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We report a method to prepare highly stretchable and UV curable
hydrogels for high resolution DLP based 3D printing. Hydrogel
solutions were prepared by mixing self-developed high-efficiency
water-soluble TPO nanoparticles as the photoinitiator with an
acrylamide-PEGDA (AP) based hydrogel precursor. The TPO nano-
particles make AP hydrogels UV curable, and thus compatible with
the DLP based 3D printing technology for the fabrication of com-
plex hydrogel 3D structures with high-resolution and high-fidelity
(up to 7 pm). The AP hydrogel system ensures high stretchability,
and the printed hydrogel sample can be stretched by more than
1300%, which is the most stretchable 3D printed hydrogel. The
printed stretchable hydrogels show an excellent biocompatibility,
which allows us to directly 3D print biostructures and tissues. The
great optical clarity of the AP hydrogels offers the possibility of 3D
printing contact lenses. More importantly, the AP hydrogels are
capable of forming strong interfacial bonding with commercial 3D
printing elastomers, which allows us to directly 3D print hydrogel—
elastomer hybrid structures such as a flexible electronic board with
a conductive hydrogel circuit printed on an elastomer matrix.

Introduction

Hydrogels, hydrophilic networks of polymeric chains capable
of retaining a large amount of water, have been widely used
in a variety of applications including drug delivery,” tissue
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engineering,>* and others.>™ Additionally, recent advances in
highly stretchable hydrogels have extended their applications
into the fields of soft robotics,'®'! transparent touch panels'?
and other applications requiring large deformation.'*'* However,
traditional fabrication methods, which mainly rely on molding
and casting, confine the scope of applications due to the
limited geometric complexity and the relatively low fabrication
resolution.”>'® Along with recent rapid developments in 3D
printing, various attempts have also been made to use 3D
printing to fabricate hydrogel structures with complex geometries
including vascular networks,"”*® porous scaffolds,'® meniscus
substitutes®® and others.*">* Among all the existing 3D printing
technologies, extrusion-based direct ink writing is most widely
adopted as it only requires the hydrogel precursor to exhibit a
shear thinning effect at a critical shear rate, which can be readily
controlled by adding viscous additives such as nanoclay**** and
natural polymers*® into a wide range of hydrogel precursors
including not only the widely used monomers and crosslinkers
such as poly(ethylene glycol)diacrylate (PEGDA),>’ acrylamide
(AAm),*® and N-isopropylacrylamide (NIPAM)*® (Fig. 1a), but
also natural polymers or their derivatives such as alginate,”*°
hyaluronic acid (HA),*" nanofibrillated cellulose (NFC),”® gelatin
(Gel)**** and gelatin methacrylate (GelMA)*® to enhance the
hydrogel’s mechanical performance, ie. increasing the stretch-
ability of the printed hydrogels to 1000%°° (Fig. 1a). However, the
manner of directly writing 3D structures by extruding printing
ink through a printing nozzle with ~ 100 microns diameter limits
the geometric complexity to 2.5 dimensional or simple 3D
structures, and the printing resolution to a hundred micron
scale (Fig. 1b), which is insufficient for applications such as 3D
printed tissue substitutes which require high-fidelity replicas to
limit mismatch during transplantation.>* Moreover, although
extrusion-based multimaterial 3D printing approaches have
been developed by adding extra printing nozzles to fabricate
multimaterial 3D hydrogel structures, the demonstrated examples
are limited to multimaterial structures that are made of hydrogels
from one material family with different compositions®>**” or with
different added dyes.*®

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Highly stretchable hydrogels for UV curing based 3D printing. (a) Comparison of the stretchabilities of the 3D printable hydrogels reported in
previous studies and this work (see details in Fig. S1 and Table S1, ESIT). (b) The stretchability—printing resolution relation suggests that the hydrogels
developed in this work are not only highly stretchable but also compatible with high resolution 3D printing. The black dots represent the break strains which
were reported by previous works (see details in Fig. S1 and Table S1, ESIt). (c) 3D printed high resolution hydrogel grid. (d) 3D printed hydrogel Kelvin form.
(e) Demonstrations of the highly stretchable 3D printed hydrogel structures: the upper pictures presenting a Kelvin hydrogel form capable of sustaining a
large compressive deformation; the bottom part presents a 3D printed hydrogel bucky ball under a large stretching deformation (scale bar: 2 mm).

