.06 M Fe** solution for 20 min. The length of the hydrogel finally
fixed to 200% of the original length (namely, EDG). Then, the stored
energy in EDG materials was released and restored in 1 M acid solu-
tion for 10 min. Next, the restored hydrogels were immersed in ethyl
alcohol for 5 min to exchange solvent and then exchange in deion-
ized water for 5 min. This is 1 cycle. Similarly, the hydrogel continued
to store and release energy again, another cycle.

Measurement of contraction force and maximum contraction work
A 0.5 N load cell was used for the mechanical test system (CellScale
Biomaterials Testing) to perform contraction force (contraction
strength; force per unit cross-sectional area) of the EDG. The curve
of contraction force-time was achieved through keeping the dis-
placement of the sample’s two fixtures at 20 mm (stretched to 200%
of the original length) or 30 mm (300% of the original length) to
record the forces under UV light (320 to 395 nm, 17 W/cm?) or acid
solution (0.25, 0.5, and 1 M HCI solution). During all testing pro-
cess, the sample was immersed into water to avoid additional con-
traction due to losing water under photo-irradiation. Maximum
contraction work (releasing energy) was calculated by the force-
displacement curve, for example, Fig. 3F and figs. S21 to S23. First,
we clamped the EDG sample (300% energy storage, wet weight of
sample: ~400 mg) on the CellScale and kept the displacement of the
sample’s two fixtures at 30 mm. Then, the 1 M acid solution was used
to completely and quickly release the stored energy (for 10 min). As
this time, the sample would come into being high contraction force.
Next, the two fixtures came back to 10 mm (original length) at the
speed of 0.2 mm/s and recorded data in this process. The force-
displacement curve was achieved in the contractive process. Simi-
larly, the contraction force and work of osmotic hydrogels (PAAc
gel) were measured by the CellScale Biomaterials Testing in the
1 M acid solution for 30 min. The elastic hydrogel (EDG) and
osmotic hydrogel (PAAc) have the same size and monomers
content.

SEM imaging

The testing samples with different cross-linking densities (0.02, 0.03,
and 0.04% cross-linking agent, namely samples 6, 7, and 8) were
prepared by the following procedures: (i) Sample was stretched and
fixed to 200% of the original length in the 0.06 M Fe’*; (ii) the EDG
samples were dried at 1 kPa for 48 hours in a freeze-drying machine.
Then, the morphologies were acquired by a scanning electron mi-
croscope (SEM; Supra 40VP SEM) at a working distance of 8.9 mm
and acceleration voltage of 10.0 kV. The unstretched samples were
used as controls.

Confocal microscope imaging of EDG materials in wet state

To visualize the directional structure of the EDG materials, nile blue
AAm was used to label. Specifically, 0.003 wt % (of water weight)
nile blue AAm, 20 wt % (of water weight) AAm, 0.03 wt % BIS,
0.1 wt % APS, and 2 wt % (of water weight) AAc were dissolve in 30 g
of H,O and polymerized at 60°C for 12 hours. Then, sample was
stretched and fixed to 200% of the original length. A confocal
microscope (Leica DMi8) was used to study the microstructures of
EDG materials.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/47/eabd2520/DC1
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