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3D Printing of Strong and Tough Double Network 
Granular Hydrogels

Matteo Hirsch, Alvaro Charlet, and Esther Amstad*

Many soft natural tissues display a fascinating set of mechanical properties 
that remains unmatched by manmade counterparts. These unprecedented 
mechanical properties are achieved through an intricate interplay between the 
structure and locally varying the composition of these natural tissues. This 
level of control cannot be achieved in soft synthetic materials. To address this 
shortcoming, a novel 3D printing approach to fabricate strong and tough soft 
materials is introduced, namely double network granular hydrogels (DNGHs) 
made from compartmentalized reagents. This is achieved with an ink com-
posed of microgels that are swollen in a monomer-containing solution; after 
the ink is additive manufactured, these monomers are converted into a per-
colating network, resulting in a DNGH. These DNGHs are sufficiently stiff to 
repetitively support tensile loads up to 1.3 MPa. Moreover, they are more than 
an order of magnitude tougher than each of the pure polymeric networks they 
are made from. It is demonstrated that this ink enables printing macroscopic, 
strong, and tough objects, which can optionally be rendered responsive, with 
high shape fidelity. The modular and robust fabrication of DNGHs opens up 
new possibilities to design adaptive, strong, and tough hydrogels that have 
the potential to advance, for example, soft robotic applications.
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non-covalent interactions,[10,11] slide-ring 
structures,[12] host–guest interactions,[13] 
nanoparticle fillers,[14] or a combination 
of them[15] are introduced. Indeed, this 
strategy enables the design of extremely 
tough hydrogels that can be stretched up 
to 50 times.[16–18] However, these tough 
hydrogels are typically rather soft such that 
they cannot bear significant loads under 
tension. To overcome this shortcoming, 
double network (DN) hydrogels composed 
of two interpenetrating polymeric net-
works have been introduced. These DN 
hydrogels are composed of a highly cross-
linked network, the filler, that imparts stiff-
ness to the hydrogel and a second loosely 
cross-linked one, the matrix, that imparts 
toughness to it.[19] This advance enabled 
engineering the mechanical properties of 
DN hydrogels to be similar to those of cer-
tain natural tissues such as cartilage.[20,21]

Despite a great improvement in 
mechanics, manmade hydrogels are typi-
cally inert and hence, cannot adapt their 

properties in response to external stimuli, in stark contrast to 
many natural counterparts. An important difference between 
these two types of materials is their structure and local com-
position. Soft natural materials possess locally varying compo-
sitions and structures that are well-defined over many length 
scales. By contrast, synthetic hydrogels typically have an ill-
defined microstructure and their composition is most often 
homogeneous. Variations in the composition can be introduced 
using magnetic nanoparticle gradients,[22] ultraviolet (UV) pat-
terning,[23] micro-molding,[24] photo-triggered chemical cross-
linkers,[18] or micro-phase separation.[25] Another remarkable 
example of controlling the microstructure of soft synthetic 
materials is the incorporation of liquid crystals into polymer 
chains. This was nicely shown on liquid crystal elastomers.[26–29] 
However, these methods are often labor intense such that they 
cannot fabricate soft materials with structures that are similar 
to those of natural models. A contributing reason for the dis-
crepancy in the structure and local composition of soft natural 
versus synthetic materials is the difference in their processing. 
Nature produces many of its strong and tough materials from 
compartmentalized reagents. For example, most marine mus-
sels fabricate their byssus from precursor-containing vesi-
cles that are released on demand and self-assemble into well-
defined structures.[30,31] By contrast, synthetic hydrogels are 
typically fabricated by mixing reagents in bulk. This technique 
offers an excellent control over the overall composition of the 
hydrogels. However, it lacks control over the local composition 

1. Introduction

Hydrogels are often used for moisturizing purposes, for 
example in wound healing,[1] drug delivery,[2] or food[3] owing to 
their ability to retain large amounts of water, intrinsic biocom-
patibility, and the possibility to be functionalized with various 
moieties. In addition, hydrogels possess the ability to retain 
a 3D structure and to support cell growth rendering them 
well-suited replacements for soft biological tissues,[4–6] and 
for soft robotics.[7–9] Most hydrogels that must retain their 3D 
structure and bear some load are covalently cross-linked and 
hence, if swollen, they are inherently brittle. Their toughness 
can be strongly increased, if reversible crosslinks that rely on 
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and microstructure. Inspired by nature, we fabricated hydrogels 
composed of hexagonal prismatic microgels with well-defined 
microstructures and locally varying compositions.[32] However, 
this technique is limited to the fabrication of thin sheets. More 
complex 3D structures can be achieved through patterned 
droplet networks[33] or jammed microgels, for example, using 
additive manufacturing techniques.[34–37] However, monodis-
perse spherical microgels have a small contact area such that 
the resulting superstructures are weak.[38] The mechanical prop-
erties of these granular materials can be improved if the sur-
faces of the microgels are modified with thiols[39] or metal-coor-
dinating groups,[40] through covalent crosslinking of adjacent 
microgels,[41] or by means of a percolating second network.[42,43] 
However, the increased adhesion between microgels compro-
mises the stretchability of the materials, thereby reducing their 
toughness. Methods to fabricate strong and tough complex 3D 
hydrogels that have the potential to be used, for example, as 
load-bearing parts of soft robots, remain to be established.

