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MATERIALS SCIENCE

Hydrogels of arrested phase separation simultaneously
achieve high strength and low hysteresis

Guogao Zhang, Jason Steck, Junsoo Kim, Christine Heera Ahn, Zhigang Suo*

Hydrogels are being developed to bear loads. Applications include artificial tendons and muscles, which require
high strength to bear loads and low hysteresis to reduce energy loss. However, simultaneously achieving high
strength and low hysteresis has been challenging. This challenge is met here by synthesizing hydrogels of ar-
rested phase separation. Such a hydrogel has interpenetrating hydrophilic and hydrophobic networks, which
separate into a water-rich phase and a water-poor phase. The two phases arrest at the microscale. The soft hy-
drophilic phase deconcentrates stress in the strong hydrophobic phase, leading to high strength. The two
phases are elastic and adhere through topological entanglements, leading to low hysteresis. For example, a
hydrogel of 76 weight % water, made of poly(ethyl acrylate) and poly(acrylic acid), achieves a tensile strength
of 6.9 megapascals and a hysteresis of 16.6%. This combination of properties has not been realized among pre-
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viously existing hydrogels.

INTRODUCTION

A tendon consists of strong fibers and a soft matrix. The strong
fibers bear loads, and the soft matrix transports water (1, 2). The
heterogeneous structure also enables the tendon to have excellent
mechanical properties, such as high strength to sustain loads and
low hysteresis to reduce energy loss (2). Biological tissues of hetero-
geneous structures have inspired the development of synthetic
mimics (3). Hydrogels have been reinforced with polymer fibers
(4), steel wires (5), glass fibers (6), and glass fabrics (7). Hydrogels
of heterogeneous structures have been fabricated using techniques
including three-dimensional printing (8), stereolithography (9),
and sequential photolithography (10). Whereas the synthetic
mimics have greatly expanded the property space of hydrogels,
none have demonstrated simultaneous high strength and low hys-
teresis. Furthermore, they mimic the structures of biological tissues,
not the process by which the biological tissues form the structures.
Biological tissues form structures not by top-down processes but by
self-assembly. It has been appreciated that self-assembly has the po-
tential to synthesize heterogeneous materials of fine features and
complex shapes at low cost (11, 12).

Here, we describe a process that self-assembles hydrogels of het-
erogeneous structures (Fig. 1). The process begins with a hydropho-
bic polymer network, which is rubbery at room temperature (stage
I). A precursor of a hydrophilic polymer network consists of mono-
mers, cross-linkers, initiators, and water. Submerged in the precur-
sor, the hydrophobic polymer network imbibes all ingredients of
the precursor to form a gel of a single phase (stage II). When the
monomers polymerize into a hydrophilic polymer network, the
two networks interpenetrate, and separate into a water-rich phase
and a water-poor phase (stage III). Submerged in pure water, the
water-rich phase swells, and the water-poor phase stretches (stage
IV). Because the hydrogel swells to equilibrium, the interpenetra-
tion keeps the network topology invariant, and arrests phase sepa-
ration. The hydrogel has a microstructure of two length scales:
polymer chains and polymer phases.
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The thermodynamics of self-assembly is understood as follows.
For hydrophilic polymers formed by radical polymerization, mono-
mers are usually amphiphilic, consisting of a hydrophobic vinyl
group, —CH=CH,, and a hydrophilic group. The former enables
radical polymerization, and the latter makes the polymers hydro-
philic. For example, we synthesize a hydrogel with a hydrophobic
polymer, poly(ethyl acrylate) (PEA), and a hydrophilic polymer,
poly(acrylic acid) (PAAc). The AAc monomer is amphiphilic, con-
sisting of the hydrophobic vinyl group, —CH=CH),, and the hydro-
philic carboxyl group, —COOH. In stage II, the AAc monomers
bridge hydrophobic PEA polymers and water molecules, forming
a PEA-AAc-water ternary phase. During polymerization, the hy-
drophobic vinyl groups of the AAc monomers react to form the
backbones of PAAc polymers. A PAAc polymer consists of a
carbon backbone and hydrophilic —COOH side groups. Such a
polymer is no longer amphiphilic but hydrophilic. Furthermore,
polymerization reduces the entropy of mixing. In stage III, both
the energetic and entropic effects contribute to the polymeriza-
tion-induced phase separation (13). The synthesis makes chemistry
and topology antagonistic: The chemical dissimilarity of the two
polymers separates the hydrogel into a water-rich phase and a
water-poor phase, but the topological entanglements arrest phase
separation (14). Both phases contain the hydrophilic and hydropho-
bic polymers, and the two phases adhere by entanglements. In stage
IV, when submerged in pure water, the hydrogel imbibes more
water, but the interpenetrating polymer network does not change
the topology.

