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A B S T R A C T   

Recent developments in soft actuation demand for resilient, responsive materials with locally varying compositions that are sufficiently stiff to exhibit significant 
actuation forces. Hydrogels are inherently responsive to certain stimuli. Yet, they typically suffer from a stiffness-toughness compromise such that those that are soft 
and show adequate flexibility display limited actuation forces. This compromise can be partially addressed if hydrogels are formulated as double networks. However, 
their involved processing prevents controlled variations in the local composition. The composition of hydrogels can be varied down to the 100 µm length scale 
through 3D printing. A wide range of hydrogels can be 3D printed if formulated as microparticles. Yet, the resulting granular hydrogels are soft. They can be 
reinforced with a percolating hydrogel network, resulting in double network granular hydrogels (DNGHs) that, however, are rather brittle. Here, we introduce 3D 
printable metal-reinforced DNGHs (mrDNGHs) that combine three seemingly contradictory traits: stiffness, toughness, and processability. Our mrDNGHs can bear 
loads up to 3 MPa while displaying a fracture energy up to 12 MJ⋅m− 3, a value exceeding that of any of the previously 3D printed hydrogels at least 20-fold. We 
leverage the different degrees of swelling of the mrDNGHs to 3D print shape morphing structures.   

1. Introduction 

Nature has been a tremendous source of inspiration for the design of 
functional materials [1]. Excellent work performed in this area offers a 
good understanding of the composition-structure–function relationship 
of a wide variety of natural materials [2,3]. For instance, the analysis of 
the composition of certain soft biological tissues revealed that nature 
achieves self-healing and dynamic stress response through non-covalent 
interactions [4–6]. One remarkable example is the mussel byssus, an 
acellular soft load-bearing tissue that allows the organism to strongly 
anchor to the rocks to even withstand the shear of impacting waves that 
exert shear stresses up to 40 MPa [3]. Inspired by nature, soft synthetic 
materials have been mechanically reinforced through non-covalent 
reversible interactions [7–9], such as host–guest [10,11] or hydropho
bic interactions [12,13], metal coordination [14–17], and covalent 
reversible crosslinkers [18,19]. Despite the substantial improvement in 
mechanics of synthetic soft materials, nature’s fine interplay between 
structure and composition remains unmatched. A fundamental reason 
behind this mismatch in mechanical properties is that manmade con
structs typically possess homogeneous structures and compositions 
compared to the well-defined hierarchical structures and abruptly 
changing compositions of their natural counterparts [20–22]. Recently, 
several strategies have been implemented to control the structure of soft 
synthetic materials at different length scales [9,23–25], including 
directed self-assembly [26–29], phase separation [30–34], microfluidics 

[35,36], and 3D printing [37–41]. However, these techniques offer a 
limited control over the spatial resolution. To increase the level of 
control over the microstructure in manmade soft materials and widen 
the range of soft materials that can be 3D printed, a novel class of 3D 
printable materials, jammed microgels, has been introduced 
[36,42–47]. Microgels are micrometer-sized hydrogel particles that 
undergo jamming when concentrated above a critical volume fraction 
[24,48]. Yet, the resulting granular hydrogels are soft due to weak inter- 
particle connections. This shortcoming can be overcome by reinforcing 
granular hydrogels with a percolating hydrogel network that in
terpenetrates and covalently crosslinks them [18,49]. However, the 
resulting double network granular hydrogels display a limited strain at 
break, with cracks that preferentially propagate along the grain 
boundaries [50,51]. 

Here, we introduce 3D printable metal-coordinated DNGHs whose 
stiffness exceeds that of any previously reported 3D printed hydrogel 12- 
fold and whose fracture energy is more than 20-fold higher than that of 
any 3D printed hydrogel reported thus far. This is achieved by forming 
microfragments from poly(acrylic acid) (PAA) that can be reinforced 
with a wide range of cations. We demonstrate that the stiffness of 
DNGHs made by covalently crosslinking these microfragments with a 
percolating polyacrylamide (PAM) hydrogel is 0.12 MPa, whereas their 
work of fracture is 0.02 MJ⋅m− 3. The work of fracture of DNGHs in
creases by more than two orders of magnitudes, up to 12 MJ⋅m− 3, if the 
percolating network is ionically reinforced, as demonstrated on DNGHs 
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composed of PAM microfragments that are connected through a metal- 
reinforced PAA network. We demonstrate the potential of these mate
rials in soft actuation by 3D printing shape morphing structures. 

2. Results and discussion 

To ionically reinforce granular double network hydrogels, we form 
one of the hydrogel networks from poly(acrylic acid) (PAA), a poly
electrolyte that can be reinforced with different ions possessing a 
valency of at least two [15,52,53]. To render PAA 3D printable, we 
formulate it as granules. Granules can be fabricated from emulsion drop 
templates produced through batch emulsification [49], or if a tighter 
size-control is warranted through microfluidics [54–57]. These water- 
in-oil emulsions must be stabilized with surfactants that, together with 
the oil, must be removed through several washing steps after the 
microgels have been produced, thereby limiting the throughput of this 
technique and increasing the production costs [44]. Microgels can also 
be made through precipitation polymerization [58] or spray emulsifi
cation [59], yet with more stringent requirements in terms of material 
selection and precursor viscosity. A way to circumvent these short
comings is to mechanically fragment bulk hydrogels [44,60–62] for 
example using blenders [63], sieves [61], or cryomilling [62]. Cry
omilling is particularly attractive because it enables breaking any ma
terial whose Tg is above the temperature of liquid nitrogen (-196 ◦C) into 
microfragments at high throughputs, albeit at the expense of shape 
control [62]. Taking advantage of the high throughput and versatility in 
terms of material choice, we cryo-mill PAA into microfragments that are 
non-spherical and display an equivalent diameter (d*), calculated as the 
average of the two diagonals of the particle, of 45 µm, independent of 
the acrylic acid monomer content, as shown in Fig. S1. 