Here, we introduce a new ink that can be additive manufac-
tured into strong and tough double network granular hydro-
gels (DNGHs) with locally varying compositions. The ink is 
composed of polyelectrolyte-based microgels that are swollen 
in a monomer-loaded solution. This monomer-loaded solu-
tion can be converted into a percolating network after the ink 
has been processed into macroscopic materials. The new two-
step approach separates the fabrication of microgels and their 
annealing. Thereby, it combines the advantages of jammed 

granular solutions such as injectability and printability with the 
excellent mechanical properties of DN hydrogels. Importantly, 
the mechanical properties of the additive manufactured mate-
rials can be tuned with the composition of the ink and are inde-
pendent of the printing parameters such as the printing direction. 
Because this new technology employs a microgel-based ink, it 
significantly extends the choice of materials that can be additive 
manufactured such that the range of mechanical properties 
that can be accessed with 3D printed hydrogels is much wider. 
Our new DNGHs promise to bridge the gap between structural 
complexity and mechanical performance that plays a key role in 
the advancement of soft materials for load-bearing applications. 
These features will likely enable the design of new, functional, 
and responsive hydrogels that can be used for soft robots and 
actuators, and membranes for wastewater treatment.

2. Results and Discussion

2.1. Microgel Ink Design and Fabrication

To maximize the contact area between adjacent microgels and 
minimize interstitial spaces, we synthesize microgels pos-
sessing a high swelling capacity. Polyelectrolyte-based microgels 
have been shown to fulfill these requirements. Hence, we select 
2-acrylamido-2-methylpropane sulfonic acid (AMPS) as a model 
system and fabricate AMPS microgels from reagent-loaded  

Figure 1. Additive manufacturing of DNGHs. Schematic representation of microgel fabrication. a) A monomer-containing aqueous solution is pro-
cessed into a water-in-oil emulsion. b) AMPS-loaded drops are converted to PAMPS microgels through an UV-induced polymerization. c) Microgels 
are soaked in an AM monomer-containing solution. d) Monomer-loaded microgels are jammed to yield a printable ink. e) Jammed microgels are 
extruded as a continuous filament that displays fast shear recovery, enabling the printing of granular hydrogels possessing high aspect ratios with a 
high shape fidelity. f) The 3D printed objects are post-cured through an exposure to UV light that initiates the polymerization of the AM monomers to 
form a percolating network, as exemplified by the 3D printed cylinder.
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water-in-oil emulsion drops, as sketched in Figure 1(i) and 
detailed in the Experimental Section. To test if the size of 
the microgels we produce scales with that of the emulsion 
drops, we quantify this parameter from optical microscopy 
images. Drops and cross-linked microgels are nearly iden-
tical in size, as shown in Figure S1, Supporting Information. 
After having been cross-linked, microgels are washed several 
times in ethanol and deionized water to remove any unreacted  
molecule, as sketched in Figure 1(ii). To ensure good inter-particle 
adhesion, which plays a key role for obtaining good mechanical 
properties, we swell the microgels in a solution containing rea-
gents that can be converted into a percolating network after the 
microgels have been 3D printed. Here, we swell the microgels 
in an aqueous solution containing acrylamide (AM) monomers, 
as sketched in Figure  1(iii). To avoid any dilution effects from 
the water exchange, we soak microgels in the monomer solu-
tion for 24  h in large excess of the second network precursor 
solution. The degree of swelling of the microgels strongly 
depends on the cross-linker concentration of the microgels: 
microgels containing 14  mol% cross-linker have an average 
diameter of 40  µm whereas those containing 3.5  mol% cross-
linker have a diameter of 120 µm, as shown in Figure S1, Sup-
porting Information.

An important feature of our technique is the processing of 
individually dispersed microgels into macroscopic materials 
with structures that are well-defined over the millimeter up 
to the centimeter-length scales. To enable 3D printing of the 
dispersed microgels, we jam them using vacuum filtration, 
as shown in Figure  1(iv). The resulting ink is additive manu-
factured into complex structures, as schematically presented 
in Figure  1(v). The printed construct is then post-cured by 
exposing it to UV light to allow the formation of a percolating 
second network, as exemplified on Figure 1(vi).