Hydrogels of heterogeneous structures have been self-assembled
by physical interactions, such as ionic bonds (15), hydrogen bonds
(16-18), and hydrophobic interactions (19). For such hydrogels,
self-assembly is achieved by phase separation, producing a soft
water-rich phase and a stiff water-poor phase. For example, in a
poly(vinyl alcohol) (PVA) hydrogel, PVA chains form hydrogen
bonds, and the water-poor phase is crystalline (16, 17). In addition,
we have previously studied phase separation in a hydrogel of poly(-
methyl methacrylate) (PMMA) and PAAc (19). In the PMMA-
PAAc hydrogel, PMMA chains are hydrophobic, and the water-
poor phase is glassy. Despite having high strength, these hydrogels
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Fig. 1. The self-assembly of a hydrogel of heterogeneous structures. The process starts with a hydrophobic polymer network (stage I). The polymer network imbibes a
precursor of a hydrophilic polymer network (stage Il). The monomers in the precursor polymerize into a hydrophilic polymer network, which interpenetrates with the
hydrophobic polymer network. The hydrogel separates into two phases, a water-rich phase and a water-poor phase. The phase separation is arrested at a microscale
(stage ll). When submerged in pure water, the water-rich phase swells, and the water-poor phase stretches (stage V).

have pronounced hysteresis due to the inelastic deformation of the
water-poor phase, which is either crystalline or glassy.

By contrast, here, we make the water-poor phase rubbery. The
hydrophobic polymer chains cross-link into one network, and the
hydrophilic polymers cross-link into another network. The two net-
works interpenetrate but do not form any covalent interlinks. After
phase separation, the two phases are highly elastic and adherent,
and the resulting hydrogel has high strength and low hysteresis.
For example, a sample containing 76 wt % of water achieves a
strength of 6.9 MPa and a hysteresis of 16.6%. Strength is measured
by stretching a sample to rupture (Fig. 2A), and hysteresis is mea-
sured by stretching and releasing a sample (Fig. 2B). Here, we report
hysteresis at a maximum stretch of 2. The PEA-PAAc hydrogel is
compared with existing hydrogels on the plane of strength and
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Fig. 2. The strength and hysteresis of representative hydrogels. (A) Define the
nominal stress, s as the applied force divided by the undeformed cross-sectional
area; the stretch, A as the deformed length divided by the undeformed length; and
the strength as the nominal stress at rupture. (B) Hysteresis is defined as the ratio of
two areas: the area enclosed by the stress-stretch curves of loading and unloading
and the area under the stress-stretch curve of loading. (C) Hydrogels are compared
on the strength-hysteresis plane. Load-bearing applications often require hydro-
gels of high strength and low hysteresis (the shaded region), but it has been a chal-
lenge to synthesize hydrogels to achieve both simultaneously. PVA hydrogel,
poly(vinyl alcohol) hydrogels; alginate-PAAm gel, alginate-poly(acrylamide) gel.
(15,17, 20, 22, 23).
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hysteresis (Fig. 2C). The PEA-PAAc hydrogel occupies the top
left corner of the plane. Such a hydrogel of simultaneous high
strength and low hysteresis has not been realized before. As we
will show, it is phase separation, rather than interpretation of the
polymer networks, that strengthens the hydrogel. We further
show that this method of synthesizing hydrogels of arrested phase
separation is general and is readily extended to many other combi-
nations of polymers.

