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Influence of the Degree of Swelling on the Stiffness and
Toughness of Microgel-Reinforced Hydrogels

Michael Kessler, Tianyu Yuan, John M. Kolinski, and Esther Amstad*

The stiffness and toughness of conventional hydrogels decrease with
increasing degree of swelling. This behavior makes the stiffness-toughness
compromise inherent to hydrogels even more limiting for fully swollen ones,
especially for load-bearing applications. The stiffness-toughness compromise
of hydrogels can be addressed by reinforcing them with hydrogel
microparticles, microgels, which introduce the double network (DN)
toughening effect into hydrogels. However, to what extent this toughening
effect is maintained in fully swollen microgel-reinforced hydrogels (MRHs) is
unknown. Herein, it is demonstrated that the initial volume fraction of
microgels contained in MRHs determines their connectivity, which is closely
yet nonlinearly related to the stiffness of fully swollen MRHs. Remarkably, if
MRHs are reinforced with a high volume fraction of microgels, they stiffen
upon swelling. By contrast, the fracture toughness linearly increases with the
effective volume fraction of microgels present in the MRHs regardless of their
degree of swelling. These findings provide a universal design rule for the
fabrication of tough granular hydrogels that stiffen upon swelling and hence,
open up new fields of use of these hydrogels.

1. Introduction

Hydrogels are networks made from polymers that are connected
through crosslinks[1] and contain a large fraction of water.[2] Un-
fortunately, the swelling of conventional gel networks signifi-
cantly reduces their mechanical properties. For example, the
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strain at break[3] and modulus[4,5] of a con-
ventional hydrogel decrease with increasing
degree of swelling.[6] Their fracture tough-
ness decreases even more rapidly upon
swelling as it scales with their areal swelling
ratio.[3,7] The decrease in fracture toughness
upon swelling measured for conventional
hydrogels is in good agreement with the
observation by Lake and Thomas for rub-
bers, whose fracture toughness scales with
the areal density of polymer chains that
transverse the fracture plane.[8] This scal-
ing is particularly limiting for hydrogels be-
cause they are often used under physiolog-
ical conditions where they swell, such that
their density of polymer chains decreases
and hence their stiffness and toughness
decrease.[9–11] This limitation restricts the
use of hydrogels to fields that do not re-
quire any load-bearing properties and solely
demand soft, highly swellable components,
such as contact lenses or diapers. To par-
tially address this limitation, hydrogels have
been functionalized with thermo-sensitive

monomers that do not swell within a certain temperature range
to counteract their swelling.[12,13] However, the counter-action to
the swelling only works within a limited temperature range.

An established design strategy to improve the resistance to
fracture of swollen hydrogels is to introduce energy dissipative
mechanisms into them.[14] Prominent examples for tough
hydrogels are double network hydrogels (DNs), which consist
of a first, highly crosslinked and brittle network, and a second,
loosely crosslinked and stretchy one.[15] Upon fracture of DNs,
the first, sacrificial network dissipates a significant amount of
energy via breakage of covalent[15–18] or ionic[19] bonds, while the
second network maintains the mechanical integrity of the mate-
rial. The design principle is universal, and has been transferred
to solvent-free multinetwork elastomers.[20,21] The toughening
of DNs arises from the breakage of bonds in the first network,
as has been demonstrated by mechano-radical polymerization
in hydrogels[22,23] and with mechanophores that were covalently
incorporated into multinetwork elastomers.[24] These results
indicate that the breakage of bonds within the first, sacrificial
network is confined to a damage zone that surrounds advancing
cracks. The fracture toughness of DNs linearly scales with the
size of this damage zone.[25–27] The yield point of DNs, which
indicates the onset of major damage in the first network, arises
at a yield stress that is inversely proportional to the areal swelling
ratio of DNs, whereas the yield strain is inversely proportional
to their linear swelling ratio.[28] However, traditional DNs are
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Figure 1. Schematic illustration of the swelling of microgel-reinforced hydrogels (MRHs) that depends on the initial microgel volume fraction, ϕinit. a,b)
The matrix precursor solution containing fully swollen microgels (left) is polymerized to form a bulk hydrogel, which is subsequently tested as prepared
(center), or fully swollen in water (right). a) If the microgels are initially in the dilute regime, the degree of swelling of MRHs depends on that of the
matrix, microgels, and the microgel volume fraction. In this case, the effective microgel volume fraction decreases upon swelling, ϕinit > ϕeff. b) If the
microgels are in contact with each other during the polymerization of the matrix, they are firmly connected and these connections remain intact even
when MRHs are fully swollen. In this case, the swelling is dependent on the swelling of the microgels only and ϕeff ≈ ϕinit.