2.2. Rheological Characterization of Microgel Inks

A prerequisite for inks to be 3D printed into macroscopic com-
plex structures is their shear-thinning behavior, which is a 
common property of bioinks[44,45] and jammed microgels.[46] To 
ensure a reproducible jamming of the microgels, we measure 
the solid polymer content of samples swollen in deionized 
water, as reported in Table S1, Supporting Information. The 
results suggest a good reproducibility of our jamming process, 
where the AMPS polymer content accounts for 4.83 wt% of the 
resulting ink. The standard deviation of the solid fraction is as 
low as 0.22 wt%.

As expected, our jammed microgels are shear-thinning, 
as demonstrated by oscillatory rheology in Figure  2a. The 
viscosity of the jammed PAMPS microgels can be tailored 
with the cross-linker concentration; it increases from 100 to 
1000 Pa∙s at a shear rate of 10 s−1, if the cross-linker concentra-
tion is increased from 3.5 to 14 mol%. To enable precise dosing, 
the solid granular ink should possess a low flow point. This 
requirement is fulfilled by our jammed PAMPS microgels, as 
shown in Figure 2b. Indeed, the flow point is in the range of 
10% for all the different formulations. Furthermore, we observe 
no influence of the monomer loading on the flow point of our 
granular ink, as shown in Figure S2, Supporting Information.

To obtain a good printing resolution, the ink must rap-
idly solidify after it has been extruded, which is the case if it 
displays fast stress healing properties. Indeed, our jammed 
PAMPS solution recovers almost immediately and repetitively 
from a liquid-like state at high strains, to a viscoelastic state 
at low strains, as shown in Figure  2c. To test if this behavior 
is temperature-dependent, we perform step strain relaxation 
measurements at temperatures varying between 5 and 45  °C. 
The relaxation time of our jammed microgels remains the 
same between 5 and 45 °C, as shown in Figure S3a, Supporting 
Information, such that these microgels can be easily processed 
within this temperature range. This behavior is inherent to 
jammed microgels that behave as solid-like materials because 
their linear elasticity is governed by the microgel composi-
tion.[46] Hence; our results indicate that the jammed microgels 
possess rheological properties that are well-suited for additive 
manufacturing.

Jammed microgels can form macroscopic, porous materials 
that retain their structure.[34,37,41] However, the lack of covalent 
adhesion between particles makes them mechanically weak 
such that they cannot bear significant loads. To overcome this 
shortcoming, we transform jammed microgels into a mechani-
cally robust material by forming a second percolating network 
within the jammed microgels. This is achieved by exposing the 
granular construct to UV light to initiate the polymerization of 
the AM monomers. To follow the gelation kinetics of the perco-
lating second network, we perform time-dependent oscillatory 
rheology measurements. Results suggest that gelation plateaus 
around 150 s, as shown in Figure S3b, Supporting Information. 
As a result of the formed percolating PAM network, the DNGH 
retains its integrity, in stark contrast to jammed microgels that 
relax stress over time, as shown in Figure 2d.

2.3. Mechanical Characterization of DNGHs

The mechanical properties of hydrogels are strongly influ-
enced by the weight fraction of the polymers. To characterize 
the polymer fraction of our DNGHs, we compare the weight 
of DNGHs as prepared and that of dried DNGHs as a func-
tion of their composition. Depending on the composition of 
our DNGHs, their dry polymer content ranges from 13.6 to 
45.7  wt%, as summarized in Figure S4a, Supporting Informa-
tion. To predict their swelling behavior, we compare the dry 
polymer content with the equilibrium water content (EWC) of 
our DNGHs. EWCs range from 81.5 to 98.0 wt% depending on 
DNGH composition, as summarized in Figure S4b, Supporting 
Information.

Granular hydrogels inherently possess locally varying com-
positions. In our case, grains are composed of PAMPS that are 
reinforced by PAM and hence, they constitute DN hydrogels. By 
contrast, the grain boundaries are composed of PAM only. To 
test the influence of the composition of our hydrogels on their 
mechanical properties under tension, we perform tensile tests 
on as-prepared DNGHs composed of AMPS microgels fabri-
cated from a 30 wt% monomer solution and a second network 
made from a solution containing 20  wt% AM. The granular 
hydrogel is significantly stiffer and tougher than bulk hydrogels 
composed of either PAMPS or PAM. The Young’s modulus of 
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the DNGH is fivefold higher than that of PAMPS and three-
fold higher than that of PAM. We attribute the high stiffness of 
DNGH to the chain entanglements that are topologically con-
strained between PAM chains and the microgel network, such 
that they cannot be easily displaced.[47] However, our DNGHs 
are twofold softer than unstructured DN counterparts, as sum-
marized in Figure 3a. We assign this difference to the PAMPS 
network that is not percolating the entire DNGHs but is only 
present within the microgels, in stark contrast to DNs.