RESULTS

We choose PEA as a model hydrophobic polymer for two reasons:
low interchain friction and low entanglement molecular weight.
The low interchain friction leads to an elastomer of low hysteresis
of 7.7% (20). The low entanglement molecular weight is such that,
along a PEA chain, two nearby entanglements on average are sep-
arated by only 120 repeat units (21). For a sample with a cross-
linker—to-monomer molar ratio, C = 107% each PEA chain
between two cross-links on average has (2C)™! = 5000 repeat
units. Consequently, in PEA, the entanglements greatly outnumber
cross-links. The dense entanglements enable PEA to be made with
extremely long polymer chains but still with adequate elastic
modulus. The long polymer chains make PEA strong, tough, and
fatigue-resistant (20).

A PEA network is hydrophobic but imbibes liquid monomers
for hydrogels. We have tested four liquid monomers for hydrogels,
and confirmed that PEA imbibes every one of them (fig. S1). Thus,
each is a valid choice to self-assemble a hydrogel of heterogeneous
structures. Here, we choose AAc monomer as a demonstration. PEA
can imbibe a large amount of AAc. To avoid excessive swelling, we
submerge PEA in an aqueous solution of AAc. The amphiphilic
AAc monomers act as bridges between the hydrophobic PEA
chains and water molecules, so that PEA imbibes both AAc and
water, and the swelling ratio is controlled by the water-to-AAc
molar ratio, W. In this work, the swelling ratio is calculated as the
weight ratio of samples before and after swelling.

The synthesis of PEA-PAAc hydrogel consists of four stages
(Fig. 3A). Films of PEA are prepared by radical polymerization of
ethyl acrylate (stage I). When a PEA film is submerged in an AAc-
water solution with W = 2, PEA swells and forms a PEA-AAc-water

20of7



SCIENCE ADVANCES | RESEARCH ARTICLE

A -
PN N

T ) |

- HiNEEmneE

|| Stage Il M1

| | | Stage lll | -

‘_Li\,,J | 18| Stage IV

B

)

L) (0 S T S E0,4
©
o
PEA-PAAcgel | 203
6 1w
8
0.2
= 1@
5 s
€ 0.1
2
4+ 1% o :
1 1.5 2
F Stretch, A
- 10 T
® Hydrated
PEA = 8t © Dehydrated |
o %’ . . .
S 6f
B
e
&
b .
PAAc gel % 2 | 5
0 i 1 1 1 1 1 0 1 1 L
2 4 6 8 10 12 1 2 3 4 5
Stretch, A Cycles

Fig. 3. PEA-PAACc hydrogel. (A) Photos of the poly(ethyl acrylate)-poly(acrylic acid) (PEA-PAAc) hydrogel in the four stages of synthesis. Scanning electron microscopy
images of the PEA-PAAc hydrogel in stage IIl (B) and stage IV (C). The images are taken after the samples are freeze-dried. (D) Stress-stretch curves of the PEA-PAAC
hydrogel, PEA elastomer, and PAAc hydrogel. (E) Stress-stretch curves under loading and unloading of the PEA-PAAc hydrogel with different rangers of stretch. (F) The
PEA-PAAc hydrogel is repeatedly hydrated in pure water at 25°C to equilibrium and then dehydrated at 65°C for 1 hour. The weights of hydrated and dehydrated samples

are recorded.

ternary phase (stage IT). The A Ac-water solution also contains small
amounts of cross-linker and initiator. Under an ultraviolet (UV)
lamp, the AAc monomers polymerize and cross-link into a PAAc
network, resulting in a PEA-PAAc interpenetrating network
(stage III). Submerged in pure water, the sample swells to equilibri-
um (stage IV). The sample is transparent in stage I to stage III but
translucent in stage IV.

Samples in stage III and stage IV are freeze-dried and imaged
using a scanning electron microscope. The sample does not show
a clear porous structure in stage III (Fig. 3B) but is clearly porous
in stage IV (Fig. 3C). The feature size is ~50 nm in stage IIT and ~400
nm in stage IV. These feature sizes are consistent with the observa-
tion that the sample is transparent in stage III but translucent in
stage IV. The images also suggest that phases separate in stage III.
The water-rich phase contains mostly hydrophilic polymer PAAc,
and the water-poor phase contains mostly hydrophobic polymer
PEA. When the stage III sample is submerged in pure water, the
former swells, and the latter stretches. Because both polymer net-
works are cross-linked, the swelling keeps the topology of the inter-
penetrating network invariant. The PEA-PAAc hydrogel contains
5.3 wt % PEA, 19.1 wt % PAAc, and 75.6 wt % water.

