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Hydrogels have emerged as leading candidates to reproduce native extracellular matrix. To provide 
structures and functions similar to tissues in vivo, controlled porosity and vascular networks are 
required. However, fabrication techniques to introduce these are still limited. In this study we propose 
stereolithography as a fabrication technique to achieve 3D vascular networks using water-based 
solvents only. A 3D printable hydrogel is formulated based on available commercial chemicals such 
as acrylamide (AAm) and polyethylene glycol diacrylate 700 (PEGDA700), with nanocellulose crystals 
(CNC) as a nanofiller. An optimisation procedure to increase resolution, tune porosity as well as 
mechanical properties is developed. The results highlight the importance of photoabsorber addition 
to improve channel resolution. We demonstrate that with the adequate choice of chemicals and fillers 
for photocurable formulations, structural and functional properties of the fabricated scaffold can be 
tailored, opening the path for advanced applications.

Introduction
Hydrogels are hydrophilic 3D polymeric networks that are 
cross-linked together using ionic, covalent, or physical cross-
links with the capability of holding large volumes of water. These 
hydrophilic materials possess numerous unique properties such 
as flexibility, transparency, permeability, biocompatibility, and 
low friction [1, 2]. Natural, synthetic and hybrid polymer for-
mulations allow for a wide range of hydrogels with varying bio-
chemical and mechanical properties to be formed [3, 4]. These 
often consist of hydrophilic chemical groups such as –NH2, 
–COOH, –OH, –CONH2, –CONH, and –SO3H [5, 6].

Single network hydrogels, usually consisting of a cross-
linked hydrophilic homopolymer, are soft, weak and brittle. 
Their tensile and compressive properties are normally in the 
sub-MPa range and their ability to withstand strains are com-
monly less than 100%. However, load-bearing and naturally 
occurring soft tissues are much tougher, stronger and can handle 
strains greater than 100%. Developments in hydrogel technology 
have moved past single network systems due to their physical 

and biochemical limitations [7]. To develop novel alternatives 
for existing biomaterials, double network (DN) hydrogels have 
been created using two contrasting polymer networks resulting 
in a synergetic effect capable of replicating the physical proper-
ties of native human tissue such as cartilage and bone [8–10]. 
Nanocomposite structures such as silica nanoparticles (SNPs) 
[11], copper nanopowder [12, 13], laponite clay [13], nanoceria 
(NC) [14] and nanocellulose crystals (CNC) [15, 16] have been 
used to further enhance the material properties of hydrogels. 
The integration of nanocomposite structures results in inter-
nal physical reinforcement to external forces, enhanced cellular 
attachment due to changes in topography and a potential for 
electrical signals and sensing [8, 11, 17, 18].

The polymer networks that make up hydrogels are often 
created using conventional fabrication techniques such as ther-
mal and photo polymerisation [19, 20]. These polymerisation 
processes often require degassing of oxygen to ensure no unre-
acted toxic monomers are left in the bulk of the material [11]. 
Therefore, material synthesis often takes place in closed systems. 
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Closed systems limit the complexity of the physical design of 
the hydrogel, resulting in primitive shapes such as cylinders or 
cubes. Conventional manufacturing approaches, such as mould-
ing, lack geometric flexibility and require extended curing time 
for bulk material synthesis. Moulding also limits the possibility 
to customise each sample rapidly, as each mould requires time 
and is often expensive.

However, real-world applications such as tissue engineered 
scaffolds, microelectronics and substrates for soilless cultiva-
tion require complex architectural designs [21–23]. For example, 
hydrogels can benefit from complex structures such as vascu-
lar and tubular networks for nutrient distribution, blood ves-
sel penetration and cellular growth in tissue engineering [4, 7], 
integrated root growth through complex channels in substrates 
for soilless cultivation [23], capillary structures for smart elec-
tronics and MEMS devices [24–27], or customisable wearable 
technologies with sensing capabilities in smart textiles [28, 29]. 
The limitations faced in bulk synthesis with regards to shape and 
design complexity in hydrogels can be overcome using advanced 
techniques such as 3D printing.