To firmly connect adjacent microfragments after they have been 3D 
printed, we soak them in an aqueous solution containing acrylamide 
before they are jammed to enable their 3D printing, as schematically 
shown in Fig. 1a. After the ink has been 3D printed, we connect 
microfragments by exposing the printed structure to UV light. Thereby, 
we initiate the polymerization of the acrylamides contained in the 

microfragments to form a percolating network that interpenetrates and 
crosslinks them, resulting in a DNGH, as shown in Fig. 1b. The granular 
nature of DNGHs allows for the selective reinforcement of the certain 
grains, thus enabling the fabrication of heterogeneously reinforced 
DNGHs, as schematically shown in Fig. 1c. The ability to spatially vary 
the DNGH composition through 3D printing opens up new possibilities 
to 3D print load-bearing, actuatable hydrogels, as schematically shown 
in Fig. 1d. 

DNGHs are composed of densely packed microfragments. Hence, 
their microstructure is determined by the size, size distribution, 
morphology and packing density of the microfragments. The average 
dimensions of microfragments and their distribution depend on the 
cryomilling parameters, including the milling frequency, size of the 
milling spheres, and the number the of milling cycles [62]. For printing 
applications, we aim at obtaining fragments that are smaller than 100 
µm to avoid clogging of the nozzle while maintaining a high throughput 
production of the microfragments. To test the influence of the number of 
milling cycles the hydrogel has been subjected to on the microfragment 
size, we fix the size of the milling ball to 20 mm and the frequency to 30 
Hz, and measure the dimensions of microfragments as a function of 
milling cycles. The average microfragment size decreases with 
increasing number of milling cycles, reaching a minimum average size of 
45 µm after 5 cycles, as shown in Fig. 2b. Unfortunately, even if we 
subject microfragments to 5 milling cycles, approximately 20% of the 
microfragments still has at least one dimension above 100 µm, as shown 
in Fig. 2c. These microfragments risk clogging the printing nozzle, 
resulting in a discontinuous extrusion, thus affecting the printing reso
lution. To overcome this limitation, we filter microfragments that have 
been subjected to 5 milling cycles with a 100 µm nylon mesh to remove 
bigger particles, as shown in Fig. 2a. The sieved solution contains par
ticles with a lower average size of 20 µm, a more homogeneous size 
distribution, and hardly any particles with dimensions above 100 µm, as 
shown in Fig. 2d. Note that despite the filtering process, we still find a 
few particles with at least one dimension above 100 µm in the solution. 
We attribute the presence of these rather large particles to their aniso
tropic shape that lets them penetrate the sieve if favorably aligned. 

Fig. 1. Fabrication of metal-coordinated DNGHs. a, A bulk hydrogel is crosslinked and cryomilled to produce polydisperse microfragments. The obtained micro
fragments are freeze-dried and resuspended in a monomer-containing solution prior to jamming, yielding a 3D printable ink. b, The jammed microfragment paste can 
be 3D printed and converted into load-bearing DNGHs through UV illumination. c, Once crosslinked, the DNGHs are immersed in an ion containing solution to trigger 
the mechanical reinforcement of the microfragments. d, Through multi-nozzle printing, the composition of the DNGHs can be locally varied. 
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However, thanks to the shear alignment of anisotropic particles, we 
expect them to minimally impact the printability [57,64]. Due to the 
favorable combination of polydispersity and throughput, filtered 
microfragments obtained with 5 cycles of cryomilling will be used for all 
the remaining experiments. The microfragments are freeze-dried prior 
to further use to ensure longer shelf-life and a better control over their 
jamming behavior. 

To produce an ink composed of jammed microfragments, we resus
pend freeze dried microfragments in an aqueous solution containing a 
second precursor solution. Jammed, soft microparticles, including 
microgels, display rheological properties that are ideal for extrusion- 
based 3D printing: they display a low yield stress, a shear-thinning 
behavior, and a fast shear recovery [47,49,65,66]. Jammed microfrag
ments have shown a similar rheological behavior to that of conventional 
spherical microgels [44]. To evaluate if this is also the case for our 
jammed microfragment system that is loaded with reactive monomers, 
we perform rheology on our ink. We vary the microfragment content in 
the ink from 10 wt% to 16 wt%, based on the dry polymer weight. To 
assess the shear-thinning behavior, we perform frequency sweeps as a 
function of the microfragment weight fraction. All tested samples 
display a shear-thinning behavior, independent of the microfragment 
content, as shown in Fig. 3a. 