We next study the mechanical properties of the stage IV sample.
For comparison, we also prepare a pure PEA elastomer and a pure
PAAc hydrogel, each with a cross-linker—to-monomer ratio, C =
10~*. The PAAc hydrogel contains 79.9 wt % water, comparable
to that in the PEA-PAAc hydrogel. The PEA-PAAc hydrogel,
PEA elastomer, and the PAAc hydrogel are all stretched until
rupture (Fig. 3D). The initial slope of the stress-stretch curve
defines the modulus, which is 443 kPa for the PEA-PA Ac hydrogel,
592 kPa for the pure PEA elastomer, and 161 kPa for the pure PAAc
hydrogel. The nominal stress at rupture defines the strength, which
is 6.9 MPa for the PEA-PAAc hydrogel, 2.8 MPa for the pure PEA
elastomer, and 0.46 MPa for the pure PAAc hydrogel. The statistical
scatters of these properties are summarized in table S1. The strength
of the PEA-PAAc hydrogel is unexpectedly high. The PEA-PAAc
hydrogel contains 5.3 wt % PEA and 94.7 wt % PAAc hydrogel.
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The strength of the PEA-PAAc hydrogel determined by the rule
of mixture is ~0.58 MPa, which is more than 10 times lower than
the measured strength of the PEA-PAAc hydrogel. The high
strength of the PEA-PAAc hydrogel is demonstrated by stretching
it (movie S1) and using it to lift a gallon (3.8 liters) of water (movie
S2). Note that the stretchability of PEA-PAAc hydrogel is lower than
both pure PEA and pure PAAc. A likely reason is that the PEA
network in the PEA-PAAc hydrogel has been prestretched twice
during the preparation of the hydrogel, once at stage II where the
PEA network is swollen in the AAc-water solution, and the other
time at stage IV where the sample is submerged in water to swell
to equilibrium.

On loading and unloading, the PEA-PAAc hydrogel shows low
hysteresis (Fig. 3E). The hysteresis is 7.7% for the PEA elastomer
(fig. S2) and 16.6% for the PEA-PAAc hydrogel. The PEA-PAAc
hydrogel has higher hysteresis than the PEA elastomer but has
much lower hysteresis than existing tough hydrogels, which are
usually greater than 70% (15, 22-24). The PEA-PAAc hydrogel
also has low hysteresis at a large stretch (>2; fig. S3). Our hydrogel
has a value of hysteresis similar to that of load-bearing tissues, such
as tendons (25). The toughness of the PEA-PAAc hydrogel is ~1700
J m™~* (fig. S4), which is similar to that of the PEA elastomer (20).

After a stage IV sample is placed in an oven at 65°C for 1 hour,
the sample partially dehydrates and approaches the weight of a stage
III sample. After submerging the dehydrated sample in pure water at
room temperature overnight, the sample swells and recovers the
weight of a stage IV sample. We repeat dehydration and swelling
five times, and the sample changes weight repeatedly between that
of stage III and stage IV (Fig. 3F). The sample also becomes trans-
parent and opaque cyclically.

We now conduct additional experiments to understand the high
strength of the PEA-PA Ac hydrogel. Because the PEA-PAAc hydro-
gel is much stronger than both PAAc hydrogel and PEA elastomer,
the high strength of the PEA-PAAc hydrogel can only come from
the synergy of the PEA network and PAAc network, which

30f7



SCIENCE ADVANCES | RESEARCH ARTICLE

interpenetrate through topological entanglements and separate into
two phases.