limited in terms of processing, as their first network must be
swollen in the precursor solution of the second network, thereby
sacrificing the control over the shape of the final sample.[15,16]

To overcome this limitation, and to couple excellent toughness
and stiffness with advanced processability, microgels have been
embedded into single-network hydrogels to form microgel-
reinforced hydrogels (MRHs) that feature the double network
toughening effect.[29] Microgels are hydrogel microparticles of
any shape that have at least one dimension between 0.1 and
1000 μm.[10,30] They are swollen in the precursor solution of the
second network, herein called matrix, before they are brought
into shape via molding,[29] or, at high microgel volume fractions,
3D printing.[31] The matrix is subsequently polymerized to
form tough MRHs. The toughness of MRHs is most strongly
influenced by the microgel volume fraction and the molar ratio
of the two networks within the microgels.[32] Unfortunately, little
is known about how the bulk swelling of MRHs influences their
stiffness and fracture toughness. Insights into this correlation
would enable the targeted design of tough MRHs that can be
cast or 3D printed into complex, well-defined 3D shapes without
significantly weakening them in their swollen state.

In this work, we study the effect of the bulk swelling of MRHs
on their stiffness and fracture toughness. We demonstrate that
the initial poly(2-acrylamido-2-methyl-1-propanesulfonic acid
sodium salt) (PAMPS) microgel volume fraction in MRHs be-
fore swelling governs the connectivity of the microgels: if the mi-
crogel volume fraction is in the dilute regime, the matrix freely
swells because microgels are individually dispersed, as illustrated
in Figure 1a. If, however, the microgel volume fraction enters
the semidilute regime, adjacent particles start to be in contact
with each other such that during the polymerization of the ma-
trix, they are firmly interconnected, as shown in Figure 1b. These
firm inter-particle links reduce the degree of swelling of MRHs,
and hence increase their stiffness in the swollen state. We as-
sign this behavior to a swelling-induced strain-stiffening effect
of the PAMPS polyelectrolyte network that makes up the firmly
interconnected microgels. In contrast, the fracture toughness of

MRHs is much less dependent on the connectivity between mi-
crogels, and is independent of their size. Instead, it linearly scales
with the effective microgel volume fraction in MRHs. These find-
ings relate the fracture toughness of MRHs to their microstruc-
ture and provide design rules for tough granular hydrogels that
stiffen upon swelling.

2. Results and Discussion

2.1. Fabrication and Swelling of MRHs

We reinforce poly(acrylamide) (PAAm) hydrogels with PAMPS
microgels. To achieve this goal, we produce a bulk PAMPS hy-
drogel that we break into fragments with dimensions ranging
from 1 to 1000 μm using a commercial cryo-miller.[9] We em-
ploy cryo-milling to produce microgels because this technique
has a much higher throughput and shorter processing time than
the more commonly used emulsification techniques that require
several washing steps. Yet, the higher throughput of the cryo-
miller comes at the expense of the control over the shape and
size of microfragments. We swell the obtained microgels in water
and freeze-dry them to obtain a powder that is easily dispersible
in aqueous solutions. We subsequently swell a known weight of
dried microgels in a defined volume of an aqueous matrix pre-
cursor solution, which contains acrylamide (AAm) monomers,
N, N’-methylene bisacrylamide (MBAA), a crosslinker, and a pho-
toinitiator. By precisely controlling the weight of added microgels
we tune the volume fraction of the microgels contained within
MRHs. To transform the swollen microgels into MRHs, we poly-
merize the reagents contained in the aqueous precursor solution
by exposing these samples to ultraviolet (UV) light.

The stiffness of MRHs strongly depends on the microgel vol-
ume fraction.[29] To convert the known weight fraction of micro-
gels into a volume fraction of microgels in the as-prepared and
swollen states, we perform confocal microscopy on our MRHs.
To facilitate visualization of the microgels, we fluorescently label
them with a positively charged dye, cresyl violet, as exemplified
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Figure 2. Microgel volume fractions. a) Confocal microscopy image of
an as-prepared MRH reinforced with 10 g L−1 microgels that have been
stained with cresyl violet. Scale bar = 100 μm. b) Microgel volume fraction
Φ as a function of the microgel concentration. c–h) Thresholded z-slices
of c–f) as-prepared and g–j) swollen MRHs reinforced with various weight
fractions of microgels. Scale bar = 200 μm.