UV curing based 3D printing techniques that transform a
liquid polymer resin into solid 3D structures via localized
photopolymerization controlled by high-precision UV irradiation
have been adopted to fabricate hydrogel structures requiring
high printing resolution and high geometric complexity.>*™*°
The most commonly used UV based 3D printing techniques for
hydrogel 3D printing include two-photon polymerization (2PP),
which has been applied to fabricate high resolution structures
with ~100 nm features used in tissue engineering, biosensors,
drug delivery systems, and others*”*® (Fig. 1b); and digital light
processing (DLP) based 3D printing, which employs the digital
mask projection to trigger localized photo-polymerization, and
enables fast fabrication of 3D hydrogel structures with feature
sizes ranging from 1 pum to 100 pm*°~*>**~*%%% (Fig. 1b).
Furthermore, with the addition of efficient material exchange
mechanisms, multimaterial DLP 3D printing systems have been
developed to fabricate multimaterial functional structures.”®"*
In general, UV based hydrogel 3D printing takes place in an
aqueous solution, which requires all the constituents including
monomers, crosslinkers, and photoinitiators to be highly water-
soluble. However, due to the absence of highly efficient water-
soluble photoinitiators, most of the current protocols for UV
based hydrogel 3D printing use nonefficient, poorly water-soluble
photoinitiators, which require substantial agitation and/or heating

This journal is © The Royal Society of Chemistry 2018

or mixing with organic solvents to obtain clear precursor
solutions.”* The polymers currently used for UV based hydrogel
3D printing are limited to PEGDA and poly(N-isopropylacrylamide)
(pNIPAM) which are relatively brittle (the break strain is less than
100%, Fig. S1 in the ESIT)*>*® and are not sufficient for many
applications that require large deformation.**>® Therefore, a
general method to prepare highly stretchable hydrogels that are
UV curable, and thus suitable for DLP based high resolution 3D
printing, is still a critical demand and central challenge in the
field of 3D printing hydrogels.

Here, we present a novel but simple method to prepare
highly stretchable and UV curable hydrogels for DLP and other
UV curing based 3D printing approaches. Hydrogel precursors
are prepared by mixing an acrylamide-PEGDA (AP) mixture with
a self-developed highly water-soluble, high-efficiency photo-
initiator, 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (TPO)
nanoparticles. We choose acrylamide as the monomer as it has
been found to form highly stretchable hydrogels,” and use
PEGDA as the crosslinker to tune the crosslinking density and
the mechanical performance of the hydrogel system. The water-
soluble TPO nanoparticles enable us to prepare high water
content (50-80%) hydrogel precursors. AP hydrogels are UV
curable, and thus compatible with DLP based 3D printing,
which allows us to fabricate hydrogel 3D structures with high

J. Mater. Chem. B, 2018, 6, 3246-3253 | 3247
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resolutions (up to 7 pm, Fig. 1c) and complex geometries
(Fig. 1d) (details about hydrogel 3D printing are presented in
the ESIt). The AP hydrogel system exhibits high stretchability
(Fig. 1e, Movie S1 in the ESIt), and a printed hydrogel sample
can be stretched by up to 1300%, which, to our best knowledge,
is the most stretchable 3D printed hydrogel sample. Moreover,
the strong interfacial bonding between the AP hydrogels and
commercial 3D printing elastomers enables multimaterial 3D
printing to fabricate hydrogel-elastomer hybrid structures.

Results and discussion

As depicted in Fig. 2a, we prepared an acrylamide-PEGDA (AP)
hydrogel precursor by mixing acrylamide as the monomer,
poly(ethylene glycol)diacrylate (PEGDA) as the crosslinker, and
self-developed highly water-soluble 2,4,6-trimethylbenzoyl-
diphenylphosphine oxide (TPO) nanoparticles** as the photo-
initiator into water (water content: 50-80 wt%). We chose TPO as it
has been claimed to be one of the most efficient commercially
available photoinitiators.>*® However, due to the low water solu-
bility (3.13 mg L™" at 25 °C),** we converted the as-purchased
TPO powders into highly water-soluble TPO nanoparticles. As
shown in Fig. 2b, the idea of imparting water-solubility to TPO
is to encapsulate TPO powders within commercially available
surfactants, sodium dodecyl sulfate (SDS) containing a hydro-
philic head and a hydrophobic tail. In addition, polyvinylpyrro-
lidone (PVP) is used as a crystallization inhibitor. After spray-
drying the prepared oil-in-water microemulsions containing
TPO, highly water-soluble TPO nanoparticles are produced
(details about the preparation of TPO nanoparticles are presented
in Fig. S2, ESIT). In Fig. 2c, dissolving 5 wt% TPO nanoparticles in
water results in a clear transparent system (the right vial). In
comparison, the as-purchased TPO powders are not water-soluble
at all (the left vial).