We first demonstrate that interpenetration of two polymer net-
works alone does not lead to high strength; rather, phase separation
leads to the high strength of the PEA-PAAc hydrogel. Water, PEA,
and PAAc are soluble in N,N'-dimethylformamide (DMF). We sub-
merge a stage IV PEA-PAAc hydrogel into a large amount of DMF
for 1 day. DMF migrates in and water migrates out, resulting in a
PEA-PAAc organogel. The organogel weighs much more than the
hydrogel. We then evaporate DMF from the organogel until the or-
ganogel has the same weight as the stage IV hydrogel. Whereas the
hydrogel separates into phases and is opaque, the organogel does
not separate into phases and is transparent (Fig. 4A). The stage
IV hydrogel and the organogel have the same swelling ratio and
the same interpenetrating network. Consequently, the differences
in their mechanical properties result from phase separation. The or-
ganogel has the same stretchability as the hydrogel (A ~5.2) but has
strength about 10 times lower than the hydrogel (Fig. 4B).

We further demonstrate that PEA in the PEA-PAAc hydrogel
bears most of the load. We prepare PEA-PAAc hydrogels with
varying volumetric fraction of PEA, ¢pg,, by drying the stage IV
sample. ¢pga is calculated as the inverse of the swelling ratio, ne-
glecting the small difference in the density of PEA, PAAc, and
water. The stage IV sample has the lowest ¢ppy = 0.06. We then
cut the dog bone—shaped samples from these gels and uniaxially
stretch them until rupture (Fig. 4C). The rupture stretch decreases
with swelling.

The PEA network in the PEA-PAAc hydrogel is stretched both
by swelling and applied force. The length in the deformed state
divided by the length of the pure PEA is )\(pPE}/\ , and the applied
force divided by the cross-sectional area of the pure PEA is

A - B
P 7 T T
( EG ]
=
- kA \';5 I Hydrogel |
gaf -
e
’ B3r 1
g2 |
. g 1k Organogel |
Q " z
PEA-PAAc hydrogel PEA-PAAc organogel 01 2 3 4 5 6
Stretch, A
c 12 T T T T T T D 50 T T
510 dpga = 0.06 %EA =006
S [ %ea=01 — 401 — dpe, =01 1
@ gp— %ga=012 1 g e D
& | — ¢, =016 s + _ 1
2 sl PEA | \:( — bpga =0.16
=) )
»n N H_J 20} o
T 4r 1 &
£ @
g 2l 1 10F g
Z
0 " . \ 0
T2 3 4 5 6 7 8 13 5 7 9 11 13 15
Stretch, A

Noen

Fig. 4. PEA-PAAc hydrogel and PEA-PAAc organogel. (A) Whereas stage IV PEA-
PAAc hydrogel separates into phases and is opaque, the PEA-PAAc organogel does
not separate into phases and is transparent. (B) The PEA-PAAc hydrogel and orga-
nogel are stretched until rupture. (C) The stress-stretch curves of the PEA-PAAc hy-
drogels with varying volumetric fraction of PEA, ¢pea. (D) The stress-stretch curves
are replotted using )\(pp_g,\/3 and scp;EzA/g.
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sq)PEA These quantities are used to replot the stress-stretch
curves (Fig. 4D). The curves for various values of ¢pga collapse

onto each other when A(p;Elf < 7, demonstrating that the PEA

carries most of the load during extension. Furthermore, the

maximum values of )\(p;él/j for all ¢pgs collapse to ~13. This
stretch is approximately equal to the theoretical stretchability of
the PEA network (Supplementary Text 1). This suggests that the
rupture stretch of the PEA-PAAc hydrogel is determined by the
PEA network. The normalized strengths when ¢pga = 0.06 and
0.1 are approximately the same and are as high as ~45 MPa. The
normalized strengths when ¢ppa = 0.12 and 0.16 are lower than
the normalized strengths when ¢pps = 0.06 and 0.1. The difference
is not understood at this writing.