3D printing eliminates the need for closed system material 
synthesis used in conventional manufacturing. Closed systems 
refer to fabrication processes whereby a material is created in 
an enclosed mould or cast that determines its final shape, whilst 
3D printing builds on an open platform. 3D printing can signifi-
cantly reduce the production costs, whilst speeding up testing 
processes and allowing for customisable solutions. Stereolithog-
raphy (SLA), which is a light-based 3D printing technique, has 
become one of the most versatile and commonly used technolo-
gies. A photocurable resin is placed in a printing tank with a 
transparent base, such as PDMS, that is exposed to a UV-light 
laser [30]. This causes the resin to be photopolymerised against 
a build platform that moves in the z-axis in a precise and con-
trolled manner. Current commercially available SLA printers 
have the capability of moving within accuracies of 5–200 µm in 
the z-axis, with current laser-spot size as small as 85 µm and XY 
resolution as accurate as 25 µm.

3D printing formulations commonly consist of monomers 
that build the backbone of the material, cross-linkers that allow 
the material to solidify, photoinitiators that interact with light to 
initiate the reaction, and when required, photoabsorbers to limit 
the penetration of light to achieve a higher resolution [31]. How-
ever, limited success has been achieved in printing hydrogels 
with intricate and complex internal structures for applications 
that require a vascular network. This is due to the large water 
content relative to the reactive monomers, meaning the layer-by-
layer build is compromised due to insufficient adhesion issues 
on the build plate, as well as difficulty in forming a structure that 
is able to support itself against gravity. Further, light penetration 
and depth whilst printing needs to be finely tuned to achieve 
the complex structures required by design. Therefore, effective 

photopolymerisation using 3D printing is highly dependent on 
carefully designed resin formulation. These formulations must 
be able to handle fast curing times that allow for continuous 
layer-by-layer builds, whilst maintaining a high resolution with 
low compound error throughout each layer [31].

Recent studies have shown nanocomposite structures can 
enhance mechanical properties of hydrogels after a specific 
threshold of loading has been reached within the material [32]. 
This is due to either covalent bonding points between the nano-
structure and the polymer network, or as physical reinforce-
ment to withstand damage against strain [26, 27]. A recent study 
has shown that nanocellulose crystals (CNC) has the ability to 
enhance the mechanical properties of a PEG based photocurable 
resin using SLA [26]. CNC provides valuable material proper-
ties such as biocompatibility, hydrophilicity, cellular attachment 
points, and modifiable stiffness [26, 33, 34]. Previous research 
has shown consistent mechanical properties with the addition of 
CNC at concentrations ranging from 0 to 2.4 wt% [35].

This study provides evidence that printing high-water con-
tent hydrogels with complex interconnected internal structures 
is feasible using SLA. The monomers used to create the hydrogel 
structures in this work will be acrylamide (AAm) and polyeth-
ylene glycol diacrylate 700  (PEGDA700), with CNC as a nano-
filler. The choice of monomers was made according to previous 
studies [36]. Three structures (Solid, Hole and Lattice designs 
as shown in Supplementary Information 2) will be designed to 
determine the resolution, swelling and mechanical properties of 
the printed hydrogels. The study aims to show that high-water 
content hydrogels can be printed with high resolution and com-
plex lattice structures, and that their mechanical properties can 
be tuned based on CNC content, as well as design.

Results and discussion
Acrylamide/PEGDA700 hydrogels loaded with 0%, 0.2% and 1% 
cellulose nanocrystals (CNC) were successfully printed using 
a Form2 3D printer (Formlabs, USA) as represented in Fig. 1. 
For all three compositions, CAD designs of 1 cm × 1 cm × 1 cm 
cubes with Solid, Hole and Lattice structures were printed. All 
structures were printed on the same platform, as shown in Sup-
plementary Information 1. Prior to achieving full 3D prints, an 
optimisation process was used to determine the optimum con-
centrations for each formulation. This was applied to achieve 
a printing resolution capable of creating the complex lattice 
structures.