in Figure 2a.[33] The actual volume fractions of microgels are cal-
culated from z-stack confocal images, as exemplified on thresh-
olded z-slices of as-prepared and swollen MRHs shown in Fig-
ure 2c–j. The volume fraction of as-prepared MRHs, ϕinit, linearly
increases with increasing mass of added microgels, as demon-
strated in Figure 2b. By contrast, the volume fraction of swollen
MRHs, ϕeff, nonlinearly increases with the microgel volume frac-
tion, especially at higher microgel concentrations, as shown in
Figure 2b. We assign this nonlinear trend to the confinement of
microgels that are in the semidilute regime: If microgels are in
the dilute state, they are not confined by their neighboring mi-
crogels such that they are individually dispersed and swell much
less than the surrounding matrix. As a result, the effective micro-
gel volume fraction in the swollen state, ϕeff, is lower than ϕinit, as
schematically illustrated in Figure 1a. By contrast, if the microgel
concentration exceeds 20 g L−1, where they enter the semidilute
state, they are in contact with neighboring microgels such that
the swelling of the surrounding matrix is hindered, as exempli-
fied in Figure 2j. This result suggests microgels that have been
dispersed in the semidilute regime are firmly connected such
that they form a percolating network that presents the analogue
of the first fully crosslinked network in DNs.[34] In this case, the
swelling of the microgels is constrained such that their swelling
is similar to the bulk swelling of MRHs and hence, ϕeff ≈ ϕinit, as
illustrated in Figure 1b.

If microgels that are dispersed in the semidilute regime indeed
form a percolating network, we expect the degree of swelling of
MRHs to plateau above a threshold value of ϕinit. To test this ex-
pectation, we quantify the degree of swelling of as-prepared and
fully swollen MRHs by comparing their sample weights. The
weight of PAAm gels increases 3.9-fold upon swelling. Assum-
ing a polymer density of 1 g cm−3, the volume of pure PAAm

gels also increases 3.9-fold upon swelling. Indeed, the degree of
swelling of MRHs containing low volume fractions of microgels
decreases with increasing ϕinit, until it plateaus, as shown in Fig-
ure 3a. Interestingly, the swelling ratio of an MRH with ϕinit=
83 ± 1 vol% is within experimental error the same as that of a
bicontinuous bulk double network hydrogels, even though the
polymer fraction contained within the swollen DN is significantly
higher than that contained in the MRH sample, as shown in Fig-
ure 3b. This result suggests that MRHs with ϕinit ≥ 83 ± 1 vol%
possess a DN-like structure due to the connectivity between the
microgels, which restrains their swelling. Note that we observe
a similar trend in swelling ratios for MRHs containing smaller
fragmented microgels and even for those containing spherical
microgels, as shown in Figure S1 (Supporting Information). This
comparison implies that the swelling ratio and the inter-particle
connections are mainly influenced by the volume fraction of the
microgels, and not by their size or shape.

If microgels form inter-particle connections when initially dis-
persed in the semidilute regime, their inter-particle contact area
should increase upon the formation of the 2nd network. To test
if this is indeed the case, we prepare large, spherical, monodis-
perse microgels using microfluidics, as detailed in the Support-
ing Information. These microgels are processed into MRHs con-
taining 20 g L−1 monodisperse microgels such that the micro-
gels are in the semidilute regime.[35] We subsequently let the
MRHs swell freely and visualize the samples using optical mi-
croscopy. Despite the swelling, the microgels are nonspherical
and show pronounced inter-microgel contact areas, as shown in
Figure 2c, indicating that the microgels are indeed linked to each
other. We assign the inter-particle bonds to the presence of reac-
tive groups at the microparticle surface that can be used to form
covalent inter-particle bonds during the radical polymerization of
the second network. A similar effect can be found in DNs, as re-
active groups are present in the first network and can be further
crosslinked with the second network.[34] Note that the initial vol-
ume fractions of the nonspherical, cryo-milled microgels are very
similar to those of spherical microgels that can be determined us-
ing a simple calibration curve,[35] as summarized Figure S2 (Sup-
porting Information). This result indicates the microgel volume
fraction is independent of the microgel shape.

The dense packing of the microgels leads to the formation of
a single, percolating first hydrogel network, making MRHs a mi-
crostructured analogue of DNs, with the microgel network as the
first network, and the matrix as the second. Yet, because of the
nature of microgels, these formulations can easily be cast into
well-defined shapes or even 3D-printed, in stark contrast to bulk
DNs.