Key to obtaining a good printability is a low extrusion pressure. The 
extrusion pressure is directly correlated with the yield stress of the ink 
[67]. To measure the yielding behavior of our inks as a function of the 
microfragment content contained within them, we perform amplitude 
sweeps. The yield stress increases from 46 Pa to 2630 Pa, if we increase 
the microfragment content from 12 wt% to 16 wt%, as shown in Fig. 3b 
and Fig. S2a. We assign this increase in yield stress to the increased 
polymer content in the jammed pastes, that results in a higher degree of 
jamming of the microfragments. Interestingly, the yield point of all 
measured inks is higher compared to that of inks containing the same 
weight fraction of jammed spherical microgels, as shown in Fig. S2b. 

This difference in yield point is attributed to the mechanical interlocking 
that is much more pronounced between jammed, non-spherical micro
fragments than between jammed spherical microparticles, thereby 
increasing their inter-particle friction [44]. 

To achieve a high printing fidelity, the ink must quickly recover its 
solid-like properties upon removal of the shear. To evaluate this prop
erty, we perform alternating shear recovery cycles at 1% and 100% 
strain for 200 s each. All the analyzed inks rapidly transition from the 
solid-like to the liquid-like state and vice versa, as shown in Fig. 3c. As a 
result of the favorable rheological properties, the ink can be 3D printed 
into a grid at a high resolution, as exemplified for an ink containing 16 
wt% microfragments in Fig. 3d. To quantify the printing resolution of 
the microfragment ink, we measure the cross-section of the filament and 
the area enclosed in the grid as a function of the microfragment con
centration. The higher the microfragment concentration, and hence, the 
higher the degree of jamming, the better is the printing resolution, as 
shown in Fig. 3e and f. The higher printing resolution comes at the 
expense of a higher extrusion pressure, as shown in Fig. 3f. We do not 
have any pressure sensitive component in our ink such that we can 
maximize the printing resolution by using inks containing 16 wt% of 
microfragments for the remainder of this study. 

Key to the use of hydrogels for load-bearing applications is their 
ability to withstand significant loads under compression and tension 
[68,69]. To assess this parameter we quantify the stiffness and work at 
break of DNGHs composed of PAA microfragments that are firmly 
connected through an acrylamide network. To transform the rather 
fragile microfragment-based structure into a mechanically stable DNGH 
that can bear significant load, we initiate the polymerization of the 
precursors contained within the microfragments after they have been 
processed into the appropriate shape, resulting in DNGHs. This is done 
by exposing the structure to UV light to initiate the radical polymeri
zation reaction of the precursors [49]. The resulting DNGH is soaked in 
deionized water until it reaches swelling equilibrium. The material is 

Fig. 2. Fabrication of hydrogel microfragmets through cryomilling. a, Schematic illustration of the cryomilling process. A bulk gel is cryomilled at 30 Hz for a certain 
number of cycles, yielding polydisperse microfragments. The microfragments are filtered through a nylon mesh to remove particles bigger than 100 µm, that would 
risk clogging the nozzle during the printing process. b, Equivalent diameter (d*) of microfragments as a function of the milling cycles. Microfragments milled for 
more than 5 cycles have an average d* of 45 µm. No major improvement in the size or size distribution is observed if microfragments are subjected to more than 5 
milling cycles. c, Cumulative frequency of microfragment sizes as a function of the milling cycles. Despite the decrease in average d* with increasing milling cycles, 
around 20% of the microfragments possess diameters larger than 100 µm. d, Equivalent diameter of microfragments that have been subjected to 5 milling cycles pre 
and post filtering. The average d* decreases from 45 µm to 20 µm upon filtration. 
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relatively soft with a stiffness of 0.16 MPa, and work of fracture of 0.05 
MJ⋅m− 3. These results are in agreement with previously reported liter
ature on DNGHs composed of spherical microgels [50]. 

The work of fracture of bulk hydrogels typically increases upon ionic 
reinforcement [17,70,71]. PAA has a high affinity to certain cations such 
that it can be ionically reinforced [15,52,72]. To test if ionic rein
forcement also increases the work of fracture of our DNGHs, we expose 
the DNGH to an aqueous solution containing Al3+, as schematically 
shown in Fig. 1c. Indeed, under compression, the resulting microfrag
ment reinforced DNGHs (mfDNGHs) display a 10-fold increase in 
compressive modulus, reaching values as high as 1.5 MPa, as shown in 
Fig. 4a and Fig. S3. Similarly, the Young’s modulus measured under 
tension increases 25-fold upon reinforcement with Al3+, reaching values 
as high as 4 MPa, as shown in Fig. S4a. The compressive and tensile 
moduli increase even more, up to 25-fold and 50-fold, respectively, if we 
reinforce microfragments with Fe3+, as shown in Fig. 4a and Fig. S4a. 
The great improvement in stiffness is paired with a 16-fold increase in 
work of fracture with respect to non-reinforced DNGHs, reaching values 
as high as 0.8 MJ⋅m− 3, as shown in Fig. S4b. 