Optimisation process

There has been much discussion about 3D printing optimisation 
for hydrogels. Successful biofabrication of hydrogels depends on 
both geometric accuracy and cell viability. These are dependent 
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on the different printing parameters available (e.g. layer height, 
orientation), as well as the chemistry of the printing resin. The 
majority of biofabrication strategies revolve around material 
extrusion printing, hence research efforts have been directed to 
provide printing optimisation processes for this fabrication tech-
nique [37]. With regards to stereolithography, printing accuracy 
has been defined in several papers by trueness and precision 

[38, 39]. However, these studies are not specific to hydrogel 
fabrication. In this section, we will describe our novel printing 
optimisation process to achieve a successful hydrogel print, as 
presented in Fig. 2.

The first step during resin optimisation is to prepare a base 
formulation consisting of the chosen monomers and cross-
linkers, a photoinitiator and a solvent. In this work, acrylamide 

Figure 1:  Schematic representation of a 3D printing process using a  PEGDA700/AAm formulation with CNC precursors as nanocomposite fillers.

Process optimization

Prepare base formulation Monomers, medium, 
photoinitiator

Fully op�mised 3D prints

Full VAT printing

Tune photoabsorber 
concentration

Add photoabsorber to 
formulation

Spot tests printed?

Standard tests Have the desired 
channels printed? 

Standard tests Have the desired 
channels printed? 

STL file Printed?

YES
NO

Figure 2:  Process optimisation route for SLA printing hydrogels.
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(AAm) was the chosen monomer, poly (ethylene glycol) dia-
crylate  (PEGDA700) as a cross-linker, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) as the photoinitiator and 
deionised water (DI-water) as the solvent. Once the base for-
mulation is prepared, it is subjected to a spot test. A spot test is 
done by removing the build plate from the printer and allowing 
the laser trace to shine on the tank where the resin is placed. 
In this case, a disc 1 cm in diameter is left to trace for 1 layer. 
Once the layer is complete, the resin is examined to check if the 
formulation polymerises and forms a solid disc. If unsuccessful, 
the concentration of monomers and/or photoinitiator system is 
increased incrementally. Once a successful spot test is achieved, 
the disc diameter is measured and compared to the CAD file to 
determine whether there is any overcuring. Overcuring is the 
process in which light propagates longer than the desired time of 
exposure, and outside of the desired region of the CAD design.

If any overcuring occurs, a photoabsorber 1-phenylazo-
2-naphthol-6,8-disulfonic acid disodium salt (synonym; Orange 
G) is added to the formulation. Photoabsorbers limit the pen-
etration depth of light, resulting in higher accuracy prints rela-
tive to the original CAD design. The tests developed in this study 
using the disc and minimum channel design (See Supplemen-
tary Informations 3 and 4) are used to evaluate the trueness and 
precision of the print. For statistical evidence, three standard 
tests are printed each time. After post-curing, the disc is visu-
ally inspected and if overcuring is observed, the photoabsorber 
concentration can be increased to limit the penetration depth.

Once the formulation is optimised, a full VAT of the desired 
model is printed. Depending on the model overhangs, printing 
resolution can be improved by choosing a smaller layer height. 
The structure is then examined using optical microscopy and 
Image J for analysis. Blue dye can be added to the printed struc-
ture to help increase contrast whilst using the optical micro-
scope. If overcuring is still occurring on specific parts of the 
desired print, then a higher concentration of photoabsorber is 
added and hydrogels are reprinted. This process is repeated until 
the prints are formed within acceptable tolerances to their CAD 
design. It is important to note that a threshold of photoabsorber 
can be reached where light penetration is no longer sufficient 
to build layers, and causes the print to fail, this is known as 
undercuring.

Minimum channel diameter analysis: Parameter 
optimisation

Based on a total mass of 100 g DI-water, a resin formulation 
consisting of 15 w/w% AAm and 5 w/w%  PEGDA700 was mixed. 
Relative to the mass of AAm and  PEGDA700, 0.2% CNC, 1 w/w% 
photoinitiator (LAP) and an initial 0.04 w/w% concentration of 
photoabsorber Orange G were added as described in the experi-
mental section.