A key requirement for the use of hydrogels for load-bearing 
applications is that they are tough such that they do not fail 
catastrophically if deformed within a well-defined range. To 
assess the toughness of our DNGHs, we quantify their frac-
ture strength. The fracture strength of the DNGH is more than 
tenfold higher than that of bulk PAMPS and PAM. Remark-
ably, the fracture strength of DNGHs is even threefold higher 
than that of the unstructured DN counterparts, despite of its 

lower Young’s modulus, as shown in Figure  3a. We attribute 
the corresponding increase in toughness to a stress concentra-
tion at the poles of the microgels due to a substantial mismatch 
in elasticity of the two interpenetrating networks, as has been 
described for microgel reinforced hydrogels.[48] These results 
demonstrate the potential of granular hydrogels possessing 
locally varying compositions for load-bearing applications and 
as dampers.

Most soft natural materials are subjected to complex loading 
profiles.[6] To test if our DNGH is sufficiently robust to sustain 
more demanding loading profiles, we perform compression 
measurements on DNGH, PAMPS, and PAM samples. The 
compressive modulus of the DNGH is twofold higher than that 
of PAM, as shown in Figure S5a, Supporting Information. The 
compressive stress increases even more: it reaches 0.8 MPa at 
60% strain which is three times higher than that of the PAM 
network. Furthermore, we test its ability to lift a 1  kg weight 

Figure 2. Rheology of jammed microgels. a,b) Frequency dependent viscosity (a) and amplitude sweep (b) of jammed microgels containing different 
cross-linker concentrations. All three samples display a characteristic shear-thinning behavior and a low yield strain. c) Self-healing behavior of jammed 
microgels containing 3.5 mol% cross-linker. The material transitions from a solid-like to a liquid-like state when subjected to high shear (γ  = 30%). 
The jammed solution recovers rapidly to its initial condition at low shear (γ  = 1%). The process can be repeated cyclically without deterioration of the 
ink performance. d) Step strain relaxation of a DNGH and jammed microgel ink. The difference in relaxation time is due to the presence of the second 
percolating network in DNGH.
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Figure 3. Mechanical characterization of DNGHs. a) Tensile tests of DNGH are compared to those of bulk PAMPS-PAM DN, and single PAM and PAMPS 
hydrogels. The granular material displays a toughening behavior typical of DN hydrogels that is threefold higher than the bulk DN counterpart. b) Photo-
graph of a hydrogel stripe with a cross section of 10 × 2 mm2 that has been loaded with a 1 kg weight. c) Tensile measurements of DNGHs prepared with 
30 wt% AMPS microgels and a PAM second network made from varying AM concentrations. The toughness of the samples increases with increasing AM 
concentration until it peaks at 25 wt% AM. d) Tensile measurements of DNGHs made of PAMPS microgels synthesized with varying AMPS concentrations 
that are embedded in a percolating network made from 30 wt% AM. The elasticity of the DNGHs increases with increasing AMPS concentration. e,f) Color 
maps of the Young’s moduli (e) and toughness (f) calculated as the area under the stress–strain curve of DNGHs as a function of the concentration of AMPS 
contained in the microgels and that of AM that forms the second percolating network. Reported values represent the mean of five repeated measurements.
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through a folded rectangular stripe with a cross section of 
10 mm × 2 mm, as shown in Figure 3b. Remarkably, the stripe 
is able to support the applied load for at least five loading cycles 
with no appreciable weakening, as exemplified in Movie S1, 
Supporting Information. These results demonstrate the poten-
tial of our DNGHs to be used for load-bearing applications.

The elasticity of DN hydrogels depends on the initial polymer 
content and cross-linker concentration of the first network.[19] 
To test if this is also the case for our DNGH where the first 
network is not percolating, we fabricate microgels containing 
different polymer contents and perform tensile tests on them. 
Indeed, the Young’s modulus of the DNGH increases from  
0.10 to 0.48  MPa with increasing polymer content until it 
reaches a plateau at 25  wt% AMPS, as shown in Figure  3c. 
The lower mechanical performance of the DNGH at 30  wt% 
AMPS is related to the poor swelling of the microgels in the 
second AM solution. A similar behavior is observed if we fix 
the polymer content of the AMPS microgels and vary the cross-
linker concentrations. For example, DNGHs prepared with 
14  mol% N,N′-methylene bisacrylamide (MBA) cross-linker 
possess a Young’s modulus fourfold higher than the corre-
sponding sample containing only 3.5 mol% MBA, as shown in 
Figure S5b, Supporting Information. However, the increase in 
the microgel cross-linker density decreases the fracture strain 
of the DNGH from 150% to 65%. To ensure good elasticity of 
the printed construct while maintaining good mechanical integ-
rity, we keep the crosslink density of the microgels constant at 
3.5 mol% in the following experiments.

