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Hybrid granular hydrogels: combining composites
and microgels for extended ranges of material
properties†

Céline Samira Wyss, a Peyman Karami, b Pierre-Etienne Bourban *a and
Dominique P. Pioletti *b

Developing hydrogels with optimal properties for specific applications is challenging as most of these

properties, such as toughness, stiffness, swelling or deformability, are interrelated. The improvement of

one property usually comes at the cost of another. In order to decouple the interdependence between

these properties and to extend the range of material properties for hydrogels, we propose a strategy

that combines composite and microgel approaches. The study focuses first on tailoring the swelling

performance of hydrogels while minimally affecting other properties. The underlying principle is to

partially substitute some of the hydrogels with pre-swollen microgels composed of the same materials.

Swelling reductions up to 45% were obtained. Those granular hydrogels were then reinforced with

nano-fibrillated cellulose fibres obtaining hybrid granular materials to improve their toughness and to

further reduce their initial swelling. Four different structures of neat, granular and composite hydrogels

including 63 different hydrogel compositions based on 20 kDa poly(ethylene glycol)dimethacrylate

showed that the swelling ratio could be tailored without significantly affecting elastic modulus and

deformation performance. The results explain the role of the PEGDM precursors on the swelling of the

microgels as well as the influence of the microgel and fibre contents on the final properties. Moreover,

the precursors of hydrogels with similar mechanical or swelling performance were injectable with a wide

range of complex viscosities from 0.1 Pa s to over 1000 Pa s offering new opportunities for applications

in confined as well as in unconfined environments.

1 Introduction

Hydrogels are known for their high water content, high bio-
compatibility, superabsorbent properties and relatively poor
mechanical properties.1–4 Those characteristics are suitable
for a wide range of biomedical applications, such as tissue
engineering,5,6 tissue repair7,8 or drug delivery9,10 but also for
soft robotics11–13 or sensing applications.14,15 Nevertheless,
developing hydrogels with optimal properties is challenging
as most of these properties, such as toughness, stiffness,
fatigue resistance, swelling or processing ease, are interrelated.
The improvement of one property usually comes at the cost of
another as observed in many hydrogel structures including
neat, double network or composite hydrogels.16–21

Granular hydrogels have gained a lot of attention recently.
Their particular microstructure composed of contacting micro-
gels offers an extended range of material properties for biome-
dical applications22–29 or 3D printing.27–29 Indeed, their
precursor, only composed of microgels, is injectable and cre-
ates open microporosity between the microgels, which is ideal
to transport nutriments or cells. To our knowledge this unique
combination of properties was not achieved with other hydro-
gel structures. Moreover, they can be tailored in composition to
explore additional biological, physical and mechanical properties.23

For example, the group of L. De Laporte was able to guide and align
cells growths by magnetically orienting rod-shape microgels in situ
before curing the surrounding hydrogel. Moreover, the microgels
were functionalized for being cell-adhesive or bioinert.30

Another challenge in hydrogel development is to better control
the swelling performance while minimally affecting others proper-
ties, such as stiffness or deformation performance. Indeed, swel-
ling of hydrogels might be critical in many medical,31–33 food
packaging34 and soft robotic applications.11–13 Different strategies
have been investigated to tailor swelling. Changing the crosslinking
type, crosslinking density, the polymer content, the polymer chain
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length or the hydrophilicity of the polymer are commonly used
methods. These approaches are efficient but often at the
expense of other properties such as biocompatibility, stiffness,
toughness or processability.35–37 Recent methods employ cross-
linking centres in the hydrogel, such as functionalized core–
shell microgels or self-assembled micelles to bridge the poly-
mer chains.31,38,39 For example, Zhang et al. reported that their
micelle-crosslinked hyaluronate hydrogel could be compressed
up to 75% applied strain with an elastic modulus of 310 kPa
and a swelling ratio of 9% only.39 Alternatively, swelling can be
controlled by influencing the maximum strand extension of the
polymer chain such by incorporating rigid particles or fibres.40

Moreover, apart from improved mechanical properties, the
addition of reinforcement increases the dissipation mechanisms
such as friction with the matrix or chemical interactions.40–43