Prints were placed under a microscope to evaluate the 
minimum channel width that is feasible using optimised for-
mulations using 0.2% and 0.4% Orange G (Fig. 3). A CAD file 
was created using Autodesk Fusion 360, with dimensions of 
20 × 6 mm in x/y and 5 mm in z height. Square channels of vary-
ing width were constructed as reported in Fig. 3. Microscope 
analysis shows that trueness improves as the measured values 
become closer to the intended value for the formulation with 
0.4% photoabsorber (Fig. 3e). Considering that the minimum 
spot size for Formlabs 2 is 140 µm, the minimum channel width 
printed is 280 µm using the optimised formulation. The meas-
ured interval starts to deviate significantly from the intended 
size below 500 µm. This means that our formulation produced 
for VAT stereolithography can reliably produce channels with a 
width of 500 µm. Figure 3 demonstrates the change in resolution 
that occurs when increasing the photoabsorber concentration 
from 0.2 to 0.4%.

Swelling

3D printed hydrogels across all three CNC concentrations 
were able to sustain the uptake of water without deformation 
or breakage, demonstrating viable mechanical integrity under 
hydrostatic pressures. This is a significant property for hydrogels 
as it suggests the shape of the prints can be maintained for their 
specific application, whilst swelling in hydrophilic mediums. 
Swelling studies were performed on the printed hydrogels to 
evaluate whether there is a difference in swelling ratios across 
print designs and CNC concentrations, presented in Fig. 4. 
Swelling Ratio Percentages (SR%) were measured according to 
the formula below:

where Wtf represent the weight of the swollen sample after 48 h 
and Wt0 is the weight of the sample before swelling. The swell-
ing ratio of 0% CNC was the largest across the three concen-
trations, whilst 1% CNC showed the lowest swelling ratio. The 
results suggest that as the concentration of CNC increases in the 
resin, the swelling ratio decreases. This is potentially due to CNC 
acting as a filler and creating a denser, more compact network 
within the hydrogel, resulting in lower water uptake. In addi-
tion, CNC is hydrophilic, hence hydrogen bonding between the 
filler and the polymer chains may occur, decreasing the avail-
ability for hydrogen bonding with water. As the concentration of 
CNC increases, this effect becomes more pronounced as a result 
of stronger interfacial interaction between the PEGDA, AAm 
and CNC. Consequently, water molecules are hindered from 
penetrating into the cross-linked polymeric network [40]. The 
nanocomposite structure of the prints reduces the free volume 
available for water. Swelling ratios for Solid structures without 

SR(%) =
Wtf −Wt0

Wt0
× 100
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CNC reached 42%. The addition of 0.2% CNC reduced the swell-
ing ratio for Solid structures to 32%, and further down for Solid 
structures 25% with 1% CNC. A similar trend was seen for the 
lattice structures.

The impact of water uptake and swelling on the dimen-
sions of the 3D printed hydrogels was examined using an opti-
cal microscope. The Lattice 3D printed hydrogels were imaged 
under blue dye to increase contrast, as visualised in Fig. 5. Rep-
resentative images showing changes in the width of the central 

channel were studied. The results are summarised in Table 1. 0% 
CNC resulted in 17.2% change in channel diameter after swell-
ing, whereas 0.2% CNC exhibited a 12.1% increase. Increasing 
CNC to 1% resulted in only a 0.8% increase in diameter. This 
suggests that a concentration as low as 1% CNC is effective at 
reducing changes in the structure whilst still allowing the mate-
rial to absorb < 30% water.

The channel width increases in diameter as swelling occurs; 
however, the mechanical integrity of the 3D printed hydrogels 

Figure 3:  Fully optimised prints. (a) CAD file specifying the dimensions of the design structure used to study ‘measured vs. intended’ dimensions in mm, 
(b) image of STL file used for printing, and (c) printed hydrogel with 0.4% photoabsorber Orange G imaged using blue dye to highlight all channels are 
visible. Graphs showing the Measured (3D printed) vs. Intended (CAD) sizes of channels printed using (d) 0.2% Orange G and (e) 0.4% Orange G.
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are preserved, suggesting cross-links between the polymer 
chains are stable and sufficient to sustain hydrostatic pressures. 
The increase in channel width is more distinct in the samples 
with 0% CNC. As described previously the incorporation of 

nanofillers results in stronger adhesive forces which limit the 
impact of water swelling. The increased concentration of CNC 
within the prints, and ultimately within the polymer networks, 
reduces the free space for water uptake due to tighter cross-
linking, which limits the hydrogel from expanding as freely [41].