During 3D printing, patterned UV radiation provided by a digital
micromirror device stimulates localized photopolymerization

—=— TPO nanoparticles
- 12959

Conversion (%)

0 30 60 92 120
UV Exposure Duration (s)

Fig. 2 AP hydrogels for DLP based 3D printing. (a) The 3D printing process and
chemical structures of acrylamide, PEGDA and the formed crosslinking network
upon UV exposure. (b) Schematic of TPO nanoparticles. (c) Comparison of the
water solubilities of the as-purchased TPO powders (5 wt%, left) and TPO
nanoparticles (5 wt%, right) in water. (d) Comparison of the polymerization
kinetics of TPO nanoparticles and 12959.
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by opening the double bonds on the acrylate functional groups
on both the acrylamide and PEGDA to form permanently
crosslinked networks (Fig. 2a) and solidify the polymer solution
into the corresponding solid pattern. Layer-by-layer solidification
continues until the fabrication of an entire 3D structure is
complete. It should be noted that the efficiency of the photo-
initiator plays a vital role as it determines the kinetics of photo-
polymerization and properties of the printed objects. TPO that
has a high molar attenuation coefficient (~400-600 M~ " cm )
within the spectrum of 365-405 nm® is an ideal photoinitiator
for UV based hydrogel 3D printing and allows us to print
hydrogels at a fast rate (about 10 seconds/layer). In Fig. 2d,
we compare the efficiency of TPO nanoparticles with that of the
commercially available, water-soluble photoinitiator, Irgacure
2959 (12959) (Sigma Aldrich, MO, United States), which is most
commonly used in aqueous photocurable systems and has been
widely used for 3D printing hydrogels.*>***® The polymeriza-
tion kinetics tests reveal that an AP hydrogel solution prepared
with 80 wt% water and a 20 wt% acrylamide-PEGDA mixture
with a PEGDA(700)/acrylamide mixing ratio of 0.625 wt%
(PEGDA(700) refers to the PEGDA with a molecular weight of
700 ¢ mol™ "), and a TPO nanoparticles/acrylamide mixing ratio
of 0.5 wt%, requires 1 min to achieve 90% polymerization. In
contrast, although 12959 has been used to successfully 3D print
hydrogel structures made of pure PEGDA,** Fig. 2d suggests
that it fails in the gelation of the AP hydrogel as the degree of
polymerization is saturated at less than 10% (details about the
efficiency investigation of TPO nanoparticles are presented in
Fig. 3, ESIY).

The AP hydrogel system exhibits a high tailorability of
mechanical performance by tuning the material parameters
including the concentration and molecular weight of PEGDA as
well as the water content. In Fig. 3a, the stress-stretch curve
shows that a hydrogel sample made of 80 wt% water and a 20 wt%
acrylamide-PEGDA mixture with a PEGDA(700)/acrylamide mix-
ing ratio of 0.625 wt% exhibits large deformation, and it can be
elongated to more than thirteen times its original length. In
Fig. 3b, the increase in the concentration of PEGDA(700) results
in a decrease in the stretchability, but an increase in the
hydrogel’s stiffness as more PEGDA molecules lead to higher
crosslinking density but reduce the average chain length
between crosslinking points, which undermines the hydrogel’s
stretchability.’® Alternatively, the mechanical performance can
be adjusted using PEGDAs with different molecular weights.
Fig. 3c shows that the hydrogel’s stretchability is increased
using PEGDA with higher molecular weight, which also results
in the decline in the stiffness of the hydrogel. Moreover, the
water content has a significant impact on the mechanical
performance. In Fig. 3d, the stretchability of an AP hydrogel
that is made of 0.625 wt% PEGDA(700)/acrylamide increases
from ~5 to ~13, while the stiffness decreases from ~260 kPa
to ~7 kPa when the water content is increased from 50% to
80% (see details about uniaxial tensile tests on AP hydrogels in
Fig. S4, ESIY).