Here we explore a new strategy by combining granular and
composite hydrogels. In order to easily control swelling of
hydrogels, part of the neat hydrogel (Fig. 1c) was substituted
by pre-swollen microgels composed of the same material.
Those hydrogels are defined as granular hydrogels (Fig. 1d).
Thus, once immersed in water, mainly the surrounding matrix
would swell. The second approach is to incorporate nano-
fibrillated cellulose (NFC) fibres in the hydrogels to obtain
hydrogel composites (Fig. 1e) with improved toughness and
reduced swelling.21,44,45 Finally, hybrid granular hydrogels
(Fig. 1f) combines granular and composite hydrogels. In order
to understand the effect of the microgel and fibre contents on
the processing ease, swelling and mechanical behaviour of the
four different structures, 63 different hydrogel compositions
based on 20 kDa poly(ethylene glycol)dimethacrylate (PEGDM)
were studied.

2 Experimental
2.1 Materials

20 kDa poly(ethylene glycol)dimethacrylate (PEGDM) was pur-
chased from Polysciences (ref. 25406-25, Germany). Nano-
fibrillated cellulose (NFC) from bleached softwood pulp were

provide by Weidmann (WMFC-Standard). The length of most
fibres varies between 50–500 mm, while their diameters between
0.1–10 mm. 20 kDa poly(ethylene glycol) (CAS 25322-68-3),
mineral oil (CAS 8042-47-5) and span 80 (CAS 1338-43-8) were
supplied by Merck. Irgacure 2959 from BASF was used as
photoinitiator.

2.2 Synthesis of hydrogels

The synthesis of microgels, initially composed of 10 wt%
PEGDM are described in Fig. S1 in the ESI.† The particle size
distribution of microgels were measured with a digital particle
size analyser (Saturn DigiSizer II, micromeritics), where the
refractive index was estimated at 1.334 with tomographic
microscope (3D Nanolive Cell Explorer) and the density at
1.01 g cm�3. As shown on Fig. S2 (ESI†) the size of particles
varied from 20–160 mm.

The precursor of neat hydrogels was composed of 7–11 wt%
of PEGDM, 0.1 g ml�1 % of Irgacure 2959 and distilled water.
The precursor of hydrogel composites had the same PEGDM
concentration than neat hydrogel, where 0.1–0.5 vol% NFC
were added and mixed with an Ultra Turrax (IKA T25 digital,
SN 25 10G) at 12 000 rps for 10 min. Granular hydrogels had
similar composition as neat hydrogels but their precursors
contained pre-swollen microgels composed of the same materi-
als. Therefore, 3–6 wt% of dried microgels were pre-swollen in
PEGDM precursor of different concentration, 2–7 wt%, in order
to get a total PEGDM amount between 7–11 wt%. Note that the
total PEGDM amount is the addition of the weight of dried
PEGDM microgels with the PEGDM added in the precursor.
Finally, the precursor of hybrid granular hydrogels had the
similar composition than granular hydrogels were 0.1–0.5 vol%
of NFC fibres were added. The precursors, degassed at 20 mbar,
were casted in Eppendorf cup (+ 5.3 mm � 3 mm) and covered
with a microscopic glass before being irradiated for 30 min
under UV-light irradiation at a wavelength of 365 nm and an
intensity of 5 mW cm�2. The gel fraction value of neat
hydrogels – 10 wt% PEGDM was previously measured to be
around 94%.35

2.3 Swelling ratios

The volume of the samples was determined with Archimedes’
principle. The samples were immerged in extra pure hexane
(99+%, Fisher Chemical) with a density of r = 0.659 g l�1. In
order to reach the equilibrium swelling state, the hydrogels
were immersed in distilled water for at least 24 h before
measuring the swelling ratio (SR) as following:

SR (vol%) = 100 � (Vswollen � Vas-prepared)/Vas-prepared

(1)

where Vas-prepared and Vswollen correspond to the volume in the
as-prepared and swollen state respectively. The average swelling
ratios and their corresponding standard deviation errors were
based on three different samples.