Super-elastic, anti-fatigue hydrogels can be obtained if they contain 
carboxylic ligands and are reinforced with appropriate cations [73,74]. 
Surprisingly, we do not observe a significant increase in mechanics if we 
reinforce our mfDNGHs with divalent ions, as shown in Fig. 4a. This 
behavior is in contrast with PAA metal-reinforced hydrogels reported in 
literature [52,75]. We attribute the lack of mechanical reinforcement of 
microfragments upon addition of divalent ions to a stronger complexa
tion between –COOH and –NH2 groups present in the DNGH, that hinder 
microfragments from forming complexes with Ca2+ and Zn2+. Similarly, 
monovalent ions, such as Ag+, do not display any reinforcement effect. 

A homogeneous metal reinforcement of charged bulk hydrogels is 

difficult to achieve as the diffusivity of metal ions is limited by the 
electrostatic attraction between the reinforcing ions and the charged 
hydrogels. This electrostatic attraction leads to a fast formation of a 
rather dense metal-coordinated hydrogel shell that slows down ion 
diffusion within this area of the hydrogel [15,76,77]. In addition, the 
complexed metal ions electrostatically repel free metal ions, thereby 
further hindering their infiltration into the hydrogel. As a result, there 
are often gradients in ion concentration within bulk hydrogels that have 
been ionically reinforced, compromising their mechanical properties 
[15]. This limitation can, at least to some extent, be overcome by 
complexing metal ions with weak ligands that undergo competitive 
ligand exchanges, which reduce the attractive ion-hydrogel interactions 
[15]. To test if we can increase the extent of ion reinforcement by weakly 
complexing Fe3+ in solution, we incubate our DNGHs in an aqueous 
solution containing FeCl3 and varying amounts of citric acid (CA). 
Surprisingly, mfDNGHs display a decrease in compressive modulus with 
increasing CA concentration, as shown in Fig. 4b and Fig. S5 and sum
marized in Fig. 4c. A similar trend is observed under uniaxial tensile 
load, as shown in Fig. S6. This trend is in stark contrast to previously 
reported bulk metal-reinforced hydrogels, where CA favors a more ho
mogeneous distribution of the ions and thereby improves the overall 
mechanical performance of these hydrogels [15]. We assign this differ
ence to the granular structure of our gel: ions can more easily diffuse in 
uncharged PAM networks than in charged PAA networks because of the 
much reduced or even missing electrostatic attraction between the ions 
and the uncharged hydrogel. In between the microfragments, our 
DNGHs are exclusively composed of PAM whereas within the micro
fragments PAA and PAM networks are present. Hence, we expect ions to 
more readily diffuse within the PAM single network and hence, between 
the microfragments. The diffusion path within the charged 

Fig. 3. Printability of jammed microfragments. a, Frequency sweep of inks as a function of their microfragment content. All the samples display a decrease in 
viscosity with increasing shear rate, thus displaying a shear-thinning behavior. b, Plateau storage modulus (G’, violet) and flow point (red) of inks as a function of 
their microfragment content. c, The shear recovery measurement demonstrates the self-healing behavior of inks containing 16 wt% of PAA microfragments. The 
material transitions from a solid-like to a liquid-like state when subjected to high shear (γ= 100%). The jammed solution recovers rapidly to its initial solid-like 
condition at low shear (γ= 1%). The process can be repeated cyclically without deterioration of the ink performance. d, Optical micrograph of a 3D printed grid 
produced with an ink containing 16 wt% of microfragments. e, Optical micrograph of a unit cell of the 3D printed mesh. f, Filament spreading (red) and extrusion 
pressure (grey) as a function of the ink polymer content. An increase in microfragment content in the ink is correlated with a decrease in filament spreading and an 
increase in extrusion pressure. 
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microfragments is short such that ions can homogeneously reinforce 
bulk mfDNGHs with dimensions up to 1 cm without the need for any 
competitive ligand exchanges. This result demonstrates a key advantage 
of the granular structure: an enhanced diffusivity of charged moieties. 

Competitive ligand exchanges are typically used to mechanically 
reinforce hydrogels. This trick is not needed in our system. However, we 
still can take advantage of competitive ligand exchanges to selectively 
remove coordinated Fe3+ ions to restore the initial mechanical behavior 
of DNGHs, as exemplified in Fig. 4d. The mfDNGHs can be repetitively 
ionically reinforced by incubating them in a solution containing Fe3+

and weakened to restore their initial state by exposing them to a CA 
containing solution, as shown in Fig. 4d. Indeed, the stiffness of 
mfDNGHs slightly decreases after the first cycle but remains within 
experimental error unchanged throughout the next four cycles of rein
forcement and weakening, as shown in Fig. 4d. The combination of 
metal-coordination and competitive ligand exchange offers a precise 
control over the mechanical behavior of mfDNGHs, thus expanding their 
use in soft actuation. 