Fourier‑transform infrared spectroscopy (FTIR) 
analysis

FTIR spectroscopy was used to investigate the presence of unre-
acted monomers in the printed hydrogels. The results of the 
FTIR study are shown in Fig. 6, and the summary of the bands 
is presented in Table 2. Samples were compared directly after 
printing (Fresh), after being washed in water (Wash only), and 
after being washed and post-cured (Wash and Post-cure). The 
FTIR spectra of the 3D printed specimens shows the presence 
of a broad band at 3200  cm−1 representing water bonding to 
the polymer network. The peaks between 2900 and 2850  cm−1 
represent the aliphatic C–H stretching that are characteristic 
of the polymer backbone. In addition, the typical double bond 
C=O peak around 1654  cm−1 and the C=O group at 1717  cm−1 
are present across all spectra. As the samples are washed and 
post-cured it can be observed that the unreacted monomer 
containing C–H bonds, initially present at 938  cm−1, disappears 
completely after samples are washed and post-cured. Washing 
the prints by allowing them to swell in water allows the unre-
acted monomers or cross-linkers to leach out. The monomers 

Figure 4:  CAD designs of the Hole, Lattice and Solid structures used to 3D 
print the hydrogels and graph showing swelling ratios of 0% CNC, 0.2% 
CNC and 1% CNC hydrogels with Solid, Hole and Lattice structures after 
48 h in water.

Figure 5:  Representative images of Lattice prints before (0 h) and after swelling (48 h). A = 0% CNC; B = 0.2% CNC; C = 1% CNC. At 48 h, the prints 
become more transparent due to the photoabsorber being released during swelling.
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and cross-linkers that are unable to leach out are then photopol-
ymerised by a post-curing step. As acrylamide is cytotoxic as 
a monomer but biocompatible as a polymer, post-processing 

by washing and post-curing the prints’ is a vital step to ensure 
minimal cytotoxicity for downstream applications.

Mechanical tests

Mechanical testing of the 3D printed hydrogels was conducted 
and compared against their respective Bulk samples, as well as 
increasing design complexity from solid structures to an inter-
nal lattice structure. For tissue engineering applications, design 
complexity and structural integrity is crucial for supporting 
organisms to proliferate and grow. 3D printed structures that 
undergo swelling will also require the ability to withstand inter-
nal hydrostatic pressures whilst absorbing water. In this study, 
samples were tested under mechanical compression until failure 
was observed. Prior to testing, samples were swollen in DI-water 
until a plateau in mass was reached. Figure 7 provides a com-
parison of the mechanical properties of the varying concentra-
tions of CNC with varying internal structures, compared to their 
respective Bulk material.

The 0% CNC 3D printed hydrogels exhibited a higher com-
pressive strength compared to the samples incorporating CNC at 
0.2% and 1%. A fracture compressive stress of 344 ± 95 kPa was 
recorded for 0% CNC Solid samples compared to 201 ± 39 kPa 
and 102 ± 14 kPa for Solid samples of CNC at 0.2% and 1%, 
respectively. At the concentrations tested in this study, the incor-
poration of CNC results in a decrease in hydrogel crystallinity 
and therefore a decrease in compressive strength [32]. Change 
in the internal designs of the hydrogels impacts the compres-
sive stress and deformation significantly. With increasing design 
complexity, from Solid to Hole to Lattice structures, the com-
pressive strength decreases. For all concentrations of CNC, the 
lattice structure demonstrated the lowest compressive strength 
averaging at 29 kPa and deformation values below 20% for all 
specimens. This is due to the increase in potential failure points 
within the lattice when a stress is applied. These results dem-
onstrate the possibility to tune hydrogel designs to achieve a 
particular elasticity, toughness and strength [42].

In addition, Bulk samples were analysed to evaluate the 
effect of 3D printing on the mechanical properties of the hydro-
gels. The Bulk samples are able to withstand larger deforma-
tions, with an average of 40% strain compared to all printed 
samples, this is likely due to the longer polymer chains hold-
ing the internal structure together. However, it was observed 
that the compressive strength of the Bulk was lower than the 
3D printed Solid structure with 0% and 0.2% CNC. This effect 
has to be further investigated as the three statistical repeats 
taken during the measurement demonstrate a variability in 
the compressive stress values for the Solid samples. The over-
all increase in compressive stress for the 0% and 0.2% CNC 
Solid Samples is likely due to the compact layer-by-layer build 
of the 3D prints which act as reinforcement stacks for the Solid 

TABLE 1:  Effect of swelling on 
channel width dimensions as a 
function of CNC%.