Fig. 1 Swelling behaviour from (a) the as-prepared state to (b) the fully
swollen state of four different hydrogel structures: (c) neat hydrogel, (d)
granular hydrogel, (e) hydrogel composite and (f) hybrid granular hydrogel.
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2.4 Mechanical properties

Cyclic compression loadings were performed as previously
described21 on swollen hydrogels with a tensile machine (5 kN
Zwicky equipped with a 100 N load cell, Zwick Roell, Germany) at
a constant displacement rate of 1 mm s�1. In order to evaluate
the real stress, it was considered that no change of volume
occurs during loading time. Three samples were tested in
swollen state under cyclic loading–unloading compression load-
ing. They were five different stages during the tests:
� Stage 1: 3 cycles between 0% and 30% applied strain
� Stage 2: 3 cycles between 0% and 50% applied strain
� Stage 3: 3 cycles between 0% and 70% applied strain
� Stage 4: 3 cycles between 0% and 90% applied strain

� Stage 5: loading up to rupture if the samples could sustain
deformation up to 90%

Representative loading curves of the four structures can be
found in Fig. S3 in the ESI.† The elastic moduli were then
determined by linear regression between 10% and 15% applied
strain during the first loading cycle.

2.5 Microstructures

The morphology and distribution of the NFC fibres were
observed in swollen hydrogels with an invert fluorescent con-
focal microscope (Zeiss LSM 700) equipped with a 20� lens
and a laser of 405 nm. To enhance the fluorescence of NFC
fibres, hydrogel composites and hybrid granular hydrogels were

Fig. 2 Property chart of four different hydrogel structures with various compositions showing the elastic modulus determined between 10% and 15%
applied strain in compression as a function of the swelling ratio measured with Archimedes’ principle with (eqn 1). Most of the samples could resist more
than 85% applied strain, those denoted with ‘‘*’’ broke between 80–85% applied strain and with ‘‘**’’ between 60–80% applied strain.
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placed for at least 3 hours in 0.2 g l�1 Calcofluor White stain
(Sigma-Aldrich, Buchs, CH) and 4 vol% of 10 wt% potassium
hydroxide.

The surface of rupture and the microgels in freeze-dried
hydrogels were observed with scanning electron microscopy
(Zeiss Gemini) at 3.00 kV.

The surface profile of swollen broken hybrid granular hydro-
gels were imaged with 3D laser scanning microscope (VK-X200
Keyence) with a 20� lens.

2.6 Rheology

The complex viscosity of hydrogel precursors was evaluated at room
temperature with a parallel plate rheometer (TA Instruments
AR2000ex). An oscillating strain sweep at 0.5 Hz was then applied
to the precursors, where the strain starts from 0.1% to 1000%.

3 Results & discussion
3.1 Swelling and mechanical properties

The swelling behaviour and mechanical performance of neat
hydrogels, hydrogel composites, granular and hybrid granular
hydrogels presented in Fig. 1, were measured and are shown on

a property chart in Fig. 2. All presented data can be found in the
Table S1 (ESI†). Note that the fibres were not incorporated in
the microgels because the length of a few hundred micrometers
of most fibres exceeded the size of the microgels, between
20–160 mm. Thus, the composition of microgels was kept the
same for all granular compositions at 10 wt% PEGDM in the as-
prepared state. Since the initial composition of microgels was
the same as the one of the neat hydrogel N10, their mechanical
properties are expected to be similar.

Although 20 kDa PEGDM formed the bulk hydrogels of all
structures, each structure covered a distinguishable zone as
seen in Fig. 2. Neat hydrogels had the largest swelling ratio for
similar elastic modulus. Both swelling ratio and elastic mod-
ulus increased with the PEGDM content. For a given elastic
modulus, granular hydrogels had lower swelling ratio than neat
hydrogels, especially below 15 kPa. As known previously,21,44

the addition of fibres to neat hydrogels reduced swelling and
increased the elastic modulus. This effect was promoted with
increasing fibre content from 0.1 to 0.5 vol% NFC. A similar
behaviour was observed for the hybrid granular hydrogels.

The loading curves of all hydrogels reinforced with NFC
fibres, being the hydrogel composites and the hybrid granular
hydrogels, had similar characteristics to the Mullins effect.