The PEA network in the pure PEA and the PEA-PAAc hydrogel
has strengths of ~2.8 and ~45 MPa, respectively. We interpret this
large difference in terms of stress deconcentration. We observe flaws
with a size of ~10 um on the edge of the samples and no larger flaws
in the samples (fig. S5). Because the flaw size is smaller than the
fractocohesive length of PEA-PAAc hydrogel (Supplementary
Text 2), these flaws do not affect the strength (26-28). Because
the two phases interpenetrate and the PEA-rich phase (i.e., water-
poor phase) is much stiffer than the PAAc-rich phase (i.e., water-
rich phase), the stress at a crack tip distributes over the PEA-rich
phase. By contrast, the PEA elastomer does not separate into
phases, so that the stress at the crack tip distributes over individual
PEA chains. The PEA-rich phase in the PEA-PAAc hydrogel is
several orders of magnitude larger than the PEA chain in the PEA
elastomer, so the stress at crack tip is less concentrated in the PEA-
PAAc hydrogel. Through stress deconcentration, the load-bearing
capacity of each individual PEA chain in the PEA-PAAc hydrogel
is much higher than those in the PEA elastomer.

The rupture force of a C—C bond is a few nanonewtons, e.g., 2
nN (29, 30), and the area per monomer is 2.2 x 10~"° m?, giving the
theoretical strength of C—C bond of 9 x 10” Pa. This covalent bond
strength, however, is orders of magnitude higher than the strength
of a polymer network. This fact has been noted before (26). A pos-
sible mechanism has been analyzed recently (31). The covalent
bond energy is several electrons volts, and the thermal energy is
on the order of kgT = 1/40 eV at room temperature, where kg is
the Boltzmann constant and T is the absolute temperature. The
two types of energy differ by about two orders of magnitude. The
force-stretch curve of a polymer chain is J shaped. Before the chain
is pulled near rupture, the chain only carries the entropic force,
which is low. The force approaches the covalent bond force when
the chain is near rupture. A polymer network has polymer chains
with different numbers of links per chain. When the network is
stretched near rupture, only a small fraction of the polymer
chains are stressed to the covalent bond strength, and the majority
of polymer chains still carry entropic forces.

The PEA elastomer swells differently in hydrogel precursors
with different W (fig. S6). AAc is a good solvent for PEA, but
water is a poor solvent. As a result, the swelling ratio of stage II in-
creases as W decreases. When W < 1, the swelling ratio of PEA is
constant, suggesting that the swelling ratio is limited by the cross-
links of the PEA network. Changing the swelling ratio in stage II
changes the composition of the stage IV hydrogel. For example,
when W = 4, the resulting stage IV hydrogel contains 25.8% PEA,
14.9% PAAc, and 59.3% water. The hydrogel is opaque, which
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indicates the phase separation (fig. S7). The mechanical properties
are also affected by changing W. When W = 4, the strength is 1.2
MPa, the elastic modulus is 447 kPa, and the hysteresis is 16.6%.

As we noted before, this method of synthesizing hydrogels of ar-
rested phase separation is readily extended to many other combina-
tions of polymers (fig. S1). Here, we choose a commercial
thermoplastic elastomer, PEBAX, as a hydrophobic elastomer.
PEBAX is a block copolymer with crystalline rigid polyamide
blocks and soft polyether blocks and has excellent mechanical prop-
erties and biocompatibility (32). The rigid blocks serve as physical
cross-links for PEBAX. We use an AAc-water solution with W =4 as
the hydrogel precursor. The stage IV PEBAX-PAAc hydrogel con-
tains 18.3 wt % PEBAX, 18.6 wt % PAAc, and 63.1 wt % water. A
strip of the PEBAX-PAAc hydrogel, 10 mm wide and 1 mm thick,
can lift a weight of ~15 pounds (6.8 kg) (Fig. 5A). The resulting
PEBAX-PAAc hydrogel shows an elastic modulus of ~1.34 MPa,
strength of ~10 MPa, and stretchability of ~8.5 (Fig. 5B). Despite
its high water content, the PEBAX-PAAc hydrogel has impressive
mechanical properties compared to those of the pure PEBAX elas-
tomer (fig. S8). In cyclic loading, the PEBAX-PAAc hydrogel and
pure PEBAX have comparable hysteresis (Fig. 5C). The PEBAX-
PAAc hydrogel has a compressive strength of >1 GPa (fig. S9)
and toughness of ~9200 J m™> (fig. S10).