Our results indicate that the metal reinforcement of microfragments 
contained in DNGHs strongly increases their stiffness. However, its ef
fect on the work of fracture is limited. The work of fracture of bulk 
double network hydrogels is typically predominantly determined by the 
second network [78,79]. Similarly, the work of fracture of purely 
covalently crosslinked double network granular hydrogels is predomi
nantly determined by the second network as cracks have been shown to 
preferentially propagate within the interstitial spaces of the microgels 
[50]. To test if we can increase the work of fracture of DNGHs by ioni
cally reinforcing the matrix network, which constitutes the second 
network in our system, we fabricate microfragments composed of the 
uncharged PAM and soak them in an aqueous solution containing acrylic 
acid. The microfragments are processed into matrix-reinforced double 
network granular hydrogels (mxDNGHs) using protocols established for 
mfDNGHs, as schematically shown Fig. 5a and detailed in the experi
mental section. The compressive modulus of DNGHs increases 8-fold if 

their matrix is reinforced with Al3+ and 4-fold if the matrix is reinforced 
with Fe3+, as shown in Fig. 5b. Similarly, the Young’s modulus measured 
under tension reaches values as high as 9 MPa if the matrix is reinforced 
with Al3+, corresponding to a 75-fold increase relative to non-reinforced 
DNGHs. A slightly lower stiffness of 3 MPa is achieved if reinforced with 
Fe3+, as shown in Fig. S7. We assign the higher stiffness of DNGHs whose 
matrix is reinforced with Al3+ compared to those reinforced with Fe3+ to 
the faster binding of Al3+, that leads to a stiffer ionically reinforced shell. 
These results hint at an inhomogeneous ion distribution within the 
mxDNGHs. 

To test if the ion concentration within mxDNGHs is indeed hetero
geneous, we visualize a cross-section of a DNGH whose matrix is rein
forced with Fe3+. Indeed, we observe a color gradient along the cross- 
section of mxDNGHs, in stark contrast to mfDNGHs, as shown in 
Fig. 5c. This color gradient is indicative of a core–shell structure. This 
hypothesis is supported by the compression curves of DNGHs whose 
matrix is reinforced with Fe3+ or Al3+ that display two distinctly 
different slopes, as shown in Fig. 5d and Fig. S8. 

In bulk hydrogels, gradients in the concentration of ions can be 
minimized by complexing them with CA as this complexation reduces 
attractive ion-hydrogel interactions and hence, facilitates the diffusion 
of ions into the hydrogel [15,76,77]. To test if this is also the case for our 
DNGHs possessing a PAA matrix, we incubate them in an aqueous so
lution containing Fe3+ and varying concentrations of CA. If incubated in 
a solution containing 0.5 M Fe3+ and 0.75 M CA, mxDNGHs are ho
mogeneously colored. These results suggest that the complexation of 
Fe3+ with CA increases the homogeneity of Fe3+ ions within the 
mxDNGHs. The metal reinforcement introduces some sample-to-sample 
variability, which results in large error bars. We assign this variability to 
differences in the ion diffusion within samples with slightly different 
microstructures. Nevertheless, we observe a statistically relevant in
crease in compressive modulus with increasing CA concentration con
tained in the incubating solution until it reaches 3 MPa, as shown in 
Fig. 5e. An analogous behavior is observed under tensile testing, where 

Fig. 4. Mechanical characterization of 
mfDNGHs. a, Compressive modulus of 
mfDNGHs as a function of the concentration 
of ions in the incubating solution. If micro
fragments are reinforced with Fe3+ and Al3+

the stiffness of mfDNGHs strongly increases. 
By contrast, the stiffness of mfDNGHs does 
not significantly change if microfragments are 
reinforced with mono- or divalent ions (Ca2+, 
Zn2+, and Ag+). b, Compression curves of 
DNGHs whose microfragments have been 
reinforced with Fe3+ as a function of the CA 
concentration. An increase in CA concentra
tion is correlated with a decrease in stiffness. 
c, Compressive modulus of DNGHs whose 
microfragments have been reinforced with 
Fe3+ as a function of the CA concentration. An 
increase in CA concentration is paired with a 
decrease in compressive modulus. d, 
Compressive modulus of DNGHs whose 
microfragments are repetitively reinforced 
with Fe3+ and weakened with CA.   
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the stiffness of mxDNGHs increases with the CA concentration in the ion- 
containing solution, until it reaches Young’s moduli as high as 25 MPa, 
as shown in Fig. S10. Interestingly, when the molar ratio of [CA]: [Fe3+] 
exceeds 0.5, the Young’s modulus decreases. This behavior is attributed 
to the large excess of carboxylic groups in the CA solution with respect to 
the carboxylic groups present in the PAA network that reduces the 
number of Fe3+ ions complexed within the PAA matrix. 

The increase in stiffness is paired with a strong decrease in strain at 
break, as shown in Fig. S11. The decrease in strain at break typically 
reduces the toughness of soft materials rendering them more fragile. To 
test if this is also the case for our system, we extract the work of fracture 
as a function of the molar ratio of [CA]: [Fe3+] by quantifying the area 
under the stress–strain curve. Interestingly, the work of fracture remains 

almost unchanged with values around 0.20 MJ⋅m− 3. This result is in 
agreement with previously reported literature on metal-reinforced bulk 
hydrogels and demonstrates the potential of these systems [15]. 