Values are reported as an aver-
age of three repeats from the 
same printing batch.

CNC 0 h 48 h Increase

% mm mm %

0 2.5 3.0 17.2

0.2 2.4 2.7 12.1

1 2.3 2.3 0.8

Figure 6:  FTIR spectra of 3D printed AAm/PEGDA700 hydrogels with 0% 
CNC directly after printing (Fresh), after being soaked in water for 48 h 
(Wash Only), and soaked in water for 48 h and post-cured (Wash and 
Post-cure). Please refer to Table 2 for a summary of the FTIR bands (A–L).

TABLE 2:  Summary of FTIR bands for 3D printed AAm/PEGDA700 hydro-
gels.

Bond Type
Wavenum-
ber  (cm−1)

A N–H Stretching 3330

B O–H Water remaining in sample 3082

C C–H Alkyl stretching 2950

D C=O Carboxylic acid 1717

D C=O Stretching, coupled with N–H bending 1654

E N–H N–H bending 1580

F C–N Stretching primary amide 1420

G C–H Deformation 1350

I N–H Bending 1238

J NH2 In-plane rocking 1120 1100

K C–OH Side group vibrations 1043

L C–H Out-of-plane rocking 938
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Figure 7:  Mechanical testing in compression of Bulk vs. 3D printed hydrogels with solid, hole and lattice structures with CNC concentrations of (a1) 0%, 
(a2) 0.2% and (a3) 1%. Images of (b1) Bulk, (b2) solid, (b3) hole and (b4) lattice samples with 0.2% CNC.
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print as well as local curing with short-pulsed lasers with high 
energy doses (pulsed-laser polymerisation) compared to a less 
controlled polymerisation occurring in the Bulk Samples. This 
effect is reduced at 1% CNC due to a likely further decrease in 
crystallinity [32] and CNC acting as a nanofiller which creates 
more failure points within the structure. This results in a lower 
compressive strength compared to its Bulk counterpart at 1% 
CNC. This could also be a result of weaker layer adhesion due to 
light scattering caused by CNC during the 3D printing process 
as well as making the hydrogel less uniform. In addition, CNC 
particles may sediment during the 3D printing process, causing 
inhomogeneous distribution within the print. As CNC concen-
tration increases, it is also expected that it will hinder the longer 
polymers from moving freely resulting in decreased free volume 

[26]. A decrease in free volume will results in less water uptake 
and stiffer networks, hence a decrease in deformation values.

Scanning electron microscopy (SEM)

To examine the internal hydrogel structure, SEM was used to 
determine the presence of CNC polymer webs and CNC aggre-
gates as well as a qualitative analysis on porosity within the 
hydrogel structure. All samples were frozen to − 80 °C and then 
freeze-dried for 24 h prior to imaging. Figure 8 shows the dif-
ferences between cross-section of the Bulk hydrogels and Solid 
3D printed hydrogels. CNC polymer webs become more evi-
dent with increasing CNC concentration. CNC polymer webs 
consist of polymers that become entangled with CNC during 

Figure 8:  SEM analysis of Bulk vs. 3D printed Solid hydrogels for 0%, 0.2% and 1% CNC. All images were taken at × 150 magnification.
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photopolymerisation. For 3D printed specimens this behaviour 
propagates along the internal structure in the x–y plane during 
printing process. This can be seen through the SEM images of 
the cross-sections of the 3D printed hydrogels (Fig. 8). This is 
more prominent between layers in the 3D printed structures 
relative to the Bulk samples where the CNC presence would be 
integrated into the overall polymer network. This is due to the 
inherent photopolymerisation techniques used for both struc-
tures. For SLA, the laser shines for a defined number of seconds 
per layer and stops before moving to the next layer. The pause 
in between each layer causes the photopolymerisation to stop, 
and therefore the chains are limited in length due to this on/
off process. The photopolymerisation process starts again once 
the next layer is being formed. Alongside this, the local area 
where the photopolymerisation occurs is displaced with fresh 
resin as the platform moves up and down, which keeps the resin 
well-mixed and homogenous. In contrast, Bulk photopolymeri-
sation occurs for a set reaction time with a light shining across 
the entire Bulk, without pausing or displacing the local volume, 
resulting in longer molecular weight chains. However, the cen-
tre of the Bulks volume will have a different light and energy 
exposure compared to the surface. Therefore, the Bulk samples 
require a longer reaction time to ensure a complete photopoly-
merisation occurs throughout the entire volume.