Fig. 3 Deformation to rupture of a representative broken hybrid granular hydrogel and the failure mechanisms at the surface of rupture. (a) Cyclic
compression before, during and after 90% applied strain. The cross-section was visualized with a mirror at 451 under a transparent support. (b) Image
taken with a digital microscope showing the sample 5H0.5

3 that broke at around 83% applied strain in compression. (c) Representative surface profile of a
swollen sample highlighted with a red square in (b) showing how a crack had surrounded microgels during its propagation. (d) SEM images showing the
interfacial decohesion between a microgel and the surrounding matrix.
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As shown in Fig. S3 (ESI†), the hydrogel became softer after
the first loading cycle. This behaviour was previously related
to a local rearrangement of the fibre network.44 Most samples
could resist more than 85% applied strain. Some composi-
tions of granular hydrogels denoted with ‘‘**’’ in Fig. 2 broke
at lower strain, especially structures with low PEGDM concen-
trations in the surrounding matrix. Surprisingly, also some
hybrid granular hydrogels showed some weakening at a higher
cellulose concentration, 0.5 vol%, probably because of a lower
fibre dispersion and formation of aggregates. Fig. 3 presents
such a broken hybrid granular hydrogel and its surface of
rupture. Interestingly, broken granular and composite struc-
tures could almost recover their original shape as shown in
Fig. 3a and still sustain compression loading up to 98%
applied strain. The rupture surface profile of a swollen hybrid
granular hydrogel presented in Fig. 3b and c indicates that the
crack surrounded and pulled-out microgels during its propa-
gation. This means that the tough microgels did not break
and that the interface between the microgels and the matrix
was weaker than the bulk hydrogels. The occurrence of such

interfacial decohesions is known to increase the toughness in
composite materials.46

3.2 Effect of pre-swollen PEGDM microgels

The swelling behaviour of neat and granular hydrogels is
presented in Fig. 4. As previously observed, granular hydrogels
had lower swelling ratios as neat hydrogels. In order to better
analyse the difference, the reduction of swelling was defined as
following:

Swelling reduction (%) = 100 � (SRNx
� SRyGz

)/SRNx

(2)

where ‘‘G’’ and ‘‘N’’ stand for granular and neat hydrogels
respectively. The sum of the dry microgel content ‘‘y’’ and
PEGDM contained in the surrounding matrix ‘‘z’’ is equal to
the PEGDM content ‘‘x’’ of neat hydrogel. For example, the
swelling ratio of granular hydrogel – 3G4 was compared with
the one of neat hydrogel – N7. Note that the error bars were
calculated based on the rules of error propagation from the
standard errors of the swelling ratios.

Fig. 4 Swelling behaviour of granular hydrogels: (a) property chart presenting the compressive elastic modulus vs. the swelling ratio obtained with
eqn (1), (b) swelling reduction evaluated with eqn (2), where the total PEGDM content is the addition of dry microgel and PEGDM concentration. Influence
of the PEG concentration of the immersion solutions on (c) the swelling ratio of the neat hydrogel N10 and (d) on the PEG absorption in the neat hydrogel
N10 determined with eqn (3).
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Fig. 4b shows that substituting neat hydrogels with pre-
swollen microgels could reduce swelling by up to 45 � 2%.
Furthermore, the reduction of swelling was more efficient at
lower total PEGDM concentrations, at higher microgel content
and at lower PEGDM concentrations in the matrix. The smallest
reduction of about 10% was measured for 11 wt% of total
PEGDM content, where granular hydrogels and neat hydrogels
presented similar swelling ratios of 160%. The elastic moduli
increased proportionately with the total PEGDM amount.
Unlike the swelling reduction, the elastic modulus depended
on the material composition rather than on the microscopic
structure of the hydrogel.

To better understand the swelling behaviour of granular
hydrogels, the pre-swelling of microgels in the matrix precursor
was investigated (see Movie S1 in the ESI†). Hydrogels of the
same initial composition of microgels, 10 wt% PEGDM, were
first dried before being swollen in different water/20 kDa
polyethylene glycol (PEG) solutions. As shown in Fig. 4c, the
swelling ratio, obtained with eqn (1), significantly decreased with
increasing PEG concentration, probably due to the osmotic

pressure induced by PEG.47 This suggests that microgels pre-
swell less in precursors of higher PEGDM concentrations. Thus,
once polymerized and immersed in water, those granular hydro-
gels would swell more because the microgels were not fully
swollen. In other words, higher pre-swelling levels of microgels
induced by lower PEGDM concentrations in the matrix will
better reduce swelling. For the hydrogels evaluated in this study,
it is expected that above 11 wt% of total PEGDM, the reduction of
swelling becomes negligible.