Metal-coordination increases the stiffness and toughness of dually 
crosslinked hydrogels by introducing physical crosslinks in a pre- 
existing covalent network [72]. However, the increased crosslink den
sity comes at the expense of the water content: upon metal- 
reinforcement, hydrogels typically undergo syneresis, resulting in their 
shrinkage. To assess to what extent our mrDNGHs undergo syneresis, we 
quantify the water content of all our samples by gravimetric analysis as a 
function of the ion concentration present within the reinforcing solution. 
As expected, an increase in ion concentration within the mrDNGHs is 
paired with a decrease in their water content, reaching values as low as 

Fig. 5. Mechanical characterization of mxDNGHs. a, A DNGH is composed of PAM microfragments and a PAA matrix. The matrix is selectively reinforced with ions, 
yielding a mxDNGH. b, Compressive modulus of mxDNGHs as a function of the ion concentration present in the reinforcing solution. Fe3+ and Al3+ increase the 
stiffness of mxDNGH, whereas no appreciable changes are observed for DNGHs whose matrix is reinforced with Ca2+, Zn2+, and Ag+. c, Optical photograph of a 
mxDNGH cylinder. The color gradient is a clear indication of a non-homogeneous ionic reinforcement. d, Compression curves of DNGHs whose matrix is reinforced 
with Fe3+ as a function of the Fe3+ concentration in the reinforcing solution. All curves display an initial soft behavior, followed by a stiffening. This change in 
stiffness is indicative of a core–shell structure. e, Compression modulus of mxDNGHs whose matrix is reinforced with Fe3+ as a function of the CA concentration. An 
increase in CA concentration is paired with a steep increase in compression modulus. The CA slows down the ionic complexation, thus producing more homogeneous, 
stiffer structures. f, Tensile curves of mxDNGHs as a function of the Fe3+ concentration in the reinforcing solution. Higher Fe3+ concentrations in the incubating 
solution result in a more pronounced yielding plateau of mxDNGHs, characteristic of the formation of a core–shell structure. g, Time lapse of a mxDNGH whose 
matrix is reinforced with Fe3+. Initially the sample displays a homogeneous texture (1). Once the mxDNGH is pulled above its yield point, the hard shell cracks (2), 
and a softer stretchy core is revealed (3). 
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24 wt% when mxDNGHs have been exposed to aqueous solutions con
taining 1.5 M of AlCl3, as shown in Fig. S12. 

Our results indicate that an increased density of ionic crosslinks 
directly correlates with a reduction in water content within these 
hydrogels. While this behavior can be detrimental for cell work, it can be 
exploited as an asset in the fabrication of load-bearing tough hydrogels. 
Indeed, the shrinkage induced by the secondary crosslinking with metal 
ions forces the polymer chains to collapse, thus increasing their hidden 
length, and hence, the fracture toughness of the hydrogel [9]. Nature 
frequently leverages this behavior to build hydrogel-based materials 
displaying an unparalleled toughness [2,6,80]. To test if we can promote 
this behavior in our mxDNGHs, we reinforce them with Fe3+ in the 
absence of CA to create a stiff shell that shrinks, thereby mechanically 
forcing the core contained within the shell to also collapse. Indeed, we 
observe two distinctly different slopes in the stress–strain curves of 
samples that have been reinforced with solutions containing Fe3+ con
centrations ≥ 1 M, as shown in Fig. 5f, Fig. 5g. The two distinctly 
different slopes in the stress–strain curves of these DNGHs, which 
translate into two distinctly different stiffnesses, indicate that they 
possess core–shell structures: DNGHs whose matrix is reinforced with 
high concentrations of Fe3+ display an initial stiff behavior if put under 
tension, which we assign to the stiff Fe3+ reinforced shell. This initial 
steep increase in the stress–strain curve is followed by a clear yielding 
plateau, indicative of the much softer core, as supported by visualizing 
the sample deformation during tensile-tests in Movie M1. A similar 
behavior is observed when the matrix of DNGHs is reinforced with Al3+, 
as shown in Fig. S13. Overall, the fracture strength and strain at break of 
mxDNGHs increase with increasing ion concentration within the rein
forcing solution, resulting in a stiffness as high as 9 MPa and a work of 
fracture as high as 12 MJ⋅m− 3, as shown in Fig. S7, Fig. S9. 

To evaluate the overall mechanical performance of mfDNGHs and 
mxDNGHs, we compare our material with state-of-the-art 3D printed 
hydrogels. Remarkably, our material possesses values of stiffnesses and 
work of fractures that are higher than any previously reported 3D 
printed hydrogel, as summarized in Fig. 6a. To assess if the excellent 
mechanical properties are solely related to the high polymer content, we 
compare our formulations and previously reported 3D printed hydrogels 
as a function of their polymer content. Even if we compare our material 
to hydrogels possessing a similar polymer content, they are still signif
icantly stiffer and tougher than any previously reported 3D printed 
hydrogel, as summarized in Fig. 6b and Fig. 6c. These results highlight 
the potential of our 3D printable hydrogels for load-bearing 
applications. 

To demonstrate the synergistic combination of 3D printing and 
metal-coordination of mfDNGHs, we 3D print a hinge, as shown in 

Fig. 7a that we reinforce with Fe3+, as shown in Fig. 7b. The reinforced 
hinge with a cross-section of 0.36 cm2 holds up to 1.5 kg of weight 
without any appreciable damage, as shown in Fig. 7c. This example 
demonstrates the potential of 3D printed mfDNGHs as load-bearing 
structures. 