Our results indicate that the mechanical properties of our 
DNGHs strongly depend on the polymer content of the micro-
gels and the second percolating network. To determine the best 
combination of the polymer contents of the microgels and the 
percolating network, we systematically and independently vary 
these two parameters and quantify the Young’s modulus and 
toughness of the resulting materials from tensile tests. The 
Young’s modulus of our DNGHs increases with increasing 
AMPS concentration, independent of the AM concentration 
used to form the second percolating network, as summarized 
in Figure  3e. This finding is in agreement with unstructured 
DN where the elasticity is mainly determined by the first net-
work.[21,49] The Young’s modulus of our DNGHs can reach 
values up to 0.57 MPa if they are composed of 30 wt% AMPS 
and 20 wt% AM.

The toughness of unstructured DNs is mainly determined 
by the loosely cross-linked secondary network.[16,44] To test if 
this is also the case for our DNGHs, we quantify the tough-
ness, calculated as the area under the stress–strain curve, for 
all the tested samples. Indeed, the toughness of our DNGHs 
increases with increasing AM concentration, as summarized 
in Figure 3d. The one clear exception to this trend presents the 
stiffest DNGHs that we formed, that also display a high tough-
ness of 0.53 MJ m−3. The maximum toughness of 0.66 MJ m−3 
is achieved for DNGHs prepared with 25% AMPS and 30% 
AM, as summarized in the color map in Figure 3f. The color 
maps of the Young’s modulus and toughness of our DNGHs 
nicely show that their mechanical properties can be tuned 
over a wide range by adjusting the concentrations of mono-
mers used to form the microgels and the secondary network, 
respectively.

An additional parameter that strongly influences the 
mechanical properties of unstructured DNs is the cross-linker 
density of the second network. To test if this is also the case for 
our DNGHs, we fabricate DNGHs with two different AM cross-
linker densities and test them under tension. At 0.02  mol% 
cross-linker concentration, the material displays the yielding 
behavior that is characteristic for conventional DN hydrogels, 
as shown in Figure S6a, Supporting Information. However, 
because of the low crosslink density, the bonds between micro-
gels are weak such that the material easily ruptures along the 
grain boundaries, as shown in Figure S6b, Supporting Informa-
tion. These results suggest a weak inter-particle adhesion. The 
toughness strongly increases, if we increase the AM crosslink 
density; by increasing it tenfold, the fracture strength increases 
from 50 to 600  kPa. Importantly, the increase in toughness 
does not compromise the stiffness of the DNGH; the Young’s 
modulus remains unchanged at 0.28 MPa. As a consequence, 
the fracture toughness of the DNGH increases more than ten-
fold if we increase the AM concentration to 0.2  mol%. These 
results demonstrate that the mechanical properties of DNGH 
can be tuned with the crosslink density of the percolating net-
work, by analogy to DN materials that contain individually dis-
persed microgels in them.[47] However, by contrast to the DN 
materials, our DNGH can be additive manufactured into com-
plex shapes. To ensure good shape-retaining properties of the 
ink and a good stability of the additive manufactured materials, 
we employ the formulation containing 0.2  mol% cross-linker 
for the following experiments.

2.4. Printability and Post-Curing Stability of DNGHs

An important asset of our DNGH is their fabrication from 
jammed microgels that shear-thin and rapidly recover when 
stress is relieved. We expect this rheological behavior to render 
our jammed microgels well-suited inks for 3D printing. When 
the ink is extruded through a 410 µm diameter nozzle, it is sub-
jected to significant shear stresses that lower the viscosity of 
the ink locally. The fast recovery of the elastic properties upon 
relaxation of the stress allows extruding a stable filament whose 
diameter is similar to that of the nozzle, as shown in the pho-
tograph in Figure 4a. Importantly, the extruded filament main-
tains the characteristic granularity of the ink, as evidenced form 
the fluorescent micrograph in Figure 4b.

Macroscopic 3D structures are typically printed by depos-
iting multiple layers on top of each other. To ensure good 
integrity of the 3D printed structures, subsequent layers must 
partially merge. Our ink is fundamentally different in that it 
is composed of jammed microgels that can re-arrange before 
a second percolating network is formed such that we expect it 
to enable printing junctions with good interconnections. To 
test our expectation, we print two perpendicular filaments in 
a grid-like geometry, as shown in Movie S2, Supporting Infor-
mation. Indeed, the junctions display good interconnectivity 
between adjacent layers already before the second percolating 
network is formed, as shown in Figure  4c. After the second 
percolating network is formed, the grid retains its shape and 
integrity even if removed from the substrate, as shown in 
Figure 4d.