Besides the effects on the mechanical performance, the
material parameters also affect the curing time, which is one

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effects of material parameters on the mechanical performance and the 3D printing process. (a) The stress—stretch curve showing that a hydrogel
sample can be elongated to more than thirteen times its original length. (b) The effect of the concentration of PEGDA on the mechanical performance.
(c) The effect of the molecular weight of PEGDA on the mechanical performance. (d) The effect of the water content on the mechanical performance.
(e) The effects of PEGDA on the curing time. (f) The effect of the water content on the curing time.

of the key parameters in the 3D printing process. As shown in
Fig. 3e, the increase in the PEGDA concentration results in the
reduction of the curing time, and the PEGDA with larger mole-
cular weight requires longer UV exposure. In addition, the
effect of water content on the curing time is remarkable. The
time required to cure a 140 pm thick layer for the AP hydrogel
consisting of 0.625 wt% PEGDA(700)/acrylamide and 0.5 wt%
TPO nanoparticles/acrylamide increases significantly from 7.5 s
to 32 s with the increase of the water content from 50% to 80%.
Besides, we also investigated the effects of various dyes which
are used to improve the printing resolution.**° Generally,
when more dyes are added, a longer time for curing the same
layer thickness is needed (see details about curing time char-
acterization in Fig. S5, ESIT). Overall, the curing time to print a
140 pm thick layer in this study is within a reasonably short
time period (less than 30 s). Therefore, the AP hydrogel system
is ideal for DLP and other UV curing based high resolution 3D
printing approaches.

The compatibility with the DLP 3D printing technology
empowers the AP hydrogel to fabricate 3D structures that
not only possess complex geometries, but also exhibit large
deformation. In Fig. 4a, we investigated the deformability of a
lattice structure printed with the AP hydrogel through a uni-
axial tensile test (see details about mechanical tests on a hydro-
gel lattice structure in Fig. S6, ESIT). Before the failure, the
lattice structure was elongated to five times its original height
(Fig. 4b(i) and (ii)). Finally, the breaking occurred at one corner
of the lattice (Fig. 4b(iii), Movie S3, ESIt). We also performed
Finite Element (FE) simulations to study the local deformation
distributions (details about FE simulations are presented in
Fig. S7, ESIY). In Fig. 4¢, a maximum principal strain of ~310%

This journal is © The Royal Society of Chemistry 2018

is observed at the middle intersections when the lattice is
stretched by five times.

The compatibility with the high-resolution 3D printing and
the excellent mechanical performance make AP hydrogels ideal
materials to fabricate tissue substituents such as menisci,*’
vascular grafts,*>®' and tracheal splints.*® In these tissue engi-
neering applications, the biocompatibility is vital. To examine
the biocompatibility of AP hydrogels with different dyes (red
food colouring and Sudan I), we performed a cell viability assay
over a 7 day cell culture period. NIH-3T3 fibroblast cells and
HepG2 liver cancer cells were cultured in individual cell culture
wells that contained the printed hydrogels (see details in the
ESIt). The cell viability was sustained above 93% over a 7 day
culture period for the hydrogels with different dyes (Fig. 4d and e).
The high cell viability over prolonged cell culture suggests that the
printed hydrogels do not exhibit toxic effects on cells resulting in
cell death.

The excellent biocompatibility allows us to use AP hydrogels
to directly 3D print biostructures and tissues, i.e., ears, noses,
and stretchable blood vessels (Movie S4, ESIt), as shown in
Fig. 4f. Furthermore, as the wavelength of the light source we
used is 405 nm, higher than the UV-B band, i.e. 315 nm, which has
been reported to induce serious DNA damage and apoptosis,”>®*
AP hydrogels also possess a great visible light transparency.
Fig. 4g and h present the light transmittance over the light
spectrum from 250 nm to 850 nm (see details in the ESIY).
AP hydrogels with different concentrations of PEGDA (Fig. 4g)
and water contents (Fig. 4h) are highly transparent with the
visible light transmittance above 90%. In the UV region (below
400 nm), the light transmittance decreases drastically due to
UV light absorption by the TPO nanoparticles and partly by

J. Mater. Chem. B, 2018, 6, 3246-3253 | 3249
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Fig. 4 3D printed hydrogel structures with complex geometries and superior performances. (a) The result of the uniaxial tensile test of a printed hydrogel
lattice structure (the scale bar in the inset is 10 mm). (b) The snapshots of the uniaxial tensile tests: (i) before the test starts; (i) right before the rupture; and
(iii)) the first rupture occurs at one corner of the lattice structure. (c) The comparison between the experiment and FE simulation. (d) The results of cell viability
tests. (e) Live/dead assay on day 7 post seeding of NIH-3T3 cells cultured with a hydrogel slab. (f) 3D printed tissues: (i) an ear; (i) a nose; (iii) a blood vessel; and
(iv) a largely stretched blood vessel (Movie S4, ESIT). (g) The transmittance results of the hydrogels made of 80 wt% water and different PEGDA(700)/acrylamide
mixing ratios. () The transmittance results of the hydrogels made of a PEGDA(700)/acrylamide mixture with a mixing ratio of 0.625% and different water
contents. (i) 3D printing optical lenses using the AP hydrogel: (i) the side view of a printed lens; and (i) and (iii) the optical effects of the printed lens.