Our results demonstrate that metal coordination of the matrix leads 
to an increase in the crosslink density of the hydrogel, which results in 
the expulsion of significant amounts of water and hence, leads to a 
shrinkage of the mrDNGHs. We exploit this volume change to 4D print 
shape morphing structures: we trigger conformational changes of 3D 
printed structures with spatially varying compositions through their 
exposure to an aqueous solution containing reinforcing Fe3+ ions. We 
fabricate structures possessing areas that are composed of PAA micro
fragments and others made of inert PAM microfragments that cannot be 
ionically crosslinked and hence, do not shrink upon incubation in a Fe3+- 
containing solution, as shown in Fig. 7d and e. Indeed, upon exposure to 
a FeCl3 containing solution, areas composed of PAA microfragments 
significantly shrink due to the ion reinforcement of these structures. By 
contrast, areas composed of PAM fragments do not significantly change 
their volumes. As a result of the difference in the swelling behavior, we 
trigger the shape-morphing of the printed structures, as shown in Fig. 7f 
and g. This shape morphing is in good agreement with the behavior 
simulated using Abaqus, as shown in Fig. 7h and i. 

3. Conclusion 

We introduce 3D printable metal reinforced DNGHs, which display 
stiffnesses and toughnesses that exceed those of any previously reported 
3D printed hydrogel at least 9-fold. By choosing appropriate reinforcing 
ions, we can tune the mechanical properties of these DNGHs to be 
similar to some stiff and tough natural polymer-based materials, such as 
cartilage and tendons. The fabrication of microfragments through cry
omilling holds great potential for their use in materials that are pro
duced at large scales thanks to its scalability and the possibility to 
process a wide range of materials. We leveraged the freedom in the 
material selection offered by this technique to selectively render certain 
areas of hydrogels responsive to metal ions. The selective binding of 
metal ions to PAA enables a targeted reinforcement of 3D printed 
structures without the need to trade off stiffness and toughness. We 
envisage the combination of good processability, high stiffness and 
toughness of these materials to open up new fields of use of these 
hydrogels, that are significantly stiffer and stronger than previously 
reported 3D printable counterparts. Thanks to their load-bearing prop
erties, we foresee these materials to open up new possibilities to fabri
cate the next generation of load-bearing soft robots capable of 

Fig. 6. Ashby plots of 3D printed hydrogels. a, Ashby plot of the work of fracture of 3D printed hydrogels as a function of their Young’s modulus. Our material 
possesses a synergistic combination of high stiffness and high work of fracture, a seemingly counteracting set of properties. b, Ashby plot of the Young’s modulus of 
3D printed hydrogels as a function of their polymer content. mf- and mxDNGHs display higher stiffnesses compared to any previously reported 3D printed hydrogel. 
c, Ashby plot of the work of fracture of 3D printed hydrogels as a function of their polymer content. mfDNGHs and mxDNGHs display a higher work of fracture 
compared to any previously reported 3D printed hydrogel. Gray shaded areas collect state-of-the-art mechanics of load-bearing 3D printed hydrogels; green shaded 
areas represent mechanics of non-reinforced DNGHs; red shaded areas summarize mechanics of mfDNGHs and mxDNGHs. 
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undergoing more complex movements than what is currently possible. 
With additional work devoted to adapting their composition to render 
them biocompatible, we envisage these materials to even be used as 
tissue replacements. 

4. Methods 

4.1. Materials 

Acrylic acid (AA) (Sigma-Aldrich, 147230), acrylamide (AM) 
(Sigma-Aldrich, A4058), N,N’-methylene bisacrylamide (MBA) (Carl 
Roth, 7867.1), 2-hydroxy-2-methylpropiophenone (PI) (Sigma-Aldrich, 
405655), mineral oil light (Sigma-Aldrich, 330779), Span80 (TCI 
Chemicals, S0060), iron (III) chloride (Sigma-Aldrich, 451649), 
aluminum chloride (Sigma-Aldrich, 563919), calcium chloride (Sigma- 
Aldrich, 499609), zinc chloride (Sigma-Aldrich, 208086), silver nitrate 

(Sigma-Aldrich, 209139), citric acid (Sigma-Aldrich, 251275), ethanol 
(Sigma-Aldrich, 459844), are all used as received. 

4.2. Preparation of PAA and PAM hydrogels 

An aqueous solution containing 30 wt% of monomer (AA or AM), 1 
wt% MBA crosslinker and 5 mg/mL of PI is prepared. The solution is 
poured in a Petri dish (d = 20 cm) and polymerized for 5 min in an UV 
oven (UVChamber-365-100, UWave, 25 mW/cm2) yielding a bulk 
hydrogel. 