2.2. The Influence of the MRH Swelling on their Stress at Break
and Extensibility

Our swelling results show that the initial microgel volume frac-
tion ϕinit determines the connectivity of reinforcing microgels,
and hence the microstructure of the resulting MRHs. To assess
how the microstructure influences the strength and extensibil-
ity of MRHs we perform tensile tests on fully swollen and as-
prepared samples, as exemplified in Figure S3 (Supporting Infor-
mation). While as-prepared MRHs display higher stress at break,
𝜎b, compared to fully swollen ones, the trends of as-prepared
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Figure 3. Volumetric swelling of microgel-reinforced hydrogels (MRHs). a) Volumetric swelling ratio 𝜆 and b) polymer content in the swollen state as a
function of the initial microgel volume fraction prior to swelling, ϕinit. c) Micrograph of a fully swollen hydrogel sheet reinforced with large, monodisperse
microgels. Scale bar = 200 μm.

Figure 4. a) Stress at break 𝜎b, and b) strain at break 𝜖b as a function of the initial microgel volume fraction prior to swelling, ϕinit, for MRHs and DNs
in their as-prepared (green) and fully swollen (blue) state.

and fully swollen MRHs as a function of ϕinit are very similar, as
shown in Figure 4a. Similarly, as-prepared MRHs show a slightly
higher strain at break, 𝜖b, compared to fully swollen ones. Yet
the trend of the decreasing 𝜖b with increasing ϕinit is very simi-
lar for both sample types, as shown in Figure 4b. Note that the
size of the microgels does not significantly influence 𝜎b or 𝜖b of
the as-prepared MRHs, as detailed in Figure S4 (Supporting In-
formation). Similarly, the microgel shape does not significantly
influence the mechanical properties of as-prepared MRHs, as a
comparison of the results we obtain here with those obtained
on MRHs possessing the same overall composition but that are
made of spherical microparticles, shown in Figure S5 (Support-
ing Information), reveals.[35] These results imply that 𝜎b and 𝜖b
are mainly determined by the hydrogel microstructure, which is
governed by the microgel connectivity, and hence ϕinit. The initial
microgel volume fraction is hence an important design parame-
ter for the strain and stress at break of MRHs. Moreover, our re-
sults suggest that the swelling can be considered as prestretching
of the polymer segments that does not change the mechanism of
rupture of MRHs.[5]

2.3. The Influence of the MRH Swelling on their Stiffness

The stiffness of hydrogels depends on the volumetric density
of elastically active strands, and therefore decreases with in-
creasing swelling ratio.[1] Hence, we expect our MRHs to soften
when swollen to equilibrium. To properly assess the effect of the
swelling on the stiffness of MRHs, we use the effective microgel
volume fraction in the swollen state, ϕeff. The Young’s modulus,

E, of as-prepared MRHs linearly increases with ϕinit. This linear
correlation is in stark contrast to that observed for fully swollen
samples where E increases much slower with ϕeff if samples con-
tain ϕinit < 42 ± 0 vol% but increases much more steeply if ϕinit
> 42 ± 0 vol%, as shown in Figure 5a. Remarkably, MRHs with
ϕinit > 66 ± 2 vol% become stiffer upon swelling, a behavior that
is in stark contrast to conventional bulk hydrogels which soften
upon swelling.1 A similar swelling-induced stiffening effect is ob-
served for bulk DN hydrogels, as indicated in Figure 5a, which
further proves the structural similarities between bulk DN hydro-
gels and MRHs with ϕinit > 66± 2 vol%. These results are in good
agreement with our findings from rheology tests, which revealed
the onset of PAMPS microgel jamming at ϕinit ≥ 60 vol%.32 At
these high microgel volume fractions, microparticles are cova-
lently connected, resulting in a fully percolating first PAMPS net-
work.

Hydrogels typically soften upon swelling. By contrast, we ob-
serve a stiffening upon swelling for MRHs with ϕinit > 66
± 2 vol% and DN hydrogels. We assign this behavior to the
swelling-induced prestretch of the PAMPS network. Indeed,
polyelectrolyte gels, like PAMPS hydrogels used here, experi-
ence a discontinuous increase in modulus when prestretched
through swelling to equilibrium in a solution containing low salt
concentrations.[36] By analogy, the DN-like structure of MRHs
containing densely packed, firmly interlinked microgels stiffens
upon swelling due to a prestretching of PAMPs chains contained
within and between the micro-fragments. Remarkably, despite
the increase in stiffness, the fracture toughness of these materi-
als is still considerable, at least 1 kJ m−2, a feature that is difficult
to obtain in conventional hydrogels.[37,38]
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Figure 5. Influence of the effective microgel volume fraction ϕeff on the stiffness and fracture toughness of microgel-reinforced hydrogels (MRHs). a)
Young’s modulus E and b) fracture toughness T of MRHs in their as-prepared (green) and fully swollen (blue) state as a function of ϕeff. a,b) The dashed
lines are linear fits to the experimental data.