The SEM images also provide evidence that sonification of 
CNC prior to printing was sufficient to ensure homogenous 
dispersion as no CNC aggregates were observed. Finally, com-
pared to the Bulk samples, the 3D printed hydrogels show a 
more homogenous porous structure due to the repetitive layer-
by-layer photopolymerisation process which provides consistent 
illumination and energy distribution in a localised region. The 
differences between the cross-sectional structures at the micro-
scale of the 3D printed samples compared to Bulk samples pro-
vide further insight into the physical properties of these hydro-
gels. Further studies such as mercury porosimetry can be carried 
out for further investigation on total pore volume between the 
Bulk and Solid sample.

Conclusion
In this work, we have successfully developed an optimisation 
process for 3D printing hydrogel structures using a Stereolithog-
raphy 3D printing technique. A photocurable formulation has 
been demonstrated using commercially available monomers. 
Control on the mechanical properties and multi-dimensional 
pore structure is achieved by varying structure design and CNC 
concentration. The incorporation of CNC at low percentages 
results in a decrease of the overall mechanical properties of the 
structure but improves shape fidelity and results in a reduction 
in dimensional changes after swelling. Also, the presence of 
CNC polymer webs influences surface topography by providing 

it with extra roughness. This could be advantageous for cell 
attachment and proliferation and therefore beneficial for appli-
cations in tissue engineering. The versatility of the hydrogels 
in this study could also be advantageous across several other 
fields including hydrogels for soilless cultivation and soft robot-
ics, where rapid prototyping can be used to identify optimal 
designs. Exploiting the benefits of hydrogels and combining 
them with additive manufacturing techniques can lead to the 
fabrication of a bionic system. Such a system could provide an 
enhanced habitat for complex organisms to thrive by tuning the 
design and chemical properties of the system.

Materials and methods
Materials

The following reagents were purchased from Sigma-Aldrich 
(Dorset, UK) and used as received unless stated otherwise: 
acrylamide (AAm; ≥ 99%), poly (ethylene glycol) diacrylate 
(PEGDA 700; average Mn 700), lithium phenyl-2,4,6-trimeth-
ylbenzoylphosphinate (LAP; ≥ 95%), 1-phenylazo-2-naph-
thol-6,8-disulfonic acid disodium salt (Orange G). Cellulose 
Nanocrystal (CNC; diameter: 10–20 nm, length: 300–900 nm) 
was purchased from Nanografi and used as received.

CAD design and 3D printing software

Test specimens consisted of 1  cm3 cubes designed using Fusion 
360 (Autodesk, USA). The designs consisted of a solid cube 
(Solid), a cube with a single channel (Hole) and a cube with inter-
connected channels (Lattice). The three designs were saved as STL 
files and uploaded to the Formlabs printing software (Preform) 
without the addition of any support structures. The settings used 
were ‘Clear Laser V.4’ and a layer build height of 100 µm. The STL 
files were then uploaded directly from Preform to a Form2 printer.

Discs and minimum channel structures were also designed 
to evaluate the printability and highest possible printable resolu-
tion for the formulation in this study. The dimension of the discs 
was 1 cm in diameter, whilst the minimum channel structures 
were 0.2. 0.3 0.4, 0.5 and 0.75, 1, 1.25 and 1.5 mm in width on 
the top surface. The channel structures were printed with a taper 
angle to facilitate the creation of a channel with dimensions on 
the top surface as mentioned above. The taper angle mitigates 
the effect of light penetrating from previous layers and hence 
causing overcuring of the channel.