Adv. Funct. Mater. 2020, 2005929
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The mechanical properties of additive manufactured mate-
rials are typically inferior to those of the corresponding bulk 
materials. This discrepancy is often related to a weak adhesion 
between sequentially deposited layers. Our ink offers an elegant 
possibility to overcome this limitation as the second, perco-
lating network is formed after the ink is 3D printed. There-
fore, we expect the interfaces between sequentially deposited 
layers to be equally strong as the grain boundaries within the 
printing plane. To test this hypothesis, we print a solid DNGH 
rectangular stripe where the printing direction is along its 
length and one where the printing direction is perpendicular 
to it, as schematically shown in Figure 5a. Remarkably, we do 
not observe any significant influence of the printing direction 
on the mechanical properties of these stripes, as shown in 
Figure  5b. This is in stark contrast to polymers that are addi-
tive manufactured using conventional, homogeneous inks.[50] 
Indeed, the Young’s modulus is the same as the one measured 
for molded samples, 0.28 MPa. Interestingly, the additive man-
ufactured samples possess a higher toughness than the corre-
sponding molded ones: DNGH printed stripes reach a fracture 

strength of more than 0.8 MPa and a maximum elongation of 
around 290%, compared to the molded samples whose fracture 
strength is 0.6 MPa and the maximum elongation is 150%. The 
superior mechanical properties are likely related to the more 
homogeneous distribution of microgels in printed samples and 
the lower density of defects such as air inclusions.

To put the mechanical performance of our 3D printed 
DNGHs in perspective with previously reported 3D printed 
hydrogel, we compare the Young’s moduli of these systems. 
Our DNGHs are stiffer than any of the previously reported for-
mulation, as summarized in Figure 6.[39,51–58] We assign this 
difference to the processing: our DNGHs are fabricated from 
jammed microgels such that we can independently optimize 
the rheological properties of the ink and the composition of the 
microgels. This is in stark contrast to most 3D printed hydro-
gels where these two parameters are closely coupled. Taking 
advantage of this important aspect, we can combine the extraor-
dinary mechanical properties of DN hydrogels with an additive 
manufacturing process, without compromising the printability 
and resolution of the ink.

Figure 4. Printing of jammed microgels. a) Photograph of the jammed microgel filament while it is extruded from a 410 µm conical nozzle. The material 
can be printed continuously without rupture yielding a filament with high shape fidelity. b) Fluorescent micrograph of the extruded granular filament. 
Microgels are labeled with sulforhodamine B sodium salt. The resulting granular filament has an average diameter of 500 µm. c) Optical micrograph 
of a printed grid demonstrating the high shape-retaining properties of the extruded layers. The curvature between crossing filaments suggests partial 
merging of subsequent layers. d) Photograph of a free-standing DNGH grid. Upon UV curing, the printed object can be removed from the substrate 
while retaining its shape, demonstrating the good interconnectivity between layers that is caused by the percolating second PAM network.

Figure 5. Effect of printing direction on mechanical properties. a) Photograph of DNGH stripes printed with perpendicular (top) or parallel (bottom) 
filament orientation. Microgels are labeled with sulforhodamine B sodium salt for visualization. b) Tensile measurements of DNGH stripes printed 
parallel and perpendicular to the long axis of the stripe. We cannot observe any influence of the printing direction on the mechanical properties. The 
toughness of additive manufactured DNGHs is significantly higher than that of molded samples.
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2.5. Potential Applications of DNGHs

Our results suggest that jammed microgels soaked in a mon-
omer solution are well-suited inks to additive manufacture 
strong and tough 3D hydrogels. This is an asset that has been 
difficult to achieve with previously reported 3D printed hydro-
gels.[59–61] To exploit this new feature, we 3D print our jammed 
microgels into high aspect ratio hollow cylinders, as shown in 
Figure 7a. Indeed, the additive manufactured DNGH structure 
can be repetitively compressed up to 80%, where it buckles, and 
retains its initial shape when the stress is released, as shown 
in Movie S3, Supporting Information. Importantly, we do not 
observe any signs of damage, even after samples have been 
unloaded, as shown in Figure 7b. The exceptional shape fidelity 
and mechanical stability of the construct hints at the poten-
tial of the jammed microgel-based ink to design mechanically 
robust granular materials possessing complex geometries.

A key feature of the ink introduced here is its ability to vary 
the composition of 3D printed objects locally without risking 
the introduction of weak interfaces that would sacrifice their 
mechanical properties. This feature can be achieved if materials 

Figure 7. 3D printing of DNGHs. a) Photograph of a hollow cylinder with an aspect ratio of 2 that can be printed with high shape fidelity. Microgels are 
labeled with sulforhodamine B for better visualization. b) Photographs of the hollow DNGH cylinder under compression. While compressed, the cylinder 
experiences strong deformation and buckling. The good elasticity of DNGH allows the cylinder to return to its initial shape when the stress is released. 
c) Fluorescent micrograph of two filaments labeled with different dyes, demonstrating the ability to control the composition locally. d) Photographs of 
an object that has been 3D printed with a structural and sacrificial ink. The sacrificial ink can be removed after the secondary network of the structural 
ink has been formed by immersing the material into an aqueous solution. e) Photographs of dual-ink printing of a shape-morphing flower. The object 
is fabricated from two layers with different swelling behaviors. The first layer is composed of microgels containing 3.5 mol% cross-linker, the microgels 
contained in the second layer contain 14 mol% cross-linker. As a result of the different swelling behaviors of the microgels and the secondary network, 
that ensures a good integrity of the overall structure, the DNGH flower can repetitively fold in opposite directions upon drying and immersion in water.