2.4. The Influence of the Swelling of MHRs on their Fracture
Toughness

The fracture energy in tough hydrogels is the sum of the intrinsic
energy required to break polymer chains within the crack plane,
and the energy dissipated in the damage zone surrounding the
crack plane.[39] The fracture toughness of conventional hydrogels
is proportional to the intrinsic chain scission energy, and scales
linearly with the areal polymer chain density and hence decreases
with their areal degree of swelling.[3,7] However, for tough hydro-
gels with multiple networks, the fracture toughness also includes
energy dissipation in the damage zone around the crack front,
which arises from damage within the sacrificial networks.[16]

Consequently, the linear correlation between the fracture tough-
ness and the areal polymer chain density no longer holds. To ex-
amine which condition better describes our MRHs, we quantify
the influence of the degree of swelling of MRHs on the fracture
toughness T using simple extension tests (SETs), as detailed in
the Supporting Information. We mathematically account for the
stretch in the sample legs, as the fixation of inextensible strips
onto them was inhibited by their surface rugosity. The fracture
toughness of as-prepared samples linearly increases with ϕeff, as
shown in Figure 5b. Note that T of the pure PAAm that does not
contain any microgels, is slightly higher than what we would ex-
pect from the linear trend of the T(ϕinit) dataset. We assign the
higher fracture toughness of as-prepared microgel-free PAAm
samples to the presence of entangled polymer chains that are
freely dispersed in the network and hence, can be removed dur-
ing the washing step. Interestingly, swollen MRHs also display a
linear relation between T and ϕeff, as shown in Figure 5b. This
linear relationship between the fracture toughness and the vol-
ume fraction of microgels of MRHs is in contrast to the linear
trend between the fracture toughness and the areal polymer den-
sity measured for conventional hydrogels. Indeed, regions rein-
forced with microgels in MRHs can be seen as DNs at microm-
eter scales, and the energy can hence be dissipated by breaking
the sacrificial PAMPS chains in the microgels.[29] The identical
scaling for as-prepared and fully swollen MRHs indicates that the
network architecture of MRHs and their degree of inter-microgel
connectivity do not influence their fracture toughness. Instead,
this scaling suggests that the fracture toughness of MRHs mainly
depends on the volumetric density of PAMPS chains within the
damage zone at the crack front, which is analogous to the frac-

Figure 6. Fracture toughness T of fully swollen MRHs reinforced with large
(green) or small (magenta) microgels as a function of the effective micro-
gel volume fraction, ϕeff. The inset is the size distribution of large (green)
and small (magenta) microgels.

ture toughness of tough multinetwork hydrogels. To confirm this
suggestion, we perform SETs on MRHs reinforced with large mi-
crogels that display a wide size distribution and those reinforced
with small microgels displaying a narrow size distribution. We
do not measure a significant difference between samples rein-
forced with these two types of microgels, as shown in Figure 6,
confirming that the size and uniformity of the microgels do not
affect the toughness of MRHs.

3. Conclusion

Microgel-reinforced hydrogels have the potential to combine the
double network toughening mechanism with excellent process-
ability. Here, we demonstrate that hydrogels that are reinforced
with high volume fractions of microgels swell much less than
what would be expected from the rule of mixture. We assign this
deviation from linearity to strong inter-microgel connections
that form if adjacent microgels are in contact when the second
polymer network is formed, thereby restricting the swelling of
the second network. These firm inter-microgel links strongly
increase the stiffness of MRHs upon swelling, a behavior that
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is unusual for conventional hydrogels. In contrast, the fracture
toughness decreases with an increasing degree of swelling and is
linearly related to the effective microgel volume fraction present
in the material. These correlations provide clear guidelines for
the design of tough microgel-reinforced hydrogels that stiffen
upon swelling. Importantly, thanks to the presence of microgels
in the precursor solution, they can be processed into well-defined
3D shapes through casting, or even 3D printing if they contain
high microgel volume fractions without compromising the
mechanical properties of MRHs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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