Resin formulation and 3D printing

Based on a final total resin volume of 250 g, 15 w/w%  PEGDA700 
and 5 w/w% AAm monomers were added to a clean 250 ml amber 
bottle. 200 g of deionised water was added to the mixture and 
left to stir using a magnetic stirring plate for 30 min until fully 
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dissolved. Next, 1% LAP and 0.08% Orange G (relative to mono-
mer mass) were added to the mixture and left to stir for another 
30 min until fully dissolved. Once the formulation was ready it 
was loaded into a Formlabs Form2 SLA printer (405 nm light 
source) using the ‘Open Mode’ setting suitable for 3rd party resins. 
The STL file consisting of the three cube structures (Solid, Hole 
and Lattice) was uploaded to the Form2 printer and left to print. 
Once the print was complete, the build platform was detached 
from the printer, and samples were rinsed with DI-water until 
all excess resin was removed. The prints were detached from the 
build platform and rinsed again with DI-water. Detached samples 
were post-cured for 3 min using the Formlabs Form Cure post-
curing station (405 nm light source) to polymerise any unreacted 
monomers. Post-cured samples were then prepared for swelling 
studies, optical, chemical, and mechanical analysis.

The above was repeated for samples containing 0.2% and 1% 
CNC (relative to monomer mass). CNC was added after LAP 
and Orange G. The formulation was sonicated for 30 min in a 
sonication bath until the CNC was homogeneously dispersed. 
The same settings and post printing procedure discussed above 
were used for the CNC formulations.

Bulk hydrogels were synthesised using the three formula-
tions above to be used for comparison during mechanical analy-
sis. Bulk hydrogels were prepared by curing the resin in a 24 cell 
well plate, using the Form Cure, to form cylindrical samples of 
1.5 cm in diameter, and 1.5 cm in height. The Bulk hydrogels 
were swollen for 48 h prior to analysis.

Optical imaging and swelling studies

Freshly prepared samples were imaged using a UltraZOOM-3 GX 
Optical Microscope to examine the resolution of the holes relative 
to the CAD design, prior to swelling in water. The samples (three 
repeats per design) were weighed at time 0 h, swollen in DI-water 
for 48 h and weighed again to calculate the swelling ratio for each 
of the three structures (Solid, Hole and Lattice). The samples were 
imaged again to study changes in hole diameters post-swelling.

Fourier‑transform infrared spectroscopy (FTIR)

Three samples containing 0% CNC were investigated using 
a Nicolet iS10 Thermo Scientific FTIR. The first sample was 
not washed nor post-cured, the second sample was washed 
in DI-water, and the third sample was both washed and post-
cured. The three samples were dried in a 60 °C oven for 48 h 
then ground to a fine powder for FTIR analysis. Samples were 
scanned 32 times per run with a resolution of 8 in a wavenumber 
region of 4000–400  cm−1.

Mechanical testing

Swollen samples were used for mechanical analysis in com-
pression, using a Zwick Roell z2.5 machine fitted with a load 
cell of 10 kN, and a strain rate of 1.5 mm/min. Five repeats 
per sample structure (Solid, Hole and Lattice) were tested and 
compared to corresponding Bulk hydrogel. Mechanical testing 
was conducted on all swollen samples until mechanical fail-
ure of the material was achieved. Failure of the material was 
considered to be the first sign of breakage whilst under strain. 
During sample preparation and removal from the printing 
build plate care was taken to ensure samples had flat bottom 
and top surfaces to ensure an even distribution of force dur-
ing testing.

Scanning electron microscopy (SEM)

Both Bulk and 3D printed swollen hydrogel samples were cut 
into cube shaped pieces (5 mm × 5 mm × 5 mm) to examine 
cross-sections of their internal structures. The cut samples 
were placed in a − 80 °C freezer overnight to avoid structural 
collapse during freeze drying. Samples were then freeze-dried 
for 24 h. Prior to SEM imaging, freeze-dried samples were 
sputter coated with gold for 2 min at 20 mA to form a 15 nm 
layer. Next, silver was dissolved in acetone and used to coat 
one edge of each sample to avoid charging whilst imaging. 
Samples were imaged using the JEOL 6010LA microscope in 
secondary electron mode at 8–12 kV with a working distance 
of 8–13 mm.
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