Figure 6. Ashby plot. Young’s moduli of various hydrogel inks plotted as 
a function of the total polymer content. DNGHs reported in this paper are 
stiffer than any other previously reported 3D printed hydrogel.
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are 3D printed from multiple inks, each one composed of 
jammed microgels possessing a well-defined composition that 
varies between the different inks; and all microgels are soaked 
in the same type of monomer solution. This ink formula-
tion allows covalent crosslinking of adjacent microgels even 
if these microgels originate from different types of inks and 
hence possess different compositions after they have been pro-
cessed into complex 3D structures. To demonstrate feasibility, 
we print an ink containing red microgels and one containing 
green microgels into a grid where the two types of hydrogels 
remain spatially separated, as illustrated in Figure 7c. To dem-
onstrate the importance of the second percolating network for 
the mechanical stability of the DNGHs, we print the EPFL logo 
from a structural ink composed of microgels that are soaked in 
a monomer-containing solution and fill the interstices with a 
sacrificial ink, namely one composed of jammed microgels that 
do not contain any monomers. After the second percolating 
network is formed through exposure to UV-light, we selectively 
remove the sacrificial ink by immersing the 3D printed struc-
ture into an aqueous solution. We obtain an integral material 
possessing well-defined centimeter-sized structures, as illus-
trated in Figure 7d and Movie S4, Supporting Information.

To demonstrate the advantage of co-printing inks com-
posed of microgels possessing different properties we 3D print 
shape-morphing DNGHs. Shape-morphing properties can 
be imparted to complex structures if they display anisotropic 
swelling behaviors.[62–64] To obtain this property, we employ 
microgels with different crosslink densities such that their 
swelling behavior varies. Indeed, if we print a flower whose 
first layer is composed of microgels possessing a lower cross-
link density than those contained in the second layer, the flower 
folds into opposite directions upon drying and soaking, as 
exemplified in Figure 7e. This example demonstrates the power 
and versatility of the presented method to fabricate responsive, 
smart, and soft materials that are sufficiently strong and stiff to 
bear significant loads.

3. Conclusion

We introduce a modular, versatile method to additive manufac-
ture strong and tough complex hydrogels. The hydrogels are 
composed of jammed microgels that are connected through 
a second covalently cross-linked percolating network. Our 
approach combines the advantageous rheological properties of 
jammed microgels with the excellent mechanical properties of 
double network hydrogels to additive manufacture strong and 
tough granular hydrogels that can optionally be rendered adap-
tive. Because adjacent microgels are embedded in a percolating 
3D network, the mechanical properties of the additive manufac-
tured materials are isotropic and independent of the printing 
direction. Importantly, the two-step approach to fabricate 
DNGH is not limited to hydrogel particles but can be extended 
to a broad range of materials that can be processed into porous 
particles. Thereby, it significantly enlarges the range of mate-
rials that can be 3D printed into complex mechanically robust 
materials. The flexibility in the granular ink design and excel-
lent control over the micrometer length scale structure opens 
up new possibilities to design the next generation of strong and 

tough soft robots and implants that can adapt their properties 
locally in response to external stimuli.

4. Experimental Section
Materials: AMPS (Sigma-Aldrich, 282731), AM (Sigma-Aldrich, 

A4058), MBA (Carl Roth, 7867.1), 2-hydroxy-2-methylpropiophenone 
(PI) (Sigma-Aldrich, 405655), mineral oil light (Sigma-Aldrich, 330779), 
Span80 (TCI Chemicals, S0060), sulforhodamine B sodium salt (Sigma-
Aldrich, S1402), fluorescein disodium salt (Carl Roth, 5283.1), and 
ethanol (Sigma-Aldrich, 459844) were all used as received.