In order to estimate if PEGDM diffuses from the precursors
into the microgels, three neat hydrogels N10 with the same
initial composition as the microgels were first dried and
weighed (mdry) before being swollen in different PEG solutions.
Then the hydrogels were retrieved from the solutions, dried and
weighed (mPEG_dry) again. The PEG absorption (PEGabs) was
estimated as following:

PEGabs (wt%) = 100 � (mdry � mPEG_dry)/mdry (3)

As shown in Fig. 4d, the PEG absorption increased with the PEG
concentration in the hydrating solution. Similarly, PEGDM

Fig. 5 Effect of NFC fibre concentration. (a) Property chart presenting the compressive elastic modulus vs. the swelling ratio. The effect of the fibres
concentration is highlighted with linear fits. (b) Stiffening achieved when 0.5 vol% of NFC fibres are added to the analogous hydrogel, calculated with
eqn (4) and (5). (c) Z-stack projection of 7.5 mm in depth taken with a fluorescent confocal microscope showing the NFC fibres and microgels
incorporated in swollen hydrogels.
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from the precursor is expected to diffuse into the microgels,
which would strengthen the interface between microgels and
the matrix and homogenise the PEGDM concentration in the
granular hydrogels. Nevertheless, the variations in swelling and
in local PEGDM concentrations makes it difficult to estimate
the precise volume occupied by microgels in granular hydro-
gels. Moreover, for better assessing the swelling behaviour of
microgels, monodisperse distribution would be required in
order to consider the effective role of their surface to volume
ratio.48 Indeed, measuring swelling by statistical methods
would be easier than tracking individual microgels.

3.3 Effect of cellulose fibres

Fig. 5 presents the effect of incorporating NFC fibres in neat
hydrogels (hydrogel composites) and in the matrix of the
granular hydrogels (hybrid granular hydrogels). As observed

in Fig. 2, adding fibres increased the elastic moduli and
reduced the swelling ratios of both structures. Highlighted with
a steeper linear regression in Fig. 5a, the effect of fibres was
getting stronger with increasing the fibre concentration from
0.1 to 0.5 vol% NFC and started to dominate the effect of the
total PEGDM content.

Fig. 5b reports the different stiffening achieved when 0.5 vol%
NFC fibres were added to the analogous neat hydrogel in red
and granular hydrogel in grey. The stiffening was calculated as
described in eqn (4) for conventional structures and eqn (5) for
granular structures.

Stiffening ð%Þ ¼ 100� EC0:5
x
� ENx

� �.
ENx (4)

where ‘‘N’’ and ‘‘C’’ are the abbreviations of neat hydrogel and
hydrogel composite respectively and ‘‘x’’ for the PEGDM

Fig. 6 Property chart of four different hydrogel structures with various composition showing the elastic modulus in compression as a function of the
complex viscosity of the precursors at 0.1% oscillation strain and 0.5 Hz. Although a wide range of complex viscosity could be achieved, all precursors
were injectable through a needle with an inner diameter of 0.133 mm.
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concentration.

Stiffening ð%Þ ¼ 100� EyH0:5
x
� EyGx

� �.
EyGx (5)

where ‘‘H’’ and ‘‘G’’ stand for granular and hybrid granular
hydrogels, ‘‘y’’ for the dry microgel content and ‘‘x’’ for the
PEGDM contained in the surrounding matrix. For example, the
elastic modulus of the hydrogel composite C10 was compared
with the one of the neat hydrogel N10 and reached a 200%
stiffening. Note that the error bars were calculated based on the
rules of error propagation from the standard errors of the
elastic moduli.

While the stiffening of 200% achieved by the hydrogel
composites seemed not being affected by the total PEGDM
amount, the granular structures showed more variations. In
particular, the stiffening was reduced from around 200% to
80% at higher microgel concentrations and lower PEGDM
contents in the surrounding matrix.

In order to understand the stiffening behaviour, the fibre
distribution in swollen hydrogel composites and hybrid hydro-
gels were observed under a fluorescent confocal microscope.
Fig. 5c shows z-stack projections of swollen hydrogels contain-
ing initially a total PEGDM concentration of 10 wt% PEGDM
and 0.5 vol% NFC fibres. The fibres in the hydrogel composite
(C0.5

10 ) were better dispersed compared to hybrid granular hydro-
gels (4H0.5

6 , 6H0.5
4 ). Indeed, the presence of local fibre concen-

tration and the formation of aggregates increased with the
microgel concentration. Both affected the stiffening efficiency
and the deformability of hybrid granular hydrogels.

4 Processing

The processing ease of the developed hydrogel structures for
different applications depends on the processability of the
hydrogel precursors. Therefore, their rheological behaviour
was studied with a parallel plate rheometer at 0.5 Hz and
oscillating strains going from 0.1% to 1000%. The range of
complex viscosities observed at quasi static 0.1% strain of
different hydrogel precursors are presented in Fig. 6. The
complex viscosities at larger strain levels are reported in the
Table S1 (ESI†).

Neat hydrogel precursors had a very low complex viscosity,
less than 0.1 Pa s. At 0.1% strain, the complex viscosity of
hydrogel composite precursors increased from 0.1 to 10 Pa s
with the fibre concentrations. Both precursors would still be
convenient to be injected through narrow needles (Movies S2
and S3 in the ESI†). The complex viscosities of the precursors
of granular and hybrid granular hydrogels varied from 2 to
1000 Pa s and could thus be up to 10 000 times more viscous as
the one of neat hydrogel precursors (see Movies S4–S7, ESI†).
Moreover, above 500 Pa s, the precursors started to behave
similarly to jammed microgels as shown in Fig. 6 and in the
Movie S7 in the ESI.† In addition, the complex viscosity
decreased with increasing PEGDM concentration in the matrix
precursor. In fact, PEGDM act as lubricant for the microgels.
As already mentioned in the study on the swelling, at higher

PEGDM concentrations in the precursor, the microgels occupy
less volume and furthermore PEGDM reduces friction between
the microgels. Moreover, all precursors of the hydrogel compo-
sites and hybrid granular hydrogels showed obvious shear-
thinning behaviour after 10% strain as shown on Fig. S4 in
the ESI.† This is a key advantage for the continuous placement
of the materials before or during the crosslinking via 3D
printing manufacturing.

In summary, depending on the hydrogel structure, a large
range of precursor’s complex viscosities could be obtained,
while keeping similar mechanical properties of the hydrogels,
which offers new applications opportunities. For example, low
precursors’ complex viscosity would be suitable for confined
applications, such as the replacement of nucleus pulposus,49

while precursors of high complex viscosity would be ideal for
unconfined applications like the replacement of focal cartilage
defects without the use of a membrane50 or to 3D printed
complex unconfined structures.41

5 Conclusions

A novel strategy was proposed to easily control swelling and
stiffness of hydrogel materials by integrating microgels and
fibres in order to obtain hybrid granular hydrogels with unique
microscopic structures. An extensive assessment of different
structures including 63 different hydrogel compositions based
on PEGDM showed that the swelling ratio could be tailored
from 60 vol% to 165 vol% without significantly losing stiffness
and deformation. Reduction of swelling up to 45% was
obtained by integrating pre-swollen microgel into neat hydro-
gels. The achievable swelling reduction of the final hydrogels is
given by the microgels concentration and by the total PEGDM
content of the microgels and of the matrix around them. The
studied material system encountered a negligible swelling
reduction at above 11 wt% of total PEGDM content, where
granular hydrogels and their representative neat hydrogels had
similar swelling ratios. The reason was related to the swelling
degree of microgels that would pre-swell less in precursors of
higher PEGDM concentrations.

For a given elastic modulus, granular hydrogels had lower
swelling ratios than neat hydrogels, especially below 15 kPa.
The addition of fibres reduced swelling and increased the
elastic modulus of both, the hydrogel composites and the
hybrid granular structures. The effect was getting stronger with
increasing fibre content and started to be predominant above a
fibre concentration of 0.3 vol% NFC. However, too high local
concentrations of cellulose fibres confined in between the
microgels could lead to earlier failure.

All precursors were injectable and the one incorporating
microgels and/or cellulose fibres showed obvious shear-
thinning behavior required for advanced 3D printing. This
opens a new horizon for processing in confined as well as in
unconfined environments and using these material systems
when precise control of stiffness and minimum swelling is
needed. Based on these first hybrid granular structures, the
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integration of other types of hydrogels, microgels and fibres
can be envisaged.
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