the oligomer.®® The remarkable visible light transmittance
makes the AP hydrogels ideal for 3D printing of optical compo-
nents. Fig. 4i demonstrates a 3D printed convex lens made of an
AP hydrogel containing 50 wt% water and a 50 wt% acrylamide-
PEGDA mixture with a PEGDA(700)/acrylamide mixing ratio of
0.625 wt%, which shows reasonably good optical performance
and offers the possibility of 3D printing contact lenses.*®

The robust bonding of hydrogels to elastomers is desired to
develop hydrogel-elastomer hybrids which can be used to
develop stretchable electronics, hydrogel soft robots, and stretch-
able diffusive and reactive microfluidic chips.'®'*°® However, 3D
printable hydrogels that are capable of forming strong bonding
with other 3D printable elastomers have not yet been achieved. In
Fig. 5a and b, we demonstrate that the AP hydrogel forms strong
interfacial bonding with a commercial 3D printing acrylate based
elastomer (TangoPlus, Stratasys, MN, United States) in a uniaxial
tensile test. The hydrogel-elastomer hybrid sample was prepared
using a customized multimaterial 3D printing system®*>" (see
details in the ESIt). During loading, as the acrylate elastomer is

3250 | J Mater. Chem. B, 2018, 6, 3246-3253

about 100 times stiffer than the hydrogel (Fig. 5¢), most deforma-
tion occurs on the hydrogel. The fact that the composite breaks in
the hydrogel region rather than at the interface, after being stretched
by 4.5 times (Movie S5, ESIT), suggests that the interface between the
AP hydrogel and the acrylate elastomer is reasonably tough. We
attribute the strong interfacial bonding to covalent bonds between
the hydrogels and the elastomer (Fig. S9, ESIf)."> During printing,
the surface of the printed elastomer still has unreacted acrylate-
based monomers, which covalently bond the unreacted double
bonds on acrylamide or PEGDA in the hydrogel precursor upon
UV irradiation. This allows us to print hydrogel-elastomer multi-
material structures and devices in a variety of applications. Fig. 5d
presents a multimaterial printed hydrogel sheet with the embedded
“SUTD” letters that are made of the TangoPlus elastomer. The
strong interfacial bonding avoids the debonding between the hydro-
gel matrix and the “SUTD?” elastic letters even under large deforma-
tion (Movie S6, ESIt). The capability of printing hydrogel-elastomer
hybrids will significantly simplify the process of fabricating con-
ductive hydrogel based flexible electronics.”® As shown in Fig. 5e,

This journal is © The Royal Society of Chemistry 2018
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we demonstrate the functionality of a printed hydrogel circuit on an
elastomeric substrate by lighting up an LED with an a.c. power
source connected to the hydrogel circuit. The ionic conductivity is
achieved by adding lithium chloride to the hydrogel solution.'* The
conductive hydrogel circuit can indeed maintain its electrical func-
tionality even under severe deformation (Movie S7, ESIT).

Conclusions

In summatry, we present a simple but versatile method to prepare
highly stretchable and UV curable hydrogels for the DLP and other
UV curing based 3D printing technologies. The AP hydrogel system
ensures high stretchability, and the printed hydrogel sample can be
stretched to more than thirteen times its original length. The
compatibility with the DLP 3D printing technology enables the
fabrication of complex 3D hydrogel structures with high-resolution
and high-fidelity. The AP hydrogel system exhibits a high tailorability
of mechanical performance which can be easily adjusted by tuning
the concentration and molecular weight of PEGDA as well as the
water content on the mechanical performance. The AP hydrogels
show an excellent biocompatibility which allows us to directly 3D
print biostructures and tissues. More importantly, the AP hydrogels
are capable of forming strong interfacial bonding with commercial
3D printing elastomers, which allows us to directly 3D print hydro-
gel-elastomer hybrid structures such as a flexible electronic board
with a conductive hydrogel circuit printed on an elastomer matrix.
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