We have shown phase separation leads to high strength.
However, phase separation without arrest leads to materials of un-
stable microstructures. Here, we arrest phases through cross-linking
the PEA elastomer and PAAc hydrogel. Without cross-links, the in-
dividual polymer chains can migrate over long distances and
coarsen the phases. In the PEBAX-PAAc hydrogels, the crystalline
rigid domains in PEBAX function as cross-links.

The tailoring of the hydrophobicity of polymeric networks has
been an effective way to change the properties of a hydrogel (33, 34).
For example, a nonswellable hydrogel can be prepared by a single
network of block copolymers of hydrophilic and hydrophobic seg-
ments. Such a hydrogel has not only low hysteresis but also low
strength of ~100 kPa (35). Interpenetrating networks of hydropho-
bic polymers and hydrophilic polymers have been prepared, but
none of the previous studies have reported unusual mechanical
properties (36-39). The work presented here demonstrates a
general method to make hydrogels of high strength and low
hysteresis.

>
w

DISCUSSION

A hydrogel of heterogeneous structures can be self-assembled using
a mixture of hydrophobic and hydrophilic polymers. We have dem-
onstrated that such a hydrogel simultaneously achieves high
strength and low hysteresis. The hydrophobic network and hydro-
philic network do not interlink by chemical bonds but interpene-
trate by topological entanglements. The synthesis makes
chemistry and topology antagonistic: The chemical dissimilarity
of the two polymers separates the hydrogel into a water-rich
phase and a water-poor phase, but topological entanglements of
the two networks arrest the phase separation. The two phases are
elastic and adhere strongly through topological entanglements, so
that the hydrogel has low hysteresis. The water-rich phase is
much softer than the water-poor phase, so that the latter bears
most of the load when the hydrogel is stretched. The large difference
in the moduli of the two phases enables the water-rich phase to de-
concentrate stress in the water-poor phase. It is the separation of
phases, rather than the interpenetration of polymer networks, that
strengthens the hydrogel. The hydrogel outperforms existing hydro-
gels in terms of the combination of high strength and low hysteresis.
It is hoped that hydrogels of arrested phase separation will aid in
bioengineering and soft robotics.

MATERIALS AND METHODS

Preparation of PEA

Ethyl acrylate (EA; E9706), N,N'-methylenebisacrylamide (MBAA;
M?7279), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophe-
none (Irgacure 2959; 410896), and DMF (227056) were purchased
from Sigma-Aldrich and used as received. The PEA precursor was
prepared by mixing EA, MBAA, and Irgacure 2959 with an MBAA-
AAc molar ratio of C = 10~* and an Irgacure 2959-AAc molar ratio
of 4 x 107°. A mold was made of a silicone sheet (McMaster,
1460N11) as a spacer and a glass plate (McMaster, 8476K15) as a
substrate. The precursor was then poured onto the mold and
sealed with another glass plate. The mold and the glass plate were
fixed by binder clips and placed in a polyethylene zip bag (VWR,
4662002). The bag was pressed to remove air, zipped, and irradiated
with UV light (15 W, 365 nm; UVP XX-15L) for at least 6 hours. The
obtained sample was removed from the mold and placed in a hood
for 24 hours to evaporate the unreacted monomers.
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Fig. 5. PEBAX-PAACc hydrogel. (A) Photo of the PEBAX-PAAc hydrogel hanging a weight. (B) Stress-stretch curves of the PEBAX-PAAc hydrogel. (C) Stress-stretch curves
under loading and unloading of the PEBAX-PAAc hydrogel with different rangers of stretch.

Zhang et al., Sci. Adv. 9, eadh7742 (2023) 30 June 2023

50f 7



SCIENCE ADVANCES | RESEARCH ARTICLE

Preparation of PEA-PAAc hydrogel

AAc (147230) was purchased from Sigma-Aldrich and used as re-
ceived. Deionized water was purchased from Poland Spring. The
hydrogel precursor was a solution prepared by mixing water,
AAc, MBAA, and Irgacure 2959 with a fixed MBAA-AAc molar
ratio of C = 10™* and an Irgacure 2959—AAc molar ratio of 4 x
10~ but different water-AAc molar ratios W ranging from 0 to 5.
PEA films were swollen in the hydrogel precursor to equilibrium
and were kept in darkness. The swollen sample (stage II) was
taken out from the precursor, wiped with tissues, held between
two glass slides, fixed by binder clips, and placed into a polyethylene
zip bag (VWR, 4662002). The bag was pressed to remove air,
zipped, and irradiated with UV light for at least 6 hours. The ob-
tained sample (stage III) was submerged in pure water to swell to
equilibrium at room temperature.