Preparation of PAMPS Microgels: An aqueous solution containing 
30 wt% AMPS, 3.5 mol% MBA, and 3.5 mol% PI was prepared, unless 
specified differently. The aqueous phase was emulsified with a mineral 
oil solution containing 2  wt% Span80. The water-in-oil emulsion was 
stirred while being illuminated with UV light (OmniCure S1000, Lumen 
Dynamics, 320–390 nm, 60 mW cm−2) for 5 min to convert drops into 
microgels. The resulting PAMPS microgels were transferred into ethanol 
and centrifuged at 4700 rpm for 15 min (Mega Star 1.6R, VWR) to remove 
the oil. The supernatant was discarded, and the process was repeated 
thrice with ethanol and thrice with water. Clean PAMPS microgels were 
resuspended in water for storage. To render microgels fluorescent, the 
authors added 0.05 mg of sulforhodamine B sodium salt or fluorescein 
disodium salt per milliliter of microgel solution.

Preparation of Jammed PAMPS ink: The solution containing dispersed 
PAMPS microgels was centrifuged and the supernatant was exchanged 
with excess aqueous solution containing 20  wt% AM, 0.2  mol% MBA, 
and 1.5  mol% PI. Microgels were soaked overnight. The solution 
containing PAMPS microgels was vacuum filtrated (Steriflip 50 mL tube, 
0.22 µm, Millipore) to yield a jammed microgel ink.

Preparation of Molded DNGHs: The granular ink was casted into 
Teflon molds of cylindrical (d  =  8  mm, h  =  2  mm) or rectangular 
(15  ×  5  ×  2  mm3) shape, for compression and tensile measurements, 
respectively. The samples were cross-linked for 5  min under UV light 
(UVP CL-1000, Analytik Jena, 365 nm, 2 mW cm−2).

Preparation of Bulk Double Network Hydrogels: An aqueous solution 
containing 30  wt% AMPS, 3.5  mol% MBA, and 3.5  mol% PI was 
prepared. The AMPS solution was casted into Teflon molds for tensile 
measurements. The samples were cross-linked for 5 min under UV light 
(UVP CL-1000, Analytik Jena, 365  nm, 2  mW  cm−2). PAMPS hydrogels 
were immersed overnight in an aqueous solution containing 20  wt% 
AM, 0.2  mol% MBA, and 1.5  mol% PI. Soaked samples were then 
exposed to UV illumination for 5 min to trigger the PAM second network 
percolation.

3D Printing of DNGHs: The jammed microgel ink was loaded in a 
3  mL Luer lock syringe. To remove trapped air, the syringe was sealed 
and centrifuged at 4700  rpm for 1  min. Additive manufacturing of 
jammed microgels was performed with a commercial 3D bioprinter 
(Inkredible+, Cellink). The granular ink was extruded from a conical 
nozzle (410 µm) through a pressure driven piston (30 kPa). Printing was 
controlled through G-code commands that were generated by a built-in 
machine software (Cellink HeartWare). Printing was performed on a 
glass substrate with a starting gap of 0.1  mm. Printed structures were 
cross-linked by exposing them to UV light (UVP CL-1000, Analytik Jena, 
365 nm, 2 mW cm−2) for 5 min.

Rheology of Jammed PAMPS Microgels: Rheology was performed 
on a DHR-3 TA Instrument with an 8 mm diameter parallel plate steel 
geometry. All measurements were performed at 25 °C, with an 800 µm 
gap. Frequency dependent viscosity measurements were made at 0.5% 
strain. Amplitude sweep was performed at 1.0  rad  s−1 oscillation. Self-
healing measurements were performed at 1.0  rad s−1, alternating 200 s 
at 1% strain, with 200  s at 30% strain. Samples were allowed to relax 
for 200  s at the set temperature before a measurement starts. Stress 
relaxation measurements were made for cross-linked and uncrosslinked 
microgels with an initial step strain of 10% and measured for 10 s. The 
gelation measurement was done at 1% strain and 10  rad s−1 frequency 
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for 250 s. The liquid sample was loaded on the rheometer, and the UV 
lamp was switched on at t = 25 s to initiate the polymerization reaction.

Mechanical Characterization of DNGHs: Tensile measurements were 
performed with a commercial machine (zwickiLine 5  kN, 100  N load 
cell, Zwick Roell). Rectangular DNGH were mounted and stretched at a 
constant velocity of 100 mm min−1. The Young’s modulus was calculated 
as the slope of the initial linear region (from 5% to 15% strain). The 
toughness was calculated as the area below the stress–strain curve of 
an un-notched sample until fracture. The quantity was expressed as the 
energy absorbed until fracture per unit volume (J  m−3). Compression 
measurements were performed on a rheometer equipped with a parallel 
plate geometry (DHR-3, 50  N load cell, TA Instrument). Cylindrical 
DNGH were compressed at a constant velocity of 1.2  mm  min−1 until 
60% strain was reached.

Dry Polymer Content and EWC: The dry polymer content of AMPS 
microgels and DNGHs was calculated as the ratio of dry sample weight 
over as-prepared weight (Wd/Wap⋅100). The EWC was calculated as the 
ratio of dry sample weight over fully swollen sample weight (Wd/Ws⋅100).

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