4.3. Preparation of microfragments 

The bulk hydrogel is crushed using a commercial blender and 
dispersed in water to reach swelling equilibrium. The resulting hydrogel 
fragments are frozen in liquid nitrogen (LN2) before they are cryomilled 

Fig. 7. Applications of 3D printed mfDNGHs. a,b, Photographs of a 3D printed mfDNGH hinge (a) before and (b) after reinforcement with Fe3+. Scale bar is 2 cm. c, 
Photograph of a mfDNGH hinge holding 1.5 kg of weight. Scale bar is 5 cm. d-i, 4D printing of shape-morphing mfDNGHs. (d,e) Photographs of 3D printed DNGHs 
composed of DNGHs whose microfragments have been reinforced with Fe3+ (red) and others that have not been reinforced with ions (yellow). (f,g) Photographs of 
the shape-morphed structures, and (h,i) corresponding Abaqus simulations. Scale bars are 1 cm. 
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with an oscillatory cryomill (Cryomill, Retsch) using 12 stainless steel 
balls (d = 10 mm). The cryomilling protocol is as follows: 3 min of pre- 
cooling; 5 milling cycles of 3 min at 30 Hz; 30 s at 5 Hz between each 
cycle, unless stated differently. The resulting microfragments are sus
pended in water and filtered with a nylon filter of 100 µm mesh to 
remove bigger fragments. The microfragments are freeze-dried and 
stored in powder form until further use. 

4.4. Preparation of microgels 

PAA microgels are prepared following a protocol reported in litera
ture [49]. Briefly, an aqueous solution containing 30 wt% AA, 1 wt% 
MBA, and 5 mg/mL PI is prepared. The aqueous phase is emulsified in a 
5:1 volume ratio with a mineral oil-based solution containing 2 wt% 
Span80. The water-in-oil emulsion is stirred while being illuminated 
with UV light (OmniCure S1000, Lumen Dynamics, 320-390 nm, 60 
mW/cm2) for 5 min to convert drops into microgels. The resulting PAA 
microgels are transferred into ethanol and centrifuged at 4500 rpm for 
10 min (Mega Star 1.6R, VWR) to remove the oil. The supernatant is 
discarded, and the process is repeated three times with ethanol and three 
times with water. Clean PAA microgels are resuspended in water for 
storage. 

4.5. Rheology of microfragments 

Rheology measurements are performed on a DHR-3 TA Instrument 
with an 8 mm diameter parallel plate steel geometry. All measurements 
are performed at 25 ◦C, with an 800 μm gap. The samples are allowed to 
relax for 200 s before each measurement. Frequency dependent viscosity 
measurements are performed at 0.5% strain. Amplitude sweeps are 
performed at 1.0 rad/s oscillation. Self-healing measurements are per
formed at 1.0 rad/s, alternating 200 s at 1% strain, with 200 s at 100% 
strain. 

4.6. 3D printing of microfragments 

The jammed microfragment paste is loaded in a 3 mL Luer lock sy
ringe. The syringe is sealed and centrifuged at 4500 rpm for 5 min to 
remove trapped air bubbles that would affect the printing quality. 3D 
printing is performed with a commercial 3D bioprinter (BIO X, Cellink) 
at 10 mm/s and 100 kPa, unless stated differently. The granular ink is 
extruded from a conical nozzle (22 G, inner diameter 0.41 mm) through 
a pressure driven piston. 

4.7. Preparation of mfDNGH 

PAA microfragments are suspended in an aqueous solution con
taining 30% AM, 0.5 wt% MBA and 5 mg/mL of PI. After centrifuging 
microfragments at 4500 rpm for 10 min and removing the supernatant, a 
jammed paste is obtained. The paste is casted into dog-bone shaped 
molds (cross-section 5 × 2 mm2) or cylindrical molds (d = 5 mm, t = 5 
mm), and crosslinked for 5 min under UV irradiation (UVChamber-365- 
100, UWave, 25 mW/cm2). 

4.8. Preparation of mxDNGH 

PAM microfragments are suspended in an aqueous solution con
taining 30% AA, 0.5 wt% MBA and 5 mg/mL of PI. The same procedure 
used to prepare mfDNGH is applied. 

4.9. Mechanical characterization of mfDNGH and mxDNGH 

Mechanical measurements are performed with a commercial ma
chine (zwickiLine 5 kN, 50 N load cell, Zwick Roell). Compression tests 
are performed on cylindrical samples (d = 8 mm, h = 8 mm), com
pressed at a constant velocity of 3 mm/min until fracture or 80% strain 

is reached. The compressive modulus is calculated as the slope of the 
region from 0% to 5% strain. Tensile tests are performed on dog-bone 
shaped samples (cross-section of the gauge: 5 × 2 mm2), stretched at a 
constant velocity of 100 mm/min. The Young’s modulus is calculated as 
the slope of the initial linear region, from 5% to 15% strain. The work of 
fracture (WOF) is calculated as the area below the stress-strain curve. 

4.10. Shape-morphing simulation 

The shape-morphing properties are analyzed using Finite Element 
Modelling (FEM), specifically via the software package Abacus, which 
allows for simulation of structures with spatially varying volume 
changes. The areas of the shape-morphing structures corresponding to 
the mrDNGHs are represented by linear beam elements (Abacus Beam 
Elements B31), with the non-reinforced DNGHs represented with 
quadratic tetrahedron elements (Abacus Tetrahedron Elements C3D10). 
The areas of mrDNGHs are embedded within the soft phase, and the 
active material’s shrinkage is assumed to be linearly related to the 
applied load with an expansion ratio of -0.0016 and a field load range of 
1-100. To simulate the evolution of the shape morphing, the active and 
soft phases are initialized at the same elastic modulus and that of the 
reinforced areas is gradually increased by factor of fifteen. 
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