Preparation of PAAc hydrogel

The hydrogel precursor solution was prepared by mixing water,
AAc, MBAA, and Irgacure 2959 with an MBAA-AAc molar ratio
of C =107* an Irgacure 2959—AAc molar ratio of 4 x 107>, and a
water-AAc molar ratio W = 2. The precursor was then poured onto
the mold and sealed with another glass plate. The mold and the glass
plate were fixed by binder clips and placed in a polyethylene zip bag.
The bag was pressed to remove air, zipped, and irradiated with UV
light for at least 6 hours. The obtained sample was removed from the
mold and submerged in pure water to swell to equilibrium at room
temperature. Water was then removed from the fully swollen sample
by evaporation to control its water content.

Preparation of PEBAX-PAAc hydrogel

PEBAX 2533 pellets were purchased from Arkema. The PEBAX film
was prepared by hot pressing the pellets at 180°C for 5 min. The
hydrogel precursor solution was prepared by mixing water, AAc,
MBAA, and Irgacure 2959 with an MBAA-AAc molar ratio of C
= 107% an Irgacure 2959-AAc molar ratio of 4 x 107>, and a
water-AAc molar ratio W = 4. PEBAX film was swollen in the hy-
drogel precursor to equilibrium and was kept in darkness. The
swollen sample was taken out from the precursor, wiped with
tissues, held between two glass slides, fixed by binder clips, and
put into a polyethylene zip bag. The bag was pressed to remove
air, zipped, and irradiated with UV light for at least 6 hours. The
obtained sample was submerged in pure water to swell to equilibri-
um at room temperature.

Tensile tests

The samples were cut into a dumbbell shape by a die cutter (Ace
Steel Rule Dies, ISO 527-2-5B), and tested by an Instron 5966
machine with a 100-N load cell. During stretching, the force F
and the displacement L, were recorded. The samples were stretched
monotonically until rupture, and the stretch rate was fixed at 1 mm
s~" unless otherwise noted. The elastic modulus was obtained from
the slope of the stress-stretch curve in the linear elastic region
(stretch of <1.05).

Toughness tests

Grippers were made of acrylic sheets (McMaster, 8560K172). Two
samples were cut into a rectangular shape of 7 cm by 3 cm, and
glued with the grippers using Krazy Glue. The resulting sample
has a free area of 7 cm by 1 cm. One sample was cut at the edge
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of the sample to form a ~5-mm crack with a razor blade, and the
other one remains intact. The intact one was loaded on the
Instron 5966 with a 10-kN load cell and monotonically stretched
until break. The stretch and stress were recorded. The elastic
energy density function w(A) was calculated by integrating the
stress-stretch curve until stretch A. The sample with a crack was
then monotonically stretched until rupture, and the stretch A,
when the crack started to propagate was recorded. The toughness
is calculated as w(A,.)H, where H is the height of the sample.

Compressive tests

The samples were cut into a round shape with a diameter of ~3 mm
by a puncher (McMaster, 3424A12) and tested by Instron 5966 with
a 10-kN load cell. The samples were compressed monotonically,
and the rate was fixed at 0.001 s,

Scanning electron microscopy

The images were conducted using a Zeiss Ultra Plus Field-Emission
SEM. All the samples were freeze-dried for 3 days before tests. All
the samples were first immersed in liquid nitrogen for 1 min and
then broken to expose the cross section. The cross section was
then coated with a 5-nm-thick Pt/Pd layer using a metal sputter
coater (208HRD, Cressington Scientific Instruments) and imaged.

Supplementary Materials
This PDF file includes:
Supplementary Texts 1 and 2

Figs. S1to S10

Table S1

Legends for movies S1 and S2

Other Supplementary